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Magnetic (PU) scaffolds incorporating superparamagnetic iron oxide nanoparticles (SPIONs) offer
a promising platform for localized cancer therapy. By enhancing the functional performance of these
scaffolds through surface modification of iron oxide nanoprobes, their biomedical utility—particularly in
targeted therapeutic applications—can be significantly improved. In this study, we report the synthesis
(FesO4 NPs)
coatings—citrate, polyethylene glycol (PEG), oleic acid (OA), and aluminum hydroxide (Al(OH)s)—and

and characterization of magnetite nanoparticles functionalized with biocompatible

their integration into porous PU scaffolds via a salt-leaching/phase-inversion method. Among all tested
formulations, SPIONs@AL(OH) demonstrated superior colloidal stability, magnetic responsiveness, and

cytocompatibility. When embedded in PU scaffolds, these magnetic nanocomposites exhibited optimal
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mesoporosity, homogeneous nanoparticle distribution, and magnetic  hyperthermia

performance under clinically relevant alternating magnetic fields. This work highlights the synergistic

DOI: 10.1035/d5na00605h potential of material design and surface engineering in developing next-generation implantable
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1. Introduction

In recent years, nanotechnology has significantly influenced
biomedical research, enabling novel diagnostic and therapeutic
strategies based on nanostructured materials. Among these,
magnetic nanoparticles (MNPs), particularly those composed of
Fe;04, stand out for their superparamagnetic behaviour,
biocompatibility, and ease of functionalization, making them
ideal for applications such as magnetic resonance imaging
(MRI), targeted drug delivery, and magnetic hyperthermia
therapy.

Magnetic hyperthermia, based on the conversion of alter-
nating magnetic field energy into localized heat, has emerged as
a minimally invasive treatment option for solid tumors.*
However, the clinical efficacy of this approach relies on the
development of stable and biocompatible nanocarriers with
sufficient magnetic responsiveness and colloidal stability under
physiological conditions.>® Surface modification plays a critical
role in enhancing nanoparticle performance, preventing
aggregation, and improving cellular interactions.
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platforms for targeted oncological treatment.

This study highlights the versatility of surface-functionalized
iron oxide nanoparticles integrated into polyurethane scaffolds,
suitable for magnetic hyperthermia treatments in medical
settings.””®

In this context, Al(OH); coatings have demonstrated excel-
lent ability to stabilize SPIONs, preventing oxidation and
providing a hydrophilic and biocompatibility surface.'®'*
Moreover, their positive surface charge facilitates interaction
with negatively charged cellular membranes, enhancing cellular
uptake and therapeutic efficacy.”**

Simultaneously, PU-based scaffolds are widely employed in
biomedical engineering due to their mechanical robustness,
tuneable porosity, and biocompatibility.” When doped with
MNPs, these scaffolds can serve as multifunctional platforms
for combined mechanical support and localized magnetic
heating.”'® Previous studies incorporating unmodified MNPs
into polymeric scaffolds such as PCL, PLA, or chitosan, often
resulted in limited NPs dispersion and suboptimal biological
performance.*™ These limitations highlight the need for
systematic evaluation of surface-modified SPIONs within
biocompatible matrices, such as PU, to enhance both magnetic
and biological functionalities.

In this study, we synthesized a series of SPIONS, either bare
or coated with citrate, PEG, OA, or Al(OH)3, and incorporated
them into PU scaffolds using a solvent casting and salt-leaching
approach.”™ Recent reports have typically relied on a single
surface modification, for example the use of PDA-coated Fe;0,
to enhance NPs dispersion and mechanical properties.>
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However, such approaches provide only a limited perspective on
how surface chemistry modulates scaffold performance. In this
work, we systematically examine multiple surface modifications
(citrate, PEG, OA, and Al(OH);) thereby enabling direct corre-
lations between nanoparticle coating, scaffold stability,
magnetic hyperthermia efficiency, and cytocompatibility. This
comparative framework offers deeper insight into NPs-scaffold
interactions and identifies SPIONs@AI(OH); as the most
promising formulation for biomedical applications.

2. Experimental section
2.1 Materials

Iron(n) sulfate heptahydrate (99%), iron(u) chloride hexahydrate
(99%), ammonium hydroxide solution (28%), oleic acid (90%),
cyclohexane (99%), aluminum nitrate nonahydrate (98%), N,N-
dimethylformamide (DMF, 99.8%), sodium chloride (99.5%),
urea (99%), sodium citrate tribasic dihydrate (98%), glycerol
ethoxylate (PEG, with molecular weight average My, 1000), di-
butyltin dilaurate (DBTDL, 95%), isophorone diisocyanate (IPDI,
98%) and 1-cystine dimethyl ester dihydrochloride (95%), sodium
hydroxide (97%) and ethanol (absolute grade) were purchased
from Merck. Aluminum sulfate hexadecahydrate (95%) and ethyl
acetate (99%) were obtained from Fluka. Hydrochloric acid (37%)
was obtained from Acros Organics. Dulbecco's Modified Eagle
Medium (DMEM), fetal bovine serum, and Dulbecco's modified
phosphate buffered saline (DPBS) were obtained from Gibco.
Penicillin/streptomycin was purchased from Thermo Fisher.
Milli-Q (Millipore®) deionized water and cell culture grade water
purchased from Corning were used in all the experiments.
Chemicals were used as received, without additional purification.

2.2 Synthesis

Magnetic PU scaffolds were prepared via a sequential route: (i)
co-precipitation of single-core SPIONs with optional citrate/
PEG/OA surface modification; (ii) forced chemical hydrolysis
to obtain SPIONs@AI(OH);; and (iii) salt-leaching/phase-
inversion to embed SPIONs in PU (Scheme 1). Sample codes
MS1-MS5 and SPIONs loadings/solvents are summarized in

Table 1.
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Scheme 1 Schematic illustration of the synthesized magnetic PU
scaffolds obtained through their corresponding method.
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Table 1 Solvents used for the suspension of MNPs according to their
addition step in the synthetic procedure of the magnetic scaffolds (MS)

Magnetic scaffold ~MNPs Solvent  Mass of MNPs (g)
MS1 Uncoated SPIONs  PEG 0.1
MS2 SPIONs@citrate PEG 0.1
MS3 SPIONsS@PEG PEG 1.0
MS4 SPIONs@OA DMF 1.0
MS5 SPIONs@AI(OH);  DMF 0.7

2.2.1 Synthesis of single-core SPIONs (uncoated; citrate,
PEG, or OA-coated). The synthesis was performed using a co-
precipitation method based on the procedure described by
Massart.”** FeCl; - 6H,0 (45 mmol) and FeSO,-7H,0 (30 mmol)
were dissolved in HCI (100 mL, 10 mM) under mechanical
stirring at 220 rpm for 15 minutes at room temperature. The
temperature was then increased to 60 °C, followed by the
addition of NH,OH (30 mL). The reaction was allowed to
proceed for 30 minutes, resulting in the formation of Fe;0, NPs
with an average size of 10 nm. At this stage, a stabilizing agent
can be introduced into the NPs solution to obtain coated NPs. In
this work, we developed both bare magnetic NPs and a series of
NPs coated with sodium citrate, PEG, or OA. These coating
agents were added at a concentration of 1.11 mmol and incu-
bated for 1 hour at 60 °C. Subsequently, the bare or coated
magnetic NPs were acidified to pH 5 using a 9% HCI solution.
The uncoated and functionalized magnetite NPs were separated
from the reaction medium using a magnetic field and washed
thoroughly with Milli-Q water (6 times) to remove impurities.
Finally, the obtained NPs were suspended in cell culture-grade
water for further use.

2.2.2 Synthesis of SPIONs@AI(OH); (multicore@shell).
The Al(OH); coating on bare Fe;0, NPs was carried out through
a modified forced chemical hydrolysis method, which included
the addition of bare Fe;O, NPs to the reaction mixture.* Briefly,
200 mg of Fe;O, NPs were dispersed in 250 mL of Milli-Q water
using sonication for 15 minutes to achieve a homogeneous
suspension. Subsequently, Al(NO;);-9H,O (11.6 mmol), Al,(-
SO4)3-16H,0 (1.92 mmol), and urea (0.5 mol) were added to the
solution. The reaction mixture was heated in an oil bath at 98 °C
under mechanical stirring for 1.5 hours. After the reaction, the
resulting multi_core@shell magnetic NPs was magnetically
separated, washed six times with Milli-Q water to remove
impurities, and finally re-dispersed in cell culture-grade water
for further use.

2.2.3 Synthesis of magnetic PU scaffolds (MS1-MS5). PU
scaffolds were prepared using the salt leaching-phase inversion
technique with a modified approach for the incorporation of
MNPs of the procedure described by Zhou et al.** First, t-cystine
dimethyl ester dihydrochloride (29.3 mmol) was dissolved in
water (10 mL) and the pH was adjusted to 9 by addition of NaOH
(0.1 M). Then the solution was extracted with ethyl acetate. After
evaporating the solvent by vacuum distillation until a volume of
2 mlL, the cystine dimethyl ester was used directly with no
further purification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PEG (4.8 mmol) and IPDI (14.2 mmol) were mixed at 70 °C
for 1 hour under N, atmosphere and vigorous mechanical
stirring. DBTDL (630 nmol) was added, and the mixture was
stirred for 1 hour under the same conditions achieving the
polyurethane precursor (prePU). Then, prePU was dissolved in
DMF (10 mL). NaCl particles (100-150 pm, 5 g) and cystine
dimethyl ester (390 pL dissolved in 5 mL DMF) were added to
the prePU solution under vigorous mechanical stirring. After
one minute, polymerization was achieved. In a critical step to
remove DMF and NaCl, the obtained PU scaffold (PS) was
soaked in water for 3 days and, afterwards, washed with an
ethanol : water 1:1 mixture using sonication for 15 min in the
sonication bath and a probe sonicator for 10 s. Then, the PU
scaffold was left for 2 days with orbital shaking. The procedure
was repeated two more times using an ethanol:water 5:2
mixture. Finally, the PU scaffold (PS) was air dried.

MNPs were incorporated either via PEG (added in the first
step) or via DMF (added to the pre-PU solution). Table 1
summarises SPION type, solvent, and mass (MS1-MS5). For
each scaffold, the MNP loading corresponded to the highest
amount compatible with stable, homogeneous foaming (no
phase separation or collapse).

2.3 Physicochemical characterization

2.3.1 SPIONs. Morphology, crystallinity, surface chemistry,
dynamic light scattering, surface charge, compositional and
magnetic properties of the developed SPIONs (SPIONs@citrate,
SPIONs@PEG, SPIONs@OA, and SPIONs@AI(OH);) were char-
acterized prior to scaffold incorporation.

High-resolution Transmission Electron Microscopy (HRTEM)
selected area electron diffraction (SAED) were performed using
a Carl Zeiss Libra 200 FE (Carl Zeiss Iberia, Madrid, Spain)
microscope (200 kV) on dried nanoparticle suspensions.

X-ray diffraction (XRD) patterns were recorded with a Philips/
Panalytical diffractometer using Cu Ko radiation (1 = 1.5406 A),
20 range 10-80°, 0.02° step, and 5 s acquisition time per step.
The crystallite size was determined from the broadening of the
XRD peaks using Scherrer's equation:>

_ kA
B B cos O

(1)

where d represents the average crystallite size (nm), & is the
dimensionless Scherrer constant (0.9), A corresponds to the X-
ray wavelength used, (@ denotes the full width at half
maximum (FWHM, in radians) of the diffraction peak, and 6 is
the Bragg angle (degrees).

Fourier transform infrared (FT-IR) spectra were collected using
a Thermo Nicolet Nexus spectrometer (Thermo Fisher Scientific,
Madrid, Spain) equipped with an attenuated total reflectance
(ATR) accessory, covering the spectral range of 400-4000 cm ™.

Dynamic Light Scattering (DLS) and {-potential were
measured on a Zetasizer Nano ZS (Malvern) at 25 °C using
disposable cuvettes and 173° backscatter detection; values re-
ported are averages of triplicate runs.

Thermogravimetric analysis (TGA) was performed on a Per-
kinElmer 8000 under a nitrogen flow of 20 mL min~", heating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from 50 °C to 850 °C at a rate of 10 °C min "
organic coating content.

The Fe concentration was determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) using a Perki-
nElmer Optima 3300 DV spectrometer (PerkinElmer, Waltham,
MA, USA).

Vibrating sample magnetometry (VSM) (DMS system, +10
kOe, RT) was used to determine saturation magnetization (M;)
normalized to the magnetic mass of the MNPs.

2.3.2 Magnetic polyurethane (PU) scaffolds. After MNPs
incorporation, the structural, morphological, and magnetic
features of the PU-based magnetic scaffolds (MS1-MS5) were
analyzed.

Scanning electron microscopy (SEM) using a ZEISS FE-SEM
ULTRA Plus (30 kV) (Zeiss, Oberkochen, Germany) was
employed to visualize the porous architecture of PU-based
scaffolds, with and without embedded SPIONSs.

Pore size distribution and interconnectivity of the magnetic
3D scaffolds were defined by mercury porosimetry using an
AutoPore IV 9500 V1.09 system (Micromeritics, Norcross, GA,
USA).

FT-IR spectra of the PU-based scaffolds were acquired on
a Thermo Nicolet Nexus spectrometer using the same experi-
mental conditions employed for the MNPs.

Magnetic characterization of the scaffolds was performed by
VSM under the same field range as for MNPs; magnetization
values were normalized to total scaffold mass.

ICP-OES (bulk content). Scaffolds were acid-digested (65%
HNO3, 80 °C) and analyzed by ICP-OES (Optima 3300 DV, Per-
kinElmer, Waltham, MA, USA) to determine Fe content; Fe;0,
mass was calculated from Fe stoichiometry. The Fe;O,4 contents
for MS1-MS5 are summarized in Table 4.

ICP-OES (leachability, MS5). Scaffolds were stored under the
conditions described later in Section 3.3 (Magnetic hyper-
thermia performance); supernatants were analyzed after 3
months. Dissolved Fe was below the instrument detection limit
(DL). DLS are provided in the SI.

, to estimate the

2.4 Magnetic hyperthermia measurements

Magnetic hyperthermia was evaluated using a MagneTherm
system (Nanotherics, Warrington, UK) equipped with a water-
cooled hollow induction coil. PU-based magnetic scaffolds
were centred within the coil to ensure optimal exposure to the
RF magnetic field, and temperature was monitored in real time
with a fibre-optic probe (non-invasive). All experiments were
performed under an alternating magnetic field of H = 25 mT
(=20 kA m™") at f= 253 kHz. For each sample, the temperature
evolution was recorded for 5 min with the field on, followed by
2 min with the field off to capture the cooling profile. The SAR
was calculated from the initial heating slope (AT/At), using the
specific heats of magnetite and PU and the Fe;O, mass fraction
per scaffold, as detailed in the Results and discussion section.

2.5 Toxicity evaluation of magnetic PU-based scaffolds

The toxicity of magnetic PU scaffolds was assessed to evaluate
their suitability as implantable devices. Cytocompatibility of

Nanoscale Adv., 2025, 7, 8093-8103 | 8095
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SPION-loaded scaffolds (MS5) and blank scaffolds (PS) was
tested on murine NIH/3T3 fibroblasts (ATCC CRL-1658) under
direct and indirect contact conditions. Experiments were per-
formed following ISO 10993-5:2009 guidelines where direct
experiments are performed by the culture of cells in the pres-
ence of scaffolds whereas indirect experiments were performed
by placing the samples in inserts hanging in wells of 24-well
plates and cells were cultured on the bottom of the wells.

Cells were cultured in complete DMEM (DMEM, Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin, seeded in 24-well plates at 1.0 x 10°
cells per well, and allowed to adhere for 24 h. Prior to cell
exposure, scaffolds were washed with DPBS and pre-
equilibrated in complete medium at 37 °C for 2 h. For direct
contact, samples were placed onto the cell monolayers; for
indirect contact, samples were transferred to polycarbonate
inserts (8 pm pore size) positioned in the corresponding wells
containing cell monolayers. After 24 h, cell viability was quan-
tified using the Cell Counting Kit-8 following the manufac-
turer's instructions, and absorbance was read at 450 nm; values
were normalized to untreated controls (set to 100%). Four
replicates were analysed for each condition.

3. Results and discussion
3.1 Magnetic NPs

TEM analysis confirms that uncoated SPIONs are quasi-
spherical with noticeable aggregation and an average core size
of approximately 10 nm (Fig. 1a), consistent with their high
surface energy and the absence of a stabilising layer. Func-
tionalisation with citrate (Fig. 1b) and oleic acid (OA, Fig. 1d)
yields more homogeneous particle distributions, whereas clus-
tering remains evident for SPIONs@PEG (Fig. 1c). These coat-
ings enhance colloidal stability through a combination of
electrostatic repulsion (in the case of citrate) and steric
hindrance (for PEG and OA), reducing particle agglomeration in

and
surface-functionalized with (b) citrate, (c) PEG, and (d) OA. Size
distribution histograms are provided in Fig. S1 (SI).

Fig. 1 TEM micrographs of single-core SPIONs: (a) uncoated,
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Table 2 Hydrodynamic size (Dy), polydispersity index (PDI) and
{-potential the synthesized SPIONs

Sample Dy (nm) PDI {-potential (mV)
Uncoated SPIONs 109.90 0.36 —24.80
SPIONs@citrate 23.41 0.23 —42.50
SPIONS@PEG 67.77 0.20 —57.20
SPIONs@OA 33.95 0.25 —32.70
SPIONs@AI(OH); 256.90 0.42 12.80

suspension. This trend is reflected in the DLS and {-potential
values reported in Table 2, with the hydrodynamic size and
surface charge distributions provided in Fig. S2-S6 (SI).**?
These observations emphasize the key role of surface chemistry
in tuning the aggregation behavior and stability of MNPs for
biomedical applications.

SPIONs functionalized with Al(OH); (Fig. 2a) exhibited
a markedly distinct morphology compared to the rest of the
synthesized SPIONs. The TEM micrographs reveal the forma-
tion of large multicore MNPs embedded with a inorganic shell
with an overall average diameter of approximately 200 nm. This
formation is promoted by ionic interactions and hydrogen
bonding mediated by the hydroxyl-rich aluminum hydroxide
shell, which acts as a bridging framework between adjacent
MNPs. "

High-resolution HRTEM imaging (Fig. 2c¢) further confirms
the crystalline nature of the Fe;O, cores. The observed lattice
fringes correspond to an interplanar spacing of approximately
0.20 nm, which matches the (400) crystallographic planes of
magnetite, consistent with an inverse spinel-type crystal
structure.’®

The selected area electron diffraction (SAED) pattern of
single-core SPIONs synthesized via the co-precipitation method

SPIONs@AI(OH),
211.95 + 85.69 (nm)

Relative Frequency (%)
o2 3888838

200 250 300 3
Size Particle (nm)

Fig. 2 Morphological and  structural characterization  of
SPIONs@AL(OH)z. (a) TEM image, (b) size distribution histogram, (c)
HRTEM image and (d) SAED pattern of single-core SPIONSs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2d) exhibits concentric diffraction rings, which can be
indexed to the (111), (220), (311), (400), (422), (511), (440), (620),
and (533) planes of the cubic spinel structure of Fe;O0,.

The powder XRD patterns of bare SPIONs, SPIONs@citrate,
SPIONS@PEG, SPIONs@OA, and SPIONs@Al(OH); NPs are
shown in Fig. 3a, along with the reference pattern for magnetite
(Inorganic Crystal Structure Database, ICSD, card No. 98-015-
8742).> The diffraction peaks observed at 18.4°, 30.2°, 35.6°,
37.2°,43.3°, 53.7°, 57.2°, 62.8°, 71.3°, and 74.4° can be indexed
to the (111), (220), (311), (400), (422), (511), (440), (620), and
(553) planes of the cubic spinel structure of Fe;0y,,
respectively.*®

The position and relative intensity of the peaks match well
with the standard reference and previously reported data, con-
firming the formation of phase-pure magnetite NPs.** The
average crystallite sizes, calculated from the (311) reflection
using the Scherrer equation, were estimated to be 6.68 nm for
uncoated SPIONs, 6.49 nm for SPIONs@citrate, 6.99 nm for
SPIONS@PEG, 6.66 nm for SPIONs@OA, and 6.67 nm for
SPIONs@AI(OH); NPs.

The FT-IR spectra of the synthesized SPIONs are displayed in
Fig. 3b. All samples exhibit characteristic absorption bands at
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Fig. 3 (a) XRD patterns and (b) FT-IR spectra of uncoated SPIONs
(orange) and SPIONs NPs functionalized with citrate (black), PEG
(blue), OA (grey), and Al(OH)s (red).
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538 cm ' and 629 cm ', corresponding to the stretching

vibrations of Fe-O bonds, confirming the presence of Fe;0,.*
The spectrum of uncoated SPIONs further shows absorption
bands at approximately 1003 cm ™, 1630 cm ™%, and 3410 cm ™%,
which can be assigned to deformation, bending, and stretching
modes of surface hydroxyl groups, respectively.**** In the case of
SPIONs@citrate NPs, the presence of a band at 1066 cm™*
corresponds to C-H vibrations, while two distinct bands in the
1330-1400 cm ™ * and 1560-1570 cm™ ' range, are attributed to
the symmetric and asymmetric stretching vibrations of the
carboxylate (COO ™) groups of citrate, respectively as reported in
the literature.** A broad band centred around 3370 cm™ ' is
associated with structural -OH groups and residual adsorbed
water.** For SPIONs@PEG NPs, a band near 1488 cm ' is
assigned to C-C stretching vibrations, while a signal at
1639 cm ' corresponds to CH,/CH; bending modes. A broad
band at 3425 cm ™' is indicative of ~OH stretching, in agreement
with PEG surface coverage.’”*® The FT-IR spectrum of SPION-
S@OA NPs displays an absorption at 1044 cm™ " due to C-O
stretching, and bands at 1511 ¢m ™" and 1588 cm™ ' corre-
sponding to the symmetric and asymmetric stretching of the
carboxylate groups, respectively.** Additionally, peaks at
2853 cm ' and 2913 cm ' are assigned to symmetric and
asymmetric CH, stretching vibrations, consistent with the alkyl
chains of oleic acid.* Finally, the SPIONs@AIl(OH); NPs exhibit
a peak at 1101 cm ™, attributed to AI-O bond stretching, and
a broad absorption band around 3400 cm ™' associated with
surface -OH groups, likely from adsorbed water and Al(OH);
shell hydroxyls.**

The magnetization values were normalized to the magnetic
mass content of each sample. Fig. 4 displays the room-
temperature hysteresis loops of uncoated SPIONs, SPIONs@ci-
trate, SPIONS@PEG, SPIONs@OA, and SPIONs@AI(OH);. The
corresponding saturation magnetization (M;), remanent
magnetization (M,), and coercivity (H¢) values are summarized
in Table 3.

As expected, all samples exhibited lower M, values compared
to bulk magnetite (M,_bulk = 92-100 emu g~ '), which can be

70
—— SPIONs@(Citrate
—~. 351
o, —— SPIONs@AI(OH),
&
S5 0
S
K
= .354
-70 : .
-10000 -5000 0 5000 10000
H (Oe)

Fig. 4 Room-temperature hysteresis loops of SPIONs with different
surface coatings: uncoated (orange), citrate (black), PEG (blue), OA
(grey), and Al(OH)s (red), all exhibiting superparamagnetic behavior.
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Table 3 Magnetic parameters of the synthesized SPIONs with
different surface coatings: saturation magnetization (M), remanent
magnetization (M,), and coercivity (Hc), as determined from room-
temperature hysteresis loops

Sample M, (emu g™ ) M, (emu g™") H, (Oe)
Uncoated SPIONs 66.84 3.40 20.42
SPIONs@citrate 68.71 0.83 6.16
SPIONS@PEG 71.40 2.29 14.83
SPIONS@OA 72.36 0.42 2.92
SPIONs@AI(OH); 73.21 1.59 8.02

attributed to their nanoscale dimensions and the presence of
a magnetically inactive surface layer (dead magnetic layer) that
reduces the overall magnetization.*”** The measured M; values
ranged from 66.8 to 73.2 emu g ', in good agreement with
values reported for magnetite nanoparticles synthesized via
similar routes.”>**

Although the overall My values are comparable across the
different samples, slight variations were observed, with the
lowest value corresponding to uncoated SPIONSs (66.8 emu g~ )
and the highest to SPIONs@AI(OH); NPs (73.2 emu g ). These
differences are likely influenced by the nature of the surface
coatings, which can affect nucleation, growth kinetics, and
ultimately the magnetic domain structure of the MNPs. In
particular, the higher magnetization observed for
SPIONs@AI(OH); may also be attributed to their multicore
architecture, where several magnetite nanocrystals are assem-
bled within a single particle. This structural configuration can
enhance interparticle magnetic coupling and reduce surface
spin disorder, leading to improved overall magnetic perfor-
mance.*®" All samples displayed negligible remanence and
coercivity, confirming their superparamagnetic behavior at
room temperature.

3.2 Magnetic polyurethane scaffolds

The control scaffold (Fig. 5a) appears white, corresponding to
the unmodified PU matrix. In contrast, scaffolds loaded with

Fig. 5 Representative images of the polyurethane (PU) scaffold alone
(a) and PU scaffolds incorporating various FezO4-based nanoparticles:
(b) uncoated SPIONs, (c) SPIONs@citrate, (d) SPIONs@PEG, (e)
SPIONs@OA, and (f) SPIONs@AL(OH)s.
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MNPs (Fig. 5b—f) exhibit varying brownish tones, reflecting the
incorporation and distribution of the different surface-
functionalized Fe;O, NPs within the polymeric structure.

The differences in colour intensity may be attributed to
variations in surface chemistry, nanoparticle dispersion, and
interaction with the PU matrix, suggesting successful incorpo-
ration of the MNPs in all formulations.

Fig. 6 presents SEM micrographs of the fabricated
polyurethane-based scaffolds, revealing a mesoporous archi-
tecture characterized by interconnected pores of heterogeneous
sizes. Overall, two distinct pore size populations can be identi-
fied, as summarized in Table 4.

Most scaffolds including those containing uncoated SPIONSs,
SPIONs@gcitrate, SPIONs@PEG, and SPIONs@AIl(OH); exhibit
a first group of smaller pores with average diameters ranging
from 17 to 47 pm. Additionally, all scaffolds present a second
group of larger pores, with mean sizes between 99 and 191 pum,
depending on the type of incorporated MNPs.

Notably, the scaffold containing SPIOns@OA deviates from
this trend, lacking the smaller pore population. These structural
differences suggest that the surface chemistry of the nano-
particles influences the pore formation process during scaffold
fabrication, potentially affecting their mechanical properties
and suitability for specific biomedical applications such as cell
infiltration or nutrient diffusion.

Fig. 7 presents the FT-IR spectra of the synthesized magnetic
PU-based scaffolds. The broad absorption band at 3334 cm™*
corresponds to the N-H stretching vibration of the urethane

§
i

VRSN ps  (b) SN
4 4

\

Fig. 6 SEM micrographs of the polyurethane scaffold (PS, (a)) and
polyurethane scaffolds incorporating MNPs: uncoated (MS1, (b)),
citrate (MS2, (c)). PEG (MS3, (d)), OA (MS4, (e)), and A(OH)z (MSS5, (f)).

Table 4 Average pore sizes of the two distinct pore populations
observed in the PU-based scaffolds, as determined from SEM micro-
graphs. Measurements were performed using ImageJ software by
calculating the mean diameters from multiple representative images

Scaffold Small pores (um) Big pores (um)
PS 17+7 131 + 44
MS1 19+7 183 £+ 52
MS2 15+4 191 + 61
MS3 46 + 11 180 + 63
MS4 — 99 + 37
MS5 27 £ 10 106 + 27

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FT-IR spectra of the obtained polyurethane scaffolds without
and with magnetic material, identifying the most characteristic
absorption bands. PS stands for polyurethane scaffold. MS1, MS2, MS3,
MS4, MS5 represent magnetic scaffolds containing uncoated SPIONS,
SPIONs@citrate, SPIONs@PEG, SPIONs@OA, and SPIONs@AI(OH),
respectively.

group. Characteristic bands of the asymmetric and symmetric
stretching vibrations of CH, groups are observed at 2914 cm ™ *
and 2867 cm™', respectively.’® The absorption peak at
1705 cm™ ' is attributed to the C=0 stretching of the urethane
linkage, while the band at 1648 cm ™' is assigned to the N-H
bending vibration of the amide group.*® Notably, no signal is
detected around 2270 cm ™', indicating the absence of unreac-
ted isocyanate (N=C=0) groups and confirming the complete
formation of urethane bonds.* depending on the type of
incorporated MNP.

The scaffolds labelled MS1 to MS5 contain the MNPs previ-
ously described and characterized in Fig. 3b, namely uncoated
SPIONs (MS1), SPIONs@citrate (MS2), SPIONs@PEG (MS3),
SPIONs@OA (MS4), and SPIONs@AIl(OH); (MS5). Although the
major absorption bands correspond to the PU matrix, the
successful incorporation of MNPs is evidenced by subtle varia-
tions in band intensity and shape, particularly in the 500-
600 cm ! region, associated with Fe-oxygen interactions.

Fig. 8 shows the hysteresis loops of all the scaffolds con-
taining MNPs, with the corresponding values of M, M,, and H,

15
101 —— MS2
MS3
—~ 51
o —+— MS5
>
S, 0 SR pm——
= .5
-1 o 4
".40000 = -5000 0 5000 10000
H (Oe)

Fig. 8 Hysteresis loops of PU scaffolds containing MNPs at room
temperature, showing superparamagnetic behavior. MS1-MS5 corre-
spond to scaffolds with SPIONs: uncoated (MS1), citrate (MS2), PEG
(MS3), OA (MS4), and Al(OH)s (MS5), respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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listed in Table 4. Note that M, values are not normalized to MNP
mass (unlike Fig. 3). Accordingly, the lower M; for scaffolds with
uncoated/citrate SPIONs reflects their lower loading (100 mg)
relative to PEG/OA-coated samples (1 g) during synthesis. In
addition to Mg, we report H,, which spans around 5-30 Oe: MS1
(uncoated) shows the highest H., whereas MS4 (OA-coated) the
lowest. This trend can be attributed to surface chemistry and
interparticle coupling effects uncoated/citrate samples exhibit
stronger dipolar interactions and surface-induced anisotropy,
while PEG/OA shells reduce coupling and effective anisotropy,
yielding lower H. and behavior closer to superparamagnetism at
300 K.?*2

Interestingly, the M value for the magnetic scaffold con-
taining SPIONs@AI(OH); NPs is not as high as those for scaf-
folds doped with PEG or OA-coated MNPs, despite the addition
of 700 mg of NPs. This discrepancy is likely due to the lower
proportion of iron oxide in SPIONs@AI(OH); NPs (only 15%),
compared to the 80-90% of iron oxide present in the other NPs.

When comparing the M values of the MNPs used in the
fabrication of these magnetic nanocomposites, we can estimate
the total amount of magnetic material within the PU scaffolds.
The M; values for scaffolds containing uncoated SPIONS,
SPIONs@citrate, SPIOns@PEG, SPIONs@OA, and
SPIONS@AI(OH); NPs were 1.02%, 1.32%, 16.11%, 19.25%, and
2.92%, respectively. This data demonstrates that the MS exhibit
varying magnetic responses to external stimuli, with the stron-
gest responses observed in MS doped with Fe;O,@0A NPs
(Mmax = 13.86 emu g~ '), in contrast to those doped with bare
Fe;04 NPS (Mya = 0.70 emu g V).

Regarding H., although the H, values differ from those of the
isolated MNPs, likely due to experimental conditions, the
general trend is maintained. The scaffold doped with uncoated
SPION s exhibits the highest coercivity (H. = 29.48 Oe), while the
MS doped with SPIONs@OA NPs shows the lowest coercivity
value (H. = 5.40 Oe). These findings reflect how coating and
composition modulate the scaffold magnetic response via
surface passivation, interparticle spacing (dipolar coupling),
and magnetic volume fraction. Consequently, uncoated/citrate
samples show higher H., PEG/OA coatings yield lower H,, and
thick non-magnetic shells (Al(OH);) reduce the apparent M; as
reported in previous studies.>>

3.3 Magnetic hyperthermia performance

The heating curves of the scaffolds doped with uncoated
SPIONs, SPIONs@citrate, SPIONsS@PEG, SPIONs@OA, and
SPIONs@AI(OH); are shown in Fig. 9. The data reveal
substantial differences in thermal response depending on the
surface functionalization of the MNPs. Notably, PU scaffolds
incorporating SPIONs@AI(OH); exhibited the most efficient
thermal performance, achieving the highest temperature
increase (AT) under the same field conditions. This superior
heating efficiency can be attributed to the multicore architec-
ture of the SPIONs@AIl(OH);, which promotes stronger inter-
particle magnetic coupling and reduces surface spin disorder,
thus enhancing magnetic loss mechanisms.

Nanoscale Adv, 2025, 7, 8093-8103 | 8099
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Fig.9 Magnetic hyperthermia performance of polyurethane scaffolds
doped with uncoated SPIONs (MS1), SPIONs@citrate (MS2),
SPIONs@PEG (MS3), SPIONs@OA, and SPIONs@AI(OH)s (MS5). After
300 s the field was switched off, and the subsequent profile corre-
sponds to the cooling curve of the samples. Field parameters were

selected close to the biomedical safety threshold (H x f = 5.0 x 10° A
m—l 571)156,57

In contrast, scaffolds containing uncoated SPIONs or those
coated with PEG and OA exhibited more modest temperature
increases, consistent with a weaker magnetic response and
reduced specific absorption rate (SAR).

The scaffold loaded with SPIONs@citrate displayed inter-
mediate behavior, likely due to partial stabilization and
magnetic decoupling effects introduced by the citrate layer.
These findings demonstrate the critical influence of surface
chemistry and particle architecture on the magnetic heating
efficiency of nanoparticle-doped scaffolds, with direct implica-
tions for the design of hyperthermia-capable nanocomposite
systems biomedical therapy.

From the heating curves it was possible to study the heating
efficiency by determining the SAR, obtained experimentally by
the follow equation:®.

MEe,0, Crey0, + Mpy Cpy (AT)
0

AR = —
S At

pr— (2)
where mg. o, and mpy are the mass of iron oxide and the mass of
polyurethane present in the magnetic scaffolds, respectively,
calculated from the total mass of each sample and considering
iron oxide weight percentage; Cre, o, = 0.746 (J g ' K ') and Cpy
= 1.4 (J g ' K ) are the specific heat of magnetite and poly-
urethane, respectively.
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The SAR values obtained by eqn (2), compiled in Table 5, differ
from the maximum temperature increments, A7, obtained.
While sample MS5 reached the highest AT (AT = 42.86 °C) and
thus revealed to have a higher SAR (SAR = 18.21 W g™ "), which
can be attributed to its multicore nanoparticle architecture and
enhanced magnetic coupling within the scaffold matrix.” the AT
of MS2 does not correspond to the high SAR value obtained (SAR
=12.64 W g ). In this sense, sample MS3, with a significantly
lower SAR revealed a AT almost twice as high as MS2. The main
reason explaining these effects lies in the way the SAR is deter-
mined, where AT/At is selected at the beginning of the heating
ramp. Therefore, differences in heat diffusion losses, which lead
to a higher or lower increase in 7, are not reflected in the SAR. On
the other hand, the use of different amounts of magnetic mate-
rial and the arrangement of the MNPs in the polyurethane matrix
may lead to a different heat diffusion in the material.

Due to their superior efficiency, MS3 and MS5 both achieved
AT > 30 °C, with PU scaffolds containing SPIONs@AI(OH);
(MS5) reaching a maximum of around 43 °C. This performance
is considerably higher than temperature increases reported for
other magnetic scaffolds, such as CS/PVA/HA composites con-
taining 5.54 wt% SPIONs (AT = 7.5 °C)*® and implantable
poly(aspartamide)-based magneto-responsive platforms (AT =
5 °C).*

To provide a standardized comparison of the heating effi-
ciency of the different magnetic nanoparticles, the Intrinsic
Loss Power (ILP) values were calculated from the measured SAR
values using the relation:

SAR

ILP = yeoas (3)
where H is the amplitude of the applied magnetic field and fis
the field frequency. Notably, MS5 exhibited the highest ILP
value (0.18 nH m” kg™ "), while MS4 showed the lowest (0.13 nH
m? kg™ '), with the ILP values of all samples summarized in
Table 4. These ILP values allow the performance of the nano-
particles to be evaluated independently of the specific field
conditions, facilitating direct comparison with other systems

reported in the literature.®®>
The time stability of the magnetic scaffolds was studied by
determining the iron content of the supernatant after soaking
the scaffold in water for three months. After this time, in MS3
sample, containing SPIONS@PEG NPs, it was visible even under
naked eye that an important number of NPs was released to the
solvent. On the other hand, iron in the supernatants from the

Table 5 Magnetic properties (Mg, M,, Hc), magnetic content determined by ICP-OES, SAR, and AT for PU/MNP scaffolds (MS). Mi/M,/H. were
extracted from VSM hysteresis curves. Magnetothermal measurements were performed for 5 min under an alternating magnetic field of 25 mT at

253 kHz from room temperature

MS M, (emu g™ ) M, (emu g ) H. (Oe) % Fe30,4 SAR (W g ) ILP (nH m* kg™ ) AT (°C)
MS1 0.70 0.04 29.48 1.02 4.51 0.05 10.47
MS2 0.90 0.01 7.18 1.32 12.64 0.13 18.30
MS3 11.44 0.22 10.50 16.11 4.69 0.05 30.74
MS4 13.86 0.13 5.40 19.25 1.33 0.01 11.18
MSs5 2.40 0.04 6.56 3.92 18.21 0.18 42.86
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MS5 scaffold (SPIONs@AI(OH);) was not detected by ICP-OES
([Fe] n.d.), indicating that this prototype is suitable for further
characterization.

Mercury porosimetry was used to complete the character-
ization of the PS and selected scaffold containing nanoparticles,
MS5. The results confirmed the interconnectivity between pores
and revealed an average porosity of 17.3% for PS and 14.7% for
MS5. The values show that the presence of the nanoparticles
leads to a slight decrease in the porosity.

3.4 Cytocompatibility evaluation of PU-based magnetic
scaffolds

The cytocompatibility of the PU scaffold loaded with
SPIONs@AI(OH); (MS5) was assessed in comparison with the PS
using the CCK-8 assay on murine NIH/3T3 fibroblasts. Both
direct and indirect contact tests were conducted for 24 h to
evaluate cell viability. As shown in Fig. 10, both MS5 and PS
exhibited cell viability values exceeding 80% under direct
contact conditions, confirming their biocompatibility.

Similarly, high viability values observed under indirect
contact indicating the cytocompatibility of the systems after 24
hours of culture. This timepoint was chosen because ISO 10993-
5:2009 guidelines identify it as the standard for testing whether
a material can harm cells when it comes into direct or indirect
contact with them.® Furthermore, the absence of toxic effects
supports the effectiveness of the scaffold washing protocol
implemented during synthesis, ensuring the removal of
residual reagents or by-products. Comparable viability values
between MS5 and PS confirm that the incorporation of
SPIONs@AI(OH); does not compromise the cytocompatibility of
the composite material. In conclusion, our SPIONs@AI(OH);-
loaded PU scaffolds exhibit cytocompatibility comparable to or
exceeding that of similar MNPs-incorporated PU scaffolds re-
ported in the literature,*** highlighting their potential for
biomedical applications.
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Fig.10 Cellviability of a polyurethane scaffold (PS) and a polyurethane
scaffold containing FezO4@AIOH)s NPs (MS5) evaluated on murine
NIH/3T3 fibroblasts for 24 h through direct and indirect contact.
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4. Conclusions

In this work, SPIONs (Fe;O4 NPs) functionalized with different
surface coatings (citrate, PEG, OA, and Al(OH);) were success-
fully synthesized and incorporated into a PU matrix to fabricate
a series of magnetic scaffolds (MS1-MS5). The study demon-
strated that surface chemistry plays a decisive role in governing
scaffold stability, magnetic performance, and cytocompatibility.
Among the systems investigated, PU scaffolds incorporating
SPIONs@AI(OH); exhibited the best performance, achieving AT
~ 43 °C and an ILP value of 0.18 nH m~> kg™ ' under hyper-
thermia conditions, while maintaining negligible cytotoxicity.
These findings highlight the advantages of combining poly-
urethane with surface-modified SPIONs and identify
SPIONs@AIl(OH); as highly promising candidates for the
development of multifunctional scaffolds for biomedical
applications.
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