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HIGHLIGHTS

e Composite membranes for magnetic hyperthermia were produced;
e Magnetite nanoparticles were combined with cellulose acetate membranes;
e Adsorption method originates composite membranes with higher heating ability;

e Incorporation method improves mechanical properties of composite membranes;

ABSTRACT

In the present work composite membranes were produced by combining magnetic

nanoparticles (NPs) with cellulose acetate (CA) membranes for magnetic hyperthermia


mailto:jpb@fct.unl.pt

applications. The non-woven CA membranes were produced by electrospinning
technique, and magnetic NPs were incorporated by adsorption at fibers surface or by
addition to the electrospinning solution. Therefore, different designs of composite
membranes were obtained. Superparamagnetic NPs synthesized by chemical
precipitation were stabilized either with oleic acid (OA) or dimercaptosuccinic acid
(DMSA) to obtain stable suspensions at physiological pH. The incorporation of magnetic
NP into CA matrix was confirmed by scanning and transmission electron microscopy.
The results showed that adsorption of magnetic NPs at fibers’ surface originates
composite membranes with higher heating ability than those produced by incorporation
of magnetic NPs inside the fibers. However, adsorption of magnetic NPs at fibers’ surface
can cause cytotoxicity depending on the NPs concentration. Tensile tests demonstrated a
reinforcement effect caused by the incorporation of magnetic NPs in the non-woven

membrane.
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INTRODUCTION

Cancer is a major public health problem worldwide causing nearly 1 in 6 deaths, from
which 70% occur in low- or middle-income countries. Chemotherapy has a limited
effectiveness, poor distribution and lack of selectivity. Alternatively, magnetic
hyperthermia is clinically used as a treatment for various human solid cancers (Assa et
al., 2017; Shietal., 2017; Yan et al., 2018). Cancer cells are more sensitive to temperature
oscillations than normal cells due to reduced blood flow in the tumor site. Therefore,
temperatures around 42-43°C can cause significant tumor cell death without harming
healthy tissues (Kobayashi, 2011; Majewski et al., 2007). The use of magnetic NPs could
be an innovative solution to perform magnetic hyperthermia. Magnetic NPs can function
at cellular and molecular level of biological interactions and can be manipulated using a
magnetic field (Yadollahpour et al., 2016; Zhong et al., 2015). The application of free
magnetic NPs has several limitations due to low solubility, poor cancer targeting, and

2



leakage of NPs from the tumor location. For that reason, a strategy currently being
researched involves NPs-loaded electrospun nanofibers for localized magnetic
hyperthermia, which is the main purpose of this work (Lee et al., 2015). Magnetite
nanoparticles (FesO4) have attracted broad interest for cancer treatment using magnetic
hyperthermia because they are non-toxic and biocompatible (Darwish et al., 2016). In
general, iron oxide nanoparticles (IONPs) become superparamagnetic at room
temperature when their size is below about 15 nm, and heat generation is a result of a
combination of internal Néel fluctuations of the particle magnetic moment and the
external Brownian fluctuations (Wu et al., 2015). However, aggregation among
superparamagnetic IONPs is a common phenomenon (Mahdavi et al., 2013). Hence, for
protecting bare IONPs against aggregation, coating agents such as OA and DMSA can be
used, without significantly affect their magnetic properties (Soares et al., 2015b; Soares
etal., 2014b).

Electrospinning is a simple, fast and easy to scale-up technique to produce functional
materials based on polymeric micro/nanofibers with high surface-to-volume ratio and
tunable porosity (Baptista et al., 2013; Baptista et al., 2011). Electrospinning can be used
to produce stimuli-responsive fibers that actively react to changes in the surrounding
environment, which are translated into significant changes in their morphological and
chemical properties (Almeida et al., 2012). Combining electrospun non-woven
membranes with magnetic NPs produces a flexible composite system with fixed NPs
suitable for magnetic hyperthermia applications. In addition, this combination can
improve cell adhesion, proliferation, and differentiation when a magnetic field is applied
(Rao et al., 2017). The composite membranes produced in this work are composed by an
electrospun matrix of cellulose acetate and functionalized with magnetite NPs. The NPs
were conjugated to the polymeric matrix either through adsorption, or by incorporation
in the electrospinning solution. Some authors have explored the use of electrospinning to
produce controlled drug delivery systems (Aguilar et al., 2017; Qiu et al., 2013; Thakkar
et al., 2017), while a few studies encapsulated IONPs into polymeric nanofibers for
magnetic hyperthermia application (Lin et al., 2012; Lin et al., 2013; Zhong et al., 2015).
This combination will cause a synergistic effect, thus producing a highly efficient cancer
treatment option for easy to access tumors or post-operation treatments, with smaller drug

dose and a significant reduction of side effects.



EXPERIMENTAL SECTION

All the chemical reagents used in this research work were of analytical grade and used
without further purification.

Synthesis of iron oxide nanoparticles

Iron oxide nanoparticles were produced by a chemical co-precipitation technique using a
previously described method (Soares et al., 2014a; Soares et al., 2015a; Soares et al.,
2016a). IONPs without further treatment will be named “Bare-FesOs NPsS”; the ones
stabilized with either DMSA (Sigma- Aldrich) 4% or OA (Fisher Chemical) 64 mM will
be named “DMSA-Fe304 NPs” and “OA-FesO4 NPs”, respectively.

IONPs stabilization with OA was performed by adding to the NPs suspension an
appropriate amount of OA calculated as a percentage of the NPs mass. The mixture
reacted for 1 h in an ultrasound bath. In the case of coating with DMSA, the suspension
pH was previously adjusted to pH 3 with nitric acid 65% under magnetic stirring. DMSA
was added immediately at a 3—4 ratio of [DMSA]/[Fe?*]. DMSA was dissolved in 2 mL
of deionized water and the pH adjusted to 5.5 with 0.1 M NaOH solution under vigorous
stirring (Fauconnier et al., 1997; Massart, 1980). The reaction of DMSA with IONPs was
performed in an ultrasound bath during 1 h. In both cases, a part of the suspension was

freeze-dried (VaCo2, Zirbus) to obtain dry NPs for further characterization.

Production of CA/Fe3O4 composite
To produce CA/Fe30s4 composites, two strategies were used: i) Immersion of CA
membrane into IONPs solution using different concentrations — Adsorption; ii)

electrospinning a solution containing CA and IONPs — Incorporation.

Adsorption of IONPs in CA membranes

A 12 wt% CA solution in 2:1 (w/w) acetone (Fisher chemical)/N, N- dimethylacetamide
(DMAC, Sigma-Aldrich) was prepared and used for electrospinning. Electrospinning was
performed at 20°C with humidity around 40%. The polymer solution was placed in a 1
mL syringe, and dispensed by a syringe pump (KDS100, KD Scientific) at a rate of 0.15
mL.h%. A high voltage supply (Glassman EL 30kV) was connected to the metallic needle
(ITEC 21G) with a fixed voltage of 20 kV, and a sheet of aluminum foil was placed 17
cm in front of the tip of the needle to collect the fibers. The electrospun fiber mats were
dried at room temperature for 24 h to remove any residual solvent. These parameters were

based on the literature (Baptista et al., 2011; Tarus et al., 2016). However, other
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combinations of parameters were tested. Table 1 presents the electrospinning parameters

tested that resulted in fibers without defects.

To produce CA/Fes04 composites by adsorption, the CA solution was electrospun during
6 h. CA membranes were cut into 2.5x1.5 cm pieces and placed in IONPs solution during
24 h in an orbital shaker. The adsorption method was tested using two concentrations of
IONPs, 0.5 and 2.0 mg.ml?, either of DMSA-FesOs NPs or OA-FesOs NPs. The
membranes were washed with ultrapure water to remove the non-adsorbed NPs and were

dried at room temperature.

Incorporation of IONPs in CA nanofibers

In this case, a new solvent combination for CA was used: 63: 32: 5 (w/w/w) acetone/
DMACc/ IONPs solution ([OA-FesO4 NPs] = 6.34 mg.ml™; [DMSA-Fes04 NPs] = 4.01
mg.ml™t). The addition of IONPs to CA solution affected its viscosity, and consequently

the optimal conditions for electrospinning also change, as shown in table 2.

Characterization

The iron content of the samples was determined using the 1,10-phenantroline colorimetric
method (Talelli et al., 2009). To obtain NPs concentration the formula [Fe] = 0.7 x [NPs]
was used, obtained from control experiments.

Transmission electron microscopy (TEM) images were obtained using a Hitachi H-8100
Il with thermo-ionic emission LaBs with a resolution of 2.7 A. TEM analysis was
performed in NPs diluted in pure water placed in a Kevlar 25 mesh grid. The membranes
analysis was performed on the thinnest membrane that can be technically extracted.

The crystalline phases of the samples were verified using powder X-ray diffraction
(XRD). X’Pert PRO PANAlytical X-ray diffractometer was used to obtain X-ray
diffraction patterns of the iron oxide nanoparticles previously freeze-dried. The 26 values
were taken from 15° to 80° using a Cu-Ka radiation (A = 1.54060 A) with a step size of
0.033. The Scherrer’s equation was used to measure the average crystallite size.

FTIR spectra of the samples were obtained using a Nicolet 6700-Thermo Electron

Corporation Attenuated Total Reflectance- Fourier Transform Infrared spectrometer



(ATR-FTIR). Measurements were performed in freeze-dried samples in the range of 480
4000 cm* with a resolution of 2 cm™.

Dynamic Light Scattering (DLS) measurements were performed using a SZ-100
nanopartica series (Horiba, Lda) with a 532 nm laser and a Peltier temperature control
system (25°C). DLS measurements were carried out for diluted NPs suspensions (five
samples for each concentration) using a disposable cell with a scattering angle equal to
90°. Data analysis was performed using cumulants statistics to measure hydrodynamic
diameter (Dn) and polydispersity index (PDI) (Soares et al., 2016b).

Scanning electron microscopy (SEM) that allowed fiber morphology analysis was
performed using a Carl Zeiss Auriga SEM equipment. The samples were coated with a
thin layer of gold.

The magnetic properties of bare-FezOs NPs and OA-FesOs NPs were performed in
previous studies (Soares et al., 2016b) using a 7 T SQUID magnetometer (S700X;
Cryogenic Ltd.). The magnetization curves were obtained at 5 K and 320 K, with a
variation of the applied field of -5 T up to 5 T. The magnetic properties of DMSA-Fe304
NPs was performed through Vibrating Sample Magnetometer (VSM) technique using a
10 T VSM magnetometer (Cryogenic-Cryofree). The magnetization curve was obtained
at 300 K, with a variation of the applied field of -2 Tupto 2 T.

Mechanical response — tensile tests

The tensile tests were performed on a Rheometric Scientific uniaxial tensile testing
machine with 20 N load cell and operable through the Minimat software (Minimat Control
Software Version 1.60 February 1994 (c) PL Thermal Science 1984-94 Reometric
Scientific Ltd.). A velocity of 1 mm.min™ was applied in all experiments, which were
performed at room temperature and humidity around 50%. For each type of membrane at

least 10 samples were measured.

Cytotoxicity assays

To evaluate the cytotoxicity of the membranes, the assays were performed according to
standard 1SO-10993 Biological evaluation of medical devices, Part 5: Tests for in vitro
cytotoxicity. The assays were performed using the extract method and Vero cells (monkey
renal epithelial cells). To produce the extract, different samples were cut to have an
identical mass of 5 mg and pre-sterilized with UV irradiation for 1 h. Each sample was
placed in 1 mL of Dulbecco’s modified Eagle’s medium (DMEM, Sigma Aldrich) at 37°C
for 48 h.



Cells were seeded at a density of 20,000 cell.cm in 96-well plates and grown in DMEM
supplemented with 10% fetal bovine serum, 1% Penicilin-Streptomycin, sodium pyruvate
(100 mM, Life-Technologies), and GlutaMAX™ Supplement (Life-Technologies)
followed by incubation at 37°C in 5% CO during 24 h. Four concentrations of the extract
were used: 5, 2.5, 1.25 and 0.625 mg.mL™. For each concentration, 5 replicas were
performed. After this period, the medium was removed and a resazurin solution
containing 90% of complete culture medium, as described above, and 10% of a 0.2
mg.mL* resazurin solution in PBS was added to each well. After 2 h incubation, the
absorbance was measured at 570 and 600 nm. Negative control cells were incubated with
complete medium. Positive control cells were treated with 10% DMSO to cause cell
death. Cell viability is expressed as a percentage of the negative control, given by [% cell

viability = treated cells/control cells x 100].

Magnetic hyperthermia assays

Magnetic hyperthermia measurements were obtained using a DM100 series from Nb
Nanoscale Biomagnetics apparatus. The heating ability of 10 mg of each membrane
loaded with IONPs was measured using an alternating current (AC) magnetic field of 24
kA.m1, with a frequency of 418.5 kHz for 10 min. Each sample was immersed in 1 mL

of ultrapure water during the tests.
RESULTS AND DISCUSSION

Iron oxide nanoparticles

The colloidal stability of IONPs depends on two main factors: i) NPs size which must be
small enough to prevent precipitation; ii) surface charge and chemistry that should
prevent NPs aggregation through steric and coulombic repulsions (Yadollahpour et al.,
2016). Consequently, the low stability of IONPs in aqueous medium requires the use of
surfactants. To evaluate the morphology and size distributions of bare-NPs and coated
NPs (DMSA-Fe304 NPs and OA-Fes0O4 NPs), TEM analysis was performed (fig. 1).
Using the chemical precipitation technique, monodisperse bare-NPs with an average
diameter of 9.4 + 1.9 nm were obtained. When coated with either DMSA or OA, IONPs
kept their spherical shape with average diameters of 9.8 £ 2.5 nm and 10.2 £ 2.4 nm were
obtained for OA-Fe3O4 NPs and DMSA-Fe304 NPs, respectively, showing the surfactant

did not significantly affect the average size of IONPs.



Fig. 1 G shows the XRD patterns of bare-Fe3Os NPs, OA-FesO4 NPs and DMSA-Fe304
NPs. The characteristic peaks of magnetite were observed at 20 of 30.1, 35.5, 43.2, 53.5,
57.0 and 62.8° corresponding to the diffraction planes (220), (311), (400), (422), (511)
and (440), respectively. The positions and relative intensities of the reflection peaks of
samples agree with the XRD diffraction peaks of standard Fe3O4 samples (JCPDS 00-
019-0629 for magnetite and JCPDS 00-039-1346 for maghemite), indicating the
synthesized NPs have a crystalline cubic magnetite structure. XRD data suggest the effect
of surfactants on the crystal structure of FesOs NPs is negligible. The average crystallite
size (1) of NPs was calculated from the full width at half-maximum (FWHM) of the most
intense peak using the Scherrer’s equation T = KA/ (Scosf), where k is the grain shape
factor (K = 0.94), A is the incident X-ray wavelength, B is the FWHM (in radians) of the
highest intensity, and 6 is the corresponding diffraction angle. Bare-FezO4 NPs and coated
NPs have similar average crystallite size of 9.75 nm. These results agree with the average
diameter measured in TEM images.

To get further insight on IONP surface chemistry, bare and coated FesOs NPs were
characterized by FTIR spectroscopy (Fig. 1 H). Bare-Fe3Os NPs show the three
characteristic bands of Fe3O4: at 560 cm™ the Fe-O stretching vibration mode, and at 1630
cm™ and 3400 cm™ the O-H stretching vibration modes (Yang et al., 2010). In the OA-
Fe304 NPs FTIR spectrum six new bands at 1407, 1434, 1521, 1710, 2849 and 2921 cm’
! appeared. The bands at 2849 and 2921 cm™ are attributed to the asymmetric CH; stretch
and the symmetric CH stretch in OA, respectively. The band at 1407 cm™ corresponds
to CHs umbrella mode of OA. The band at 1710 cm™, corresponding to stretching
vibration of C=0, is also characteristic of OA. The spectrum also indicates the presence
of two bands, 1434 cm™ (v,: COO) and 1521 cm™ (v,5: COQ"), attributed to the oleate
ion immobilized on the magnetite surface (Mahdavi et al., 2013). In the DMSA-Fe304
NPs spectrum, the new well-defined bands at 1570 and 1390 cm™ appear, typical from
asymmetric and symmetric stretching of carboxylate, respectively (Valois et al., 2010).
The sharp carbonyl absorption bands present around 1700 cm™ in DMSA was shifted to
lower frequencies because the ligands are bound to the particles and their carboxyl group
is dissociated and coordinated with the iron oxide surface (Palma et al., 2015). The band
at 1011 cm™ is attributed to the C-O ether stretch (Valois et al., 2010). Given the large
splitting between the —COO™ bands, the carboxylate group appears to be bound to iron
through a monodentate interaction (Chen et al., 2008; Ge et al., 2009; Palma et al., 2015).



DLS measurements were performed in OA-Fe304 NPs and DMSA-FezO4 NPs to evaluate
their stability in physiological conditions. Fig. 2 A and B represents the two groups of
calculated D for OA-Fe3O4 NPs and DMSA-Fe304 NPs, respectively. The average sizes
determined at pH 7 (physiological pH) were 140 = 13 nm and 79 £ 11 nm for OA-Fe304
NPs, and 164 + 13 nm and 101 + 9 nm for DMSA-Fe304 NPs. The PDI was around 0.2
for every experimental curve obtained, indicating a fairly monodisperse suspension.
Magnetic measurements were performed to evaluate the influence of OA and DMSA in
Fez04 NPs magnetic properties. Magnetic saturation values are presented in emu per gram
of the whole particle (including magnetic and non-magnetic material). Fig. 2 C shows the
hysteresis loops of bare-Fes0s NPs, OA-Fe304 NPs and DMSA-Fes04 NPs above the
blocking temperature. In this temperature range the samples are superparamagnetic
(absence of coercivity and remanence) with differences in their saturation magnetization
(Ms): 58 emu.g™ for both bare and DMSA-Fe3O4 NPs, and 46 emu.g™ for OA-Fe3O4 NPs.
The reduction of FesO4 Ms is dependent upon oleic acid percentage (Soares et al., 2014a;
Soares et al., 2016b).

CA-Magnetite composites

To obtain magnetic membranes suitable for magnetic hyperthermia applications, an
efficient incorporation of IONPs into CA membranes is crucial. SEM images of the
electrospun fiber mats before and after 24 h of adsorption in solutions with concentration
of 2.0 mg.mlt of OA-FesOs NPs or DMSA-Fes04 NPs are shown in Fig. 3. The
electrospun CA nanofibers have smooth morphology, bead-free and an average diameter
of about 300 nm, which was kept even after 24 h in adsorption medium. The high surface
area of electrospun fibers enhances the binding of IONPs. With the increase of FesO4 NPs
concentration, an increase in the NPs amount at the CA fibers surface is visible. DMSA.-
Fe304 NPs demonstrated more affinity to binding to CA fibers surface than OA-Fe304
NPs, for the same NPs concentration

The other method to produce composite membranes was through incorporation of Fe304
NPs in the electrospinning solution. Since the incorporation of FesOs NPs in CA solution
changed its viscosity, the electrospinning parameters were changed. Fig. 4 shows SEM
images of both CA/OA-Fes04 (A) and CA/DMSA-Fe304 (B) composite membranes
produced by this method. The presence of FezO4 NPs in the electrospinning solution does
not change the morphology of CA fibers, which kept their cylindrical shape. However,

compared to plain CA, the fiber diameter was reduced from 272 + 72 nm (CA fibers



produced with 63: 32: 5 (w/w/w) acetone/ DMAc/ water solution) to 165 = 55 nm and
161 + 34 nm with the incorporation of OA- and DMSA-Fe304 NPs, respectively. The
fiber diameter decrease may be related not only to the effect of FesO4 NPs in the solution
viscosity, but also due to the change in the electrospinning parameters.

When composite CA/Fes04 membranes are produced by adsorption of FezOs NPs, the
NPs are clearly visible at the fiber surface. However, when using the incorporation
technique, Fe3O4 NPs are not visible at the fiber surface. To confirm the presence of Fe3O4
NPs in composite membranes, TEM images were obtained. Fig. 5 shows Fe3Os NPs

organized as clusters (probably caused by the agglomeration of NPs) inside CA fibers.

Mechanical response — tensile tests

The different types of CA membranes functionalized with FesO4 NPs were submitted to
stress-strain assays (Fig. 6). All samples exhibited a similar mechanical behavior under
tensile forces whereas a major region of elastic deformation and a very reduced region of
plastic deformation is visible. This behavior is characteristic of fragile materials. With the
incorporation of Fe3O4 NPs, plastic deformation of the composite membranes is almost
negligible since membrane rupture occurs almost immediately. Three parameters that
characterize the membranes were obtained from the curves of the tensile tests: Young's
Modulus (E), which characterizes the mechanical strength of the material; the elastic limit
stress (oeL); and the ultimate tensile strength (UTS). The results for each membrane are
shown in Fig. 6 C. In all composite membrane types, an improvement of the membrane’s
mechanical parameters with the incorporation of FesOs NPs, compared to the plain CA
membrane, is visible. The Young's modulus increases by a factor between 3 and 4 for all
membrane containing IONPs, assuming values in the 30 to 40 MPa interval. The type of
Fe304 NPs coating does not seem to affect the mechanical response of the membranes,
since E increases in the same proportion for all membranes types. In conclusion, the

incorporation of IONPs has a reinforcing effect on the membranes.

Cytotoxicity assays
Cytotoxicity assays were performed to evaluate the cytotoxic effect of IONPs
incorporated on CA membranes. Fig. 7 shows cell viability after incubation with 10 mg
of each type of membrane studied. The results show that only CA/DMSA-Fe304
membrane coated in a solution containing a NPs concentration of 2.0 mg.mL™ exhibits
cytotoxicity due the large quantity of DMSA-FesO4 NPs adsorbed on CA fibers (Ge et
al., 2013; Ge et al., 2009). The other composite membranes showed almost 100%
10



viability. The results allow to conclude that NPs may be cytotoxic when present at higher
concentrations. Therefore, the concentration, type of incorporation in fibers and rate of
IONPs released to the medium should be carefully studied and adjusted to avoid cytotoxic
effects and to guarantee the biocompatibility of the membranes. However, for the

conditions used in this work, cell viability did not reach critical values.

Magnetic hyperthermia assays

Magnetic hyperthermia assays were performed to evaluate the heating ability of IONPs
incorporated in CA membranes. Fig. 8 represents the temperature variation during the
assays for each type of membrane studied. The highest temperature variation occurred for
the membranes with DMSA-Fe304 NPs adsorbed at fibers surface method. Adsorption of
FesOs NPs using concentrations of 0.5 mg.mI* and 2.0 mg.ml™, resulted in an average
temperature variation of 5.1°C and 11.5°C, respectively. These results agree with the
higher adsorption capacity of the DMSA-Fe304 NPs to CA fibers, compared to OA-Fe304
NPs. In OA-Fe304 NPs using concentrations of 0.5 mg.ml? and 2.0 mg.ml2, resulted in
an average temperature variation of 1.6°C and 2.4°C, respectively. Magnetic
hyperthermia measurements of composite membranes produced by incorporation of
Fez04 NPs resulted in very small temperature variation, smaller than 1°C. In this case, the
amount of FesOs4 NPs incorporated should be increased to produce clinically relevant
temperature variations. Being the normal body temperature 37°C, a temperature variation
of five degrees is enough to achieve a therapeutic value for the cancerous tissue (about
42°C). This therapeutic temperature can be reached by adjusting the NPs coating,
concentration within the membrane, and the method of NPs incorporation, as shown in

the results.

CONCLUSIONS

We report here the fabrication and characterization of electrospun cellulose acetate mats
functionalized with superparamagnetic magnetite nanoparticles. These composites
exhibited good heating properties under an alternating magnetic field, which make them
suitable for magnetic hyperthermia applications. The nanoparticles revealed a
superparamagnetic behavior as intended for biomedical applications. By varying the
concentration of FesO4 NPs present on cellulose acetate mats, and by modelling the
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conditions of the hyperthermia assay, it is possible to reach therapeutic temperatures.
Tensile tests indicate that the addition of FesO4 NPs has a significant impact on the
cellulose acetate mechanical response, increasing Young's Modulus, the elastic limit
stress and the ultimate tensile strength. Regarding in vitro experiments, the concentration
of FesO4 NPs in composite membranes should be modulated to achieve clinically relevant
heat without causing cytotoxic effects, which could harm the surrounding healthy tissues.
Composite membranes with incorporated DMSA-Fe304 NPs through adsorption in a
solution with concentration of 0.5 mg.ml?, revealed the most promising for use in

magnetic hyperthermia, considering the heating ability and the absence of cytotoxicity.
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Fig. 1. TEM image and the respective size distribution graph of bare-Fes04 NPs (A, D), OA-Fe;04 NPs (B,
E), and DMSA-Fe;04 NPs (C, F). XRD patterns (G) and FTIR spectra (H) of bare-Fe3O4 NPs, OA-Fe30.

NPs and DMSA-Fes04 NPs.
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Fig. 2. Hydrodynamic diameter calculated for OA-Fe3s04 NPs (A) and DMSA-Fe;0. NPs (B). Dashed lines
indicate the average diameter for each set of points. The calculated Dy was obtained using the above-
described method of the cumulants expansion. Mean + standard deviation for 5 determinations is shown.
Magnetization vs. applied magnetic field (C) for bare-Fe;0s NPs at 320 K (black), OA-Fe;04 NPs at 320
K (red), and DMSA-Fe3;04 NPs at 300 K (blue).
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Fig. 3. SEM images and the respective fiber diameter distribution graph of CA membrane before FezO4
NPs adsorption (A, B), and after 24 h of adsorption in OA (C, E) or DMSA (D, F) FesO4 NPs solution in

two concentrations: 0.5 mg.mL* and 2 mg.mL™.
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Fig. 4. SEM image of composite CA/Fe3s04 membranes produced by incorporation of OA-Fe304 NPs (A)
or DMSA-Fe;04 NPs (B) in the electrospinning solution.

Fig. 5. TEM images of composite CA/Fe304 membranes produced by incorporation of OA-FesO4 NPs (A)
or DMSA-Fe3;04 NPs (B) in the electrospinning solution.
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Fig. 6. Representative stress-strain curves of composite membranes produced by physical adsorption at the
fibers’ surface (A) or by incorporation in the electrospinning solution (B) of OA- and DMSA-Fe;O4 NPs,
compared to plain CA membrane. (C) Calculated mechanical parameters for each membrane type: Young's
modulus (E), ultimate tensile strength (UTS) and elastic limit stress (oLe).
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Fig. 7. Vero cell line viability after 24 h exposure to different types of CA membranes through indirect
method. Data is expressed as average * standard deviation for at least five independent experiments.
*p<0.05, **p<0.005, ***p<0.001 compared to untreated control cells (C).
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Fig. 8. Temperature increase generated by each type of CA membrane with incorporated IONPs during 10
minutes of an AC magnetic field application with magnetic flux density of 300 G and 418.5 kHz of

frequency.
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Tables

Table 1. Electrospinning parameters tested that resulted in fibers without defects, and the respective

average fiber diameter.

Temperature Humidity Flow Rate Distance Potential Average fiber diameter
°C) (%) (ml.ht) (cm) (kv) (nm)
22.7 46 0.2 15 20 387 +£98
20.5 41 0.2 15 20 329+119
225 32 0.2 15 20 308 + 90
219 37 0.2 15 20 345+ 113
20.9 43 0.2 15 20 375+£113
20.5 41 0.2 15 17 366 + 109
20.8 41 0.2 11 20 468 £ 110
21.0 41 0.15 11 20 485 + 136
21.8 40 0.15 15 20 340+ 95
21.8 40 0.15 17 20 299 + 68
21.8 46 0.2 17 20 392 + 105

Table 2. Parameters used for CA nanomembranes production.

NPs solution [CA] Temperature Humidity Flow rate Distance Potential
(Wt%) (°C) (%) (mL.h) (cm) (kV)
- 12 21.8 40 0.15 17 20
OA-Fe304NPs 11 25.8 44 0.25 20 20
DMSA-Fe304 NPs 10 23.7 40 0.20 17 20
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