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ethylene glycol) core—shell biomaterials
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Ana M. Diez-Pascual™ and Angel L. Diez-Vicente®

Core-shell composites comprising a core of amino-functionalized magnetite microparticles (MagP®-NH,)
covalently attached to a poly(propylene fumarate-co-ethylene glycol) P(PF-co-EG) network shell have
been developed and characterized. The diameter of the core—shell structure was found to decrease
while the grafting degree increased as the MagP®-NH,/(P(PF-co-EG)) ratio increased. The composites
showed superparamagnetic behaviour, and those with thinner shells displayed higher magnetic
susceptibility values. The microparticles significantly improved the chemical stability, biodegradability and
antibacterial activity of the copolymer. Cell metabolic activity levels after exposure to the composites
decreased with increasing microparticle content and incubation period. Very strong increments in
stiffness and strength were attained, both under dry conditions and after soaking in a simulated body
fluid. It has been found that the morphology, hence the final composite properties, can be finely tuned
by varying the microparticle/copolymer weight ratio, the optimal being 10 : 90, given that it leads to the
best combination of magnetic, mechanical, rheological and antibacterial properties. These novel
biocomposites also showed magnetic-field tunable mechanical properties, hence could be further used
for the design of magnetic responsive scaffolds for soft-tissue replacement whose properties can be

rsc.li/rsc-advances triggered by external stimuli.

Introduction

Hybrid core-shell composites have recently attracted much
interest since they can be carefully designed to integrate the
specific characteristics of each building block into a single
multifunctional unit suitable for a number of applications
ranging from catalysis, energy conversion and environmental
remediation to optoelectronics and biomedicine."® Among
them, magnetic composites are particularly interesting, because
of their magnetic responsiveness and tailorable surface. The
magnetic properties of these materials allow them to be guided
by non-contact forces, like an external magnetic field, and
simultaneously, in situ monitoring by magnetic resonance
imaging or computerized axial tomography scanning.* Further-
more, they can be bonded to biomolecules such peptides, anti-
bodies, drugs, etc., hence they have great potential to be used in
protein purification, cell separation, medical diagnosis and tar-
geted drug delivery.>”

Magnetite (Fe;0,) is one of the most important transition
magnetic metal oxides owed to its strong magnetic properties and
widespread applications in biotechnology and medicine. In
particular, Fe;O, microparticles have smooth and large-surface
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areas that can be used for binding proteins, enzymes, anti-
bodies, and anticancer agents.® They are chemically stable,
nontoxic, and noncarcinogenic, and can be detected in the
human body by magnetopneumographic (MPG) methods. Many
techniques have been reported in the literature to synthesize
Fe;0, microparticles such as the sol-gel, microemulsion, sono-
chemical, ultrasonic spray pyrolysis, microwave plasma, thermal
decomposition and the chemical reduction methods.>™* A serious
problem is their strong tendency to agglomerate, which is an
obstacle to their potential biomedical applications. This
hindrance can be overcome by subjecting the particles to chem-
ical modification; thus, it has been demonstrated that an
adequate functionalization of magnetic micro/nanoparticles
enhances their colloidal stability, preventing their aggregation
in solution and improving their chemical stability.**

Amongst different biodegradable synthetic polymers, poly-
(propylene fumarate) (PPF) has recently emerged as an impor-
tant biocompatible and cross-linkable polymer for tissue engi-
neering applications.” This unsaturated linear polyester can be
thermally or photochemically cross-linked via its fumarate
double bonds, leading to a crosslinked network that satisfies
a number of medical requirements such as biocompatibility,
osteoconductivity, sterilizability, and handling characteris-
tics.*¢ Further, it degradates by hydrolysis of the ester bonds,
and the degradation products are non-toxic fumaric acid and
propylene glycol. However, its lack of antibacterial activity and
mechanical strength limit its use for certain biomedical
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applications. To provide antimicrobial action and improve its
mechanical properties, efforts have been made in creating
improved PPF-based materials by careful modulation of the
polymer composition'” or addition of fillers.*®** Polyethylene
glycol (PEG), a highly hydrophilic biocompatible polyether
extensively employed for the fabrication of biomaterials, has
been covalently bound to PPF.** Incorporation of PEG into PPF
makes it water soluble, improves its biocompatibility and also
decreases its thrombogenicity and platelet adhesion for
cardiovascular applications; besides, the mechanical proper-
ties of the resulting copolymer, poly(propylene fumarate-co-
ethylene glycol) (P(PF-co-EG)), can be tuned by varying the
ratio between the hydrophilic PEG and hydrophobic PPF
blocks.** Nevertheless, to the best of our knowledge, P(PF-co-
EG) has not been used so far for the development of core-shell
composites.

In this work we describe a novel approach to synthesize core—
shell structures comprising a core of amino-functionalized
magnetite microparticles covalently attached to a P(PF-co-EG)
network shell. The resulting core-shell biocomposites have
been comprehensively analyzed to gain insight about their
morphology, thermal and chemical stability, biodegradability,
metabolic activity, water uptake, rheological, mechanical,
magnetic and antibacterial properties. It has been found that
the morphology, hence the final composite properties, can be
finely tuned by varying the microparticle/copolymer weight
ratio. Altogether, our results suggest that there is an optimal
microparticle/copolymer weight ratio, 10 : 90, which leads to
the best combination of properties. These novel biomaterials
could be further used for the preparation of magnetic field-
responsive engineered tissues whose properties can be
controlled by external magnetic forces.

Experimental
Materials

MagP®-NH,, magnetite (Fe;0,) microparticles coated with
a primary amine functionalized polyurethane shell, were kindly
supplied by NanoMyP® (Spain). The particles have a mean
diameter of 3 um, a total amination degree of 350 umol NH,
per g and a surface density of accessible NH, of 10 pmol NH,
per g, and were stored at 5 °C prior to use. Diethyl fumarate
(DEF) was provided by Acros Organics. Polyethylene glycol
bis(carboxy methyl ether) (PEG-COOH), M,, = 600 g mol ', was
provided by Sigma-Aldrich and purified by azeotropic distilla-
tion from anhydrous benzene solution before use. N-Hydrox-
ysuccinimide (NHS), from Aldrich, was recrystallized from an
ethyl acetate/ethanol mixture and dried under vacuum prior to
use. Thionyl chloride (SOCl,), N,N-dicyclohexylcarbodiimide
(DCC), hydroquinone, N-vinyl-pyrrolidone (NVP), ZnCl,,
benzoyl peroxide (BP), N-dimethyl-p-toluidine (DMT) and
propylene glycol (PG) were also purchased from Sigma-Aldrich
and used as received. All solvents used (benzene, ethyl
acetate, diethyl ether, dimethylformamide (DMF)), from
Aldrich, were distilled under vacuum and then dried for a few
days with a Merck 4 A molecular sieve.
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Synthesis of P(PF-co-EG) copolymer network

The copolymer was synthesized following a multi-stage process
(Scheme 1). Firstly, a crosslinked PPF network was synthesized
as reported previously'® by mixing DEF and PG in a molar ratio
of 1:3 at 130 °C for 10 h, using ZnCl, and hydroquinone as
a catalyst and crosslinking inhibitor, respectively, and subse-
quently heated to 160 °C for 8 h. PPF was then crosslinked via
free radical polymerization using NVP, BP and DMT as cross-
linker, free radical initiator and accelerator, respectively.

Separately, PEG-COOH (30 g) was dissolved in 150 mL
anhydrous benzene. Subsequently, an excess of SOCl, and three
drops of DMF were added, and the reaction was carried out at
80 °C for 12 h under constant stirring. The residual SOCI, was
removed by reduced pressure distillation to yield the acyl-
chloride terminated (PEG-COCI).

A solution containing the PPF network (20 g) dissolved in 100
mL anhydrous DMF was then added dropwise to a 30% (w/v)
solution of PEG-COCI in anhydrous DMF placed in an ice
bath. The reaction was performed at room temperature for 20 h
under inert atmosphere. The product, P(PF-co-EG) network, was
separated by precipitation in isopropanol, followed by filtration.
Precipitation and filtration were repeated several times to
remove unreacted PEG. Finally the copolymer was dried under
reduced pressure. Reaction yield was 48%.

Activation of P(PF-co-EG) network with N-hydroxysuccinimide

P(PF-c0o-EG) network (10 g) and NHS (2 g) were dissolved in
50 mL anhydrous DMF, followed by addition of an excess DCC
(4.5 g) (Scheme 1). The reaction was performed at room
temperature for 24 h under inert atmosphere. Then, the
precipitate was filtered and the solution containing the product
(NHS-activated P(PF-co-EG) network) was purified by dissolu-
tion in ethyl acetate and precipitation with anhydrous diethyl
ether. Finally, it was dried under vacuum and stored at 4 °C.
Reaction yield was 60%.

Grafting of NHS-activated P(PF-co-EG) network to MagP®-NH,

MagP®-NH, were dissolved in 50 mL of phosphate buffer (pH
7.4). Separately, NHS-activated P(PF-co-EG) network was dis-
solved in 60 mL of anhydrous DMF and added dropwise to the
MagP®-NH, solution, in an ice bath, maintaining the temper-
ature in the range of 5-10 °C. After 3 h of reaction, the resulting
composite, MagP@P(PF-co-EG) (see Scheme 1), was isolated by
filtration. Finally, the composite was rinsed several times
with 1 mM HCL/phosphate buffer solution to remove the
unreacted magnetic particles. Six composites were prepared
with MagP®-NH,/P(PF-co-EG) initial weight ratios of 1 :99;
2:98; 5:95, 8:92; 10:90 and 15:85. To simplify the
nomenclature, hereafter the samples will be designated by the
microparticle/copolymer weight ratio. To fabricate polymeric
films, a suspension of the MagP@P(PF-co-EG) composites in
chloroform (5%, w/v) was poured onto Teflon molds and dried
under vacuum at 50 °C for 24 h. For the rheological character-
ization, composites were moulded in discs of 8 mm diameter
and 1 mm thick.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis procedure of MagP@P(PF-co-EG) core—shell composites.

Characterization techniques

The morphology of MagP®-NH, microparticles and the core-
shell composites was observed at different magnifications with
a Philips Tecnai 20 FEG (LaB, filament) transmission electron
microscope (TEM) fitted with an energy dispersive X-ray analysis
(EDAX) detector operating at 200 kV and with 0.3 nm point-to-
point resolution. Samples were diluted in ethanol (1 : 10) and
one drop of each suspension was cast on 200 mesh lacey grids
and dried under reduced pressure. The diameter distribution of
the microparticles and composites was determined based on
the TEM images by measuring at least 100 particles per sample.
The images were processed with Digital micrograph and Image]
software. The chemical composition was verified by means of
EDAX on the basis of the obtained high-resolution TEM (HR-
TEM) images.

The extent of the grafting reaction was estimated via a spec-
trophotometric assay that quantifies the molar equivalents of
NHS esters of methoxypolyethylene glycols derivatives.** Briefly,
the NHS ester reacts with an excess of ethanolamine in DMF at
25 °C for 15 min. Subsequently, residual ethanolamine is
quantified by measuring the absorbance at 420 nm after reac-
tion with 2,4,6-trinitrobenzenesulfonic acid (TNBS) at pH 9.2
and 55 °C for 15 min, followed by cooling to room temperature.

This journal is © The Royal Society of Chemistry 2017

The test was used to quantitatively assess the concentration
(umol g ') of NHS esters in the NHS-activated P(PF-co-EG)
copolymer and each MagP@P(PF-co-EG) composite, and the
difference corresponds to the grafting degree (GD).

A Perkin-Elmer 1600 FT-IR spectrophotometer operating at
room temperature was used to record the FTIR spectra of the
samples in the wavenumber range between 4000 and 500 cm ™.
The crystal structure of MagP®-NH, and the composites was
analyzed with a Bruker D8 Advance diffractometer incorpo-
rating a Cu Ka line at 1.5406 A, in the angular range 26 = 10~
70°. A TA Instruments Thermogravimetric Analyzer (TGA Q500)
was used to investigate the thermal stability of the samples.
Tests were performed under a nitrogen atmosphere, in the
temperature range of 0-800 °C, at a heating rate of 10 °C min~".
The magnetization of the samples was measured at room
temperature using a Lake shore-7400 vibrating sample magne-
tometer (VSM).

The magneto-rheological properties were studied with a TA
Instruments Discovery HR-3 hybrid rheometer (plate-plate
system, plate diameter: 8 mm; gap: 1 mm) equipped with
a magneto-rheology accessory. Oscillatory shear measurements
were performed in the linear regime, with frequency sweeps
from 0.01 to 10 rad s~ ' at a constant strain amplitude of 1% and

RSC Adv., 2017, 7, 10221-10234 | 10223
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temperature of 25 °C. A dwell time of 10 min was allowed for all
experiments to guarantee a uniform temperature before start-
ing the measurements. All rheological measurements were
carried out in triplicate and parameters (storage modulus (G')
and loss modulus (G”)) were obtained directly from the
software.

The mechanical properties of the composites were evaluated
by tensile tests using dumb-bell shaped moulding specimens
Type 5B (thickness = 1 mm; overall length = 35 mm), following
the UNE-EN ISO 527-2 standard. An Instron 4204 tensile test
machine was used operating at 23 &+ 2 °C and 50 &+ 5% RH, at
a constant loading speed of 1 mm min'. The following
parameters were derived from the stress-strain curves accord-
ing to the UNE-EN ISO 527-1 standard: the Young's modulus,
calculated from the linear elastic region via Hooke's law: £ =
a/e, where o is the applied stress and ¢ is the resultant strain; the
tensile strength, maximum stress level reached, and the elon-
gation at break, ratio between increased length and initial
length after breakage of the tested specimen. Experiments were
also performed on composites immersed in a simulated body
fluid (SBF) at 37 °C for two weeks. Six to eight specimens per
composite were tested for each condition. Water uptake of the
composites was calculated as: [(W — W,)/W,] x 100, where W,
and W are the weight of the composite before and after
immersion in SBF, respectively.

The chemical stability against acid attack was analyzed by
dispersing the samples in a 0.1 M HCI solution. After 10 days
their magnetic response was assessed by placing a neodymium
magnet close to the vial containing the samples. The hydro-
lytic degradation was assessed by measuring the weight loss
after immersing the samples in a SBF at 37 °C for 12 weeks.
The in vitro metabolic activity was determined by the Alamar
Blue assay* using normal human dermal fibroblasts (NHDF,
from Promocell). In summary, the cells were seeded in 96-well
plates at a density of 5000 cells per well. After incubation for
24 h at 37 °C, the cells were exposed to 1 vol% of the
composites and further incubated for periods of 12, 24, 36, 48
and 72 h; then, 10 pL of Alamar Blue were added to each well.
After 2 h, the absorbance of each well was measured at 490 nm
with a microplate reader. The untreated cells served as the
control and their metabolic activity was set as 100%. For each
sample, four measurements were performed to get an average
value.

The antibacterial activity of the composites was tested against
Gram-positive Staphylococcus aureus (S. aureus, ATCC 12600) and
Staphylococcus epidermidis (S. epidermidis, ATCC 12228) as well as
Gram-negative Escherichia coli (E. coli, ATCC 25922) and Pseudo-
monas aeruginosa (P. aeruginosa, ATCC 27853). Briefly, the
samples were submerged in a nutrient broth of ~2.0 x 10°
colony forming units per mL (CFU mL™"). After incubation at
37 °C for 24 h, the number of viable bacteria colonies was
counted manually, and the results were expressed as mean CFU
per sample. The antibacterial activity was calculated as:** log(vi-
able cell counteoneoi/viable cell counteomposite), Where a beaker
containing bacteria and no sample was used as control. Experi-
ments were performed in triplicate and the average values are
reported.
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Results and discussion
Morphology

Fig. 1 presents typical TEM and HR-TEM images of MagP®-NH,
microparticles and the MagP@P(PF-co-EG) composite (8 :92
w/w) along with their EDAX spectrum. The size distribution
of the microparticles and the composites with different
MagP®-NH,/P(PF-co-EG) weight ratios is also included in Fig. 1.
The images of MagP®-NH, reveal a narrow size distribution of
mostly quasi-spherical particles, with diameters in the range of
1-5 pm and a mean value of 3 um (Fig. 1k), in agreement with
the supplier data. The microparticles consist in an inner core of
aggregated black magnetite entities covered by a thin, uniform
and bright polymeric layer (Fig. 1b and c). The HR-TEM image
shown in Fig. 1d reveals that the particles are single, defect-free
crystals of magnetite. The micrograph illustrates well-ordered
lattice fringes with a d-spacing of 0.48 nm, which corresponds
to the (111) plane of Fe;0,.> The EDAX spectrum in Fig. 1e
confirms that the microparticles are mainly composed of iron
and oxygen, and reveals the presence of carbon derived from the
polyurethane outermost layer.

Upon addition of the P(PF-co-EG) network, a noticeable
increase in the relative peak height of carbon is detected (Fig. 1j).

==cetve 1:99
=== 2:08

5:95
-—ew=8:02
—-=10:90
- == 15:85]
—100:0

Frequency (%)

Diameter (um)

Fig. 1 TEM images at different magnifications of MagP®-NH,
microparticles (a—c) and the MagP@P(PF-co-EG) composite (8 : 92
w/w) (f—h). The copolymer shell appears as a translucent thick film
around the MagP®-NH, core (g and h). HR-TEM micrograph/EDAX
spectrum of MagP®-NH, (d and e) and the indicated composite (i and
j). The red squares in (d) and (i) show the area observed by EDAX. Size
distribution of MagP®-NH, and the composites with different
microparticle/copolymer weight ratios (k).

This journal is © The Royal Society of Chemistry 2017
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Well-defined core-shell structures showing a broader size
distribution and larger dimensions can be observed (i.e. between
3 and 7 um for the 8 : 92 composite, Fig. 1k). The composites are
less isotropic, and display a more irregular an elongated shape
than the MagP®-NH, (Fig. 1g). The copolymer shell appears as
a translucent thick film around the MagP®-NH, core (Fig. 1h),
and its thickness can be estimated based on the differences in
diameters of the MagP®-NH, and the composites (i.e. typically of
the order of 2-3 pum for the 8 : 92 composite). Interestingly, the
shell diameter is larger than expected, and seems to be related to
the fact that many P(PF-co-EG) shells contain several MagP®-NH,
cores (Fig. 1g and h). The size of the copolymer shell and hence,
of the obtained core-shell structures varied depending on the
microparticle/copolymer initial weight ratios, as shown in
Fig. 1k. Higher amounts of P(PF-co-EG) yielded larger compos-
ites, thus thicker shells. For instance, changing the copolymer
weight percentage from 85 to 95% caused an increase in the
mean composite diameter from 3.8 to 5.5 um. This is consistent
with the results reported for magnetite-polystyrene core-shell
composites, where the diameter of the ensemble decreased as
the ratio of Fe;O,/styrene increased.* Further, these observations
corroborate the possibility of finely tuning the polymer shell
thickness by varying its initial concentration, as shown in
previous studies;*”*® controlling the thickness of the shell is of
paramount importance in tailoring the final properties of core-
shell biomaterials.”® However, further increase in the copolymer
content did not result in a larger diameter but in a broader size
distribution (Fig. 1k). On the other hand, fairly similar diameter
distributions were obtained for the composites with P(PF-co-EG)
weight percentages of 90 and 85%, suggesting that a saturation
value may have been reached, and further decrease in the
copolymer weight fraction (increase in MagP®-NH, concentra-
tion) would not result in thinner shells. This could also be related
to the fact that almost all the grafting points of the copolymer
network are already anchored to microparticles, and further
amount of MagP®-NH, would not result in higher degree of
grafting, as indicated by the spectrophotometric assay results
(Table 1). Overall, TEM observations confirm the formation of
copolymer-coated magnetite microparticles, and that the
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morphology, hence the final composite properties, can be fine-
tuned by varying the MagP®-NH,/P(PF-co-EG) weight ratio.

FTIR study

The FTIR spectra of MagP®-NH,, PPF, P(PF-co-EG) and the
composites with MagP®-NH,/P(PF-co-EG) weight ratios of
1:99, 8:92 and 15 : 85 are compared in Fig. 2. Qualitatively
similar spectra were recorded for the rest of composites devel-
oped. The spectrum of MagP®-NH, shows a broad peak centred
at around 3370 cm™’, related to -OH and -NH stretching
vibrations of surface hydroxyl and amino groups,® and at 1625
cm " related to the bending vibrations of these surface moie-
ties; further, the Fe-O stretching band characteristic of
magnetite is found at 580 cm™ "%

On the other hand, the IR spectrum of PPF exhibits charac-
teristic bands at ~3500 cm ™, ascribed to the O-H stretching, in
the range of 2870-3080 cm™ ', arising from C-H stretching
modes, as well as at 1460 and 1350 cm ™ related to C-H bending
vibrations. Besides, a very strong band appears at 1730 cm ™!
due to the C=0 stretching of the ester group,** and the C=C
stretching appears as a very weak band at 1650 cm™'. Upon

Transmittance

v(C=0)"| ?

V(O-H) Vv(C-H) A
VIN-H) PPF ——8:92 ' N v(Fe-0)
——0:100 ——15:85 2 V(N-0)
1:99 ——100:0 s(H-c.0) v(C-0C)
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 2 FTIR spectra of MagP®-NH,, PPF, P(PF-co-EG) and the
composites with microparticle/copolymer weight ratios of 1:99,
8:92 and 15 : 85. The dashed lines are plotted to guide eyes.

Table 1 Thermogravimetric data under nitrogen atmosphere and spectrophotometric assay results

Spectrophotometric
TGA data assay

Sample COdea Tonset (OC) TIO (OC) T50 (OC) Tmaxl (OC) Tmaxz (OC) Tmax3 (OC) AGb (mg per 100 mg) GDC (OA))
0:100 276 304 — — — 350 — —
1:99 104 292 485 185 297 449 77.5 8.9
2:98 112 309 498 188 300 460 73.8 16.5
5:95 118 345 510 190 306 467 64.1 37.6
8:92 127 399 536 203 309 486 49.9 56.8
10:90 136 407 678 212 319 495 38.2 78.3
15:85 171 434 710 222 326 510 38.4 76.9
100: 0 278 513 345 306 501 — — —

“ MagP®-NH,/P(PF-co-EG) weight ratio.  Amount grafted expressed as mg per 100 mg of MagP®NH,. ° Grafting degree obtained from the
spectrophotometric assay (see explanation in the text). Tonsee: initial degradation temperature obtained at 2% weight loss; Tyo: temperature for
10% weight loss; Tso: temperature for 50% weight loss; Thax: temperature of maximum rate of weight loss. The subscripts 1, 2 and 3 correspond

to the first, second and third degradation step, respectively.

This journal is © The Royal Society of Chemistry 2017
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reaction with PEG-COCI, noticeable spectral changes can be
observed: decrease in the intensity of the -OH stretching band,
building up more C-H stretching band at 2890 cm ™', appear-
ance of the C-O-C stretching vibration of the PEG units at 1130
em™" and the H-C-O in-plane bending at 1385 cm™'.*® Thus,
the IR spectra corroborate that PEG-COCI has been successfully
tethered to PPF, leading to the formation of the P(PF-co-EG)
copolymer network.

The spectra of the composites show the characteristic bands
of both MagP®-NH, and P(PF-co-EG). A wide band (centred at
3390 cm ™ in the 8 : 92 composite) related to the N-H stretching
of free NH, groups is detected, and its intensity decreases with
increasing the MagP®-NH,/P(PF-co-EG) weight ratio. This band
and the N-H bending (~1640 cm ™" in the 8 : 92 composite) are
shifted towards higher wavenumber compared to those of
MagP®-NH,, which may be attributed to the grafting leading to
restricted motion of N-H in stretching and bending modes.**
Further, new bands appear in the spectra that corroborate the
success of the grafting reaction: the amide I band at ~1685
em ™', partially overlapped with the carbonyl stretching (~1735
em™") and the amide II band in the range of 1540-1520 cm ™,
which show increased intensity on increasing the microparticle
weight fraction. The presence of non-reacted NHS esters is
confirmed by two small peaks at ~1780 and 1810 cm™ ", arising
from the C=O0O stretching of the NHS moiety,*® and its N-O
stretching at 960 cm ™", which intensity drops upon increasing
the MagP®-NH,/P(PF-co-EG) weight ratio. Additionally, the
intensity of the Fe-O stretching band rises with increasing
microparticle loading. On the whole, the IR spectra support the
successful coupling of the magnetite microparticles to the
copolymer network, and that the extent of the grafting reaction
raises upon increasing the MagP®-NH, weight fraction.

X-Ray diffraction

The diffraction patterns of MagP®-NH,, P(PF-co-EG) and the
composites with microparticle/copolymer weight ratios of
1:99, 8:92 and 15 : 85 are shown in Fig. 3. The diffractogram
of the microparticles exhibits peaks at 26 values of 18.6, 30.4,
35.1, 43.2, 53.7, 57.4 and 62.7°, corresponding to the (111),
(220), (311), (400), (422), (511) and (440) crystal planes,

Intensity (a.u.)

10 20 30 4IO 50 60 70
26 (°)

Fig. 3 X-ray diffraction patterns of MagP®-NH,, P(PF-co-EG) and the
indicated composites. The dashed lines are plotted to guide eyes.
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respectively, of the spinel structure of Fe;0,, as identified using
the ICSD database (card no. 26410). The sharpness of the peaks
reveals that the microparticles are highly crystalline.

On the other hand, the diffraction pattern of P(PF-co-EG)
presents a wide reflection in the range of 26 = 10-28° arising
from the PPF blocks,** which display an amorphous character,
and a diffraction peak at 26 = 23.3° due to the reflection of the
(001) plane of PEG monoclinic unit cell.*® The diffractograms of
the composites show the reflections of both MagP®-NH, and
P(PF-co-EG), indicating that the crystalline structure of both
components is maintained. As expected, the intensity of the
peaks corresponding to the microparticles rises while that of
the broad amorphous halo and the peak at 26 ~ 23.3° decreases
with increasing the microparticle/copolymer weight ratio.
However, as this ratio increases, the peaks become wider and
slightly shift towards higher 26 values. This widening of the
peaks has been previously reported for other systems incorpo-
rating polymer-grafted fillers,*»**” hinting towards a diminu-
tion of the spatial order. Further, the broadening could also be
associated to the asymmetry induced by the random attach-
ment of the MagP®-NH, to the polymeric chains. An analogous
behaviour of small shift in the position of the peaks along with
a decrease in the level of crystallinity was observed for cellulose
upon polymer grafting,®” indicative that the anchoring had
occurred, causing a change in the cell dimensions. The average
crystallite size estimated from the (001) plane of the copolymer
using the Scherrer formula®® was 36 nm, and decreased by about
28, 45 and 57% for the composites with microparticle/
copolymer weight ratios of 1:99, 8:92 and 15: 85, respec-
tively. This suggests that high amounts of MagP®-NH, reduce
polymer chain mobility, hindering the growth of the copolymer
crystals, therefore partially inhibiting crystallization.

Thermal stability

Fig. 4 presents the TGA curves under an inert atmosphere of the
copolymer, the microparticles and the composites with
different MagP®-NH,/P(PF-co-EG) weight ratios, and their
characteristic degradation temperatures are summarized in
Table 1. The MagP®-NH, microparticles show a small weight
loss below 300 °C related to the removal of physically and

100+

801
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40
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201

——100:0 N
0 200 400
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Fig. 4 TGA thermograms under nitrogen atmosphere of MagP®-
NH,, P(PF-co-EG) and the composites with different microparticle/
copolymer weight ratios.
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chemically adsorbed water and surface hydroxyl groups,* and
another weight loss in the range of 300-600 °C ascribed to the
elimination of surface amino moieties.*® On the other hand, the
P(PF-co-EG) copolymer network presents two clear degradation
stages, attributed to the degradation of the PPF and PEG
segments, respectively. The decomposition of the PPF blocks
starts (Tonser) at about 276 °C and exhibits the maximum rate of
weight loss (Tiax) at about 350 °C, while the degradation of PEG
blocks takes place in the range of 380-520 °C, in agreement with
former studies.'®*' At temperatures above 520 °C, the copolymer
is completely decomposed.

On the other hand, a multi-step degradation process is
observed for the composites: the mass loss in the range of 150-
300 °C is attributed to the removal of remaining OH groups
from the MagP®-NH, surface together with the decomposition
of NHS esters, in agreement with previous studies on B-lactam
functionalized Fe;O, nanoparticles;* the weight loss between
300 and 400 °C corresponds to the elimination of non-reacted
amino groups from the MagP®-NH, surface, similar to that
found for the microparticles, and the two last stages in the
range of about 400 to about 550 °C and 550 to 700 °C are related
to the decomposition of the PPF and PEG blocks, respectively.
Albeit the composites start to decompose at temperatures
lower than the neat copolymer, the Ty, of their polymeric
network (Tp,ax3 in Table 1) occurs at significantly higher
temperatures (i.e. an increase of about 160 °C for the 15 : 85 w/w
composite compared to P(PF-co-EG)). Further, all the degrada-
tion temperatures raise progressively on increasing the MagP®-
NH,/P(PF-co-EG) weight ratio; for instance, Ty,..3 increases by
~60 °C as the MagP®-NH, weight fraction raises from 1.0 to
15.0 wt%, which demonstrates the thermal stabilization effect
induced by the microparticles, since Fe;0, is stable even up to
800 °C.*® Improvements in thermal stability have also been re-
ported for polyvinylidene fluoride (PVDF)/magnetite** and
cashew gum graft poly(acrylamide)/magnetite composites,*
attributed to the inorganic nature of magnetite uniformly
distributed through the matrix, which hindered the diffusion of
degradation products, thus providing superior resistance to
heat. Moreover, the high thermal conductivity of Fe;0, (ref. 44)
should facilitate heat dissipation within the composites, hence
leading to superior thermal stability.

The TGA curves of the composites show more weight loss
than MagP®-NH,, which further confirms the successful graft-
ing of the copolymer network onto the microparticle surface;
besides, the weight loss increases upon raising the P(PF-co-EG)
concentration. The amount of copolymer grafted onto the
microparticles can be calculated through the difference in
weight of the MagP®-NH, before and after grafting with the
P(PF-co-EG) network, and the results are shown in Table 1. As
expected, the amount grafted raises with increasing the copol-
ymer weight fraction, albeit the composites with P(PF-co-EG)
content of 85 and 90 wt% present similar value. Additionally,
the grafting degree (GD) was estimated via a spectrophoto-
metric assay>” that determines the concentration of NHS esters
in the NHS-activated P(PF-co-EG) copolymer and each
MagP®@P(PF-co-EG) composite (Table 1). As can be observed, GD
increases gradually upon raising the MagP®-NH,/P(PF-co-EG)
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weight ratio, following a quasi-linear trend, although again the
15: 85 and 90 : 10 composites display comparable value, sug-
gesting that GD has been leveled off. This hints that most of the
NHS esters of the copolymer network are already covalently
bounded to microparticles, and further amount of MagP®-NH,
would not lead to higher GD values. Similar behaviour has been
reported for poly(hydroxyethyl methacrylate)-grafted magnetite
nanoparticles,* where GD saturated above a certain amount of
monomer concentration.

Magnetic properties

The magnetic hysteresis loops of the microparticles and the
synthesized core-shell composites at room temperature condi-
tions are shown in Fig. 5a. The observed magnetization profiles
are consistent with those of samples incorporating ferrimag-
netic magnetite particles.*® Further, all the magnetization
curves are reversible with almost negligible values of coercivity
and remanence, which points towards a superparamagnetic
behaviour that could be ascribed to the fact that the magnetite
microparticles are composed of many small nanocrystals with
grain sizes in the nanometer scale, which are single domain.*’
The saturation magnetization (M;) value is 73.9 emu g~ ' for
MagP®-NH,, and decreases gradually as the microparticle
weight fraction drops, the largest drop being about 84% for the
composite with 1.0 wt% MagP®-NH, loading. Thus, the field
required to saturate is considerably lower after the microparti-
cles are anchored to the copolymer. The magnetic reduction
found upon copolymer grafting can be attributed to the coating
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Fig. 5 Magnetization (a) and normalized magnetization (b) versus the
magnetic field for MagP®-NH, and the composites with the indicated
microparticle/copolymer weight ratios.
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shell of P(PF-co-EG) on the microparticle surface, in agreement
with the results found for other systems incorporating polymer-
grafted Fe;O, particles.”” Thus, in the composites the amount of
iron is lower since magnetite is replaced by a non-magnetic
polymer. Besides, the magnetic microparticles are embedded
in a cross-linked network, hence cannot move easily to their
axes directions, and consequently the net magnetization
decreases in comparison to the bare MagP®-NH,. Further, the
lower magnetization could be related to the decreased inter-
particle dipolar interaction, which arises from the enlarged
microparticle distance upon anchoring to the polymeric chains.
Nonetheless, the most important advantage of using core-
shell composites instead of magnetic microparticles is the
opportunity of tuning the initial magnetic susceptibility (x;) by
changing the microparticle/copolymer weight fraction, hence
the shell thickness. In fact, the classical electromagnetism
predicts higher y; for thinner shells.** To verify this, the
magnetization of the composites was first normalized by
dividing by M and then plotted against the magnetic field
(Fig. 5b). The comparison of the initial slope of the curves (x;)
corroborates that composites with smaller diameters (thinner
shells, Fig. 1k) display higher y; values. The observed super-
paramagnetic behaviour is important for potential in vivo
applications such as drug delivery, since once the external
magnetic field is removed, the magnetization disappears.

Magneto-rheological properties

The viscoelastic properties of the core-shell composites were
investigated, and the frequency (w) dependence of the storage
modulus (G') at a temperature of 25 °C is depicted in Fig. 6a.
Qualitatively similar behaviour was found for the loss modulus,
G’ (data not shown). G' represents the elastic, solid-like
response of a material when subjected to an oscillatory
mechanical strain, hence it is a measure of its mechanical
strength. As can be observed, the magnitude of G’ rises with
frequency and upon increasing MagP®-NH, concentration, the
increase being more pronounced in the low-frequency range.
Thus, the addition of 15.0 wt% microparticle loading to the
copolymer causes about 50-fold increase in modulus at 0.01 rad
s~', whilst at the frequency of 10 rad s~ " the rise is only 5-fold.
Qualitatively similar phenomenon has been previously reported
for other magnetite-reinforced composites, and is ascribed to
a shear thinning effect.*” The increments observed herein are
much higher than those predicted by the classical theory on the
mechanical properties of composite materials reinforced with
spherical fillers,® and could be related to microstructural
changes in the P(PF-co-EG) network due to the incorporation of
the microparticles, which acted as connectors between the
copolymer chains, thereby improving the adhesion between
them. Further, such huge increases in G’ corroborate that the
covalent grafting of MagP®-NH, to the P(PF-co-EG) network
strongly restricts the mobility of the copolymer chains; as the
microparticle/copolymer weight ratio becomes higher, the
grafting degree increases (Table 1), which is reflected in reduced
chain motion, and consequently better mechanical properties.
Similar increments upon increasing microparticle loading were
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Fig. 6 (a) Storage modulus, G, as a function of frequency (w) for the
neat copolymer and the MagP@P(PF-co-EG) composites. (b) G’ for the
indicated magnetic fields and microparticle loadings at the frequency
of 1rad s™%.

obtained for G”, related to viscous energy dissipation in the
material when subjected to sinusoidal strain.

More importantly, we measured the change in G’ when the
intensity of the external magnetic field was increased from 0 to
500 Oe, and the results obtained for the different composites
at the frequency of 1 rad s~ " are plotted in Fig. 6b. A clear rise
in G’ is observed with increasing the strength of the magnetic
field, the augment being microparticle concentration-
dependent. Actually, the modulus of the composite with
MagP®-NH, content of 1.0 wt% only increases by about 13%
within the indicated magnetic field range, whereas for that
with 15.0 wt% loading the increment is around 40%. Besides,
the rise in the viscoelastic modulus with the magnetic field was
maintained over the whole frequency range studied. An anal-
ogous trend has been reported for elastomeric composites
incorporating nano-sized iron oxide,** where composites acti-
vated in the magnetic field reached much higher values of G’
and G” as a function of w as compared to the control at zero
field. Such behaviour was attributed to a specific orientation of
the fillers within the polymeric matrix. In our composites, the
stronger magnetic response found upon increasing MagP®-
NH,/P(PF-co-EG) weight ratio could be related to the gradual
enhancement in magnetic susceptibility, as observed in
Fig. 5b. Thus, experimental results confirm that it is feasible to
control the mechanical behaviour of these -core-shell
composites by the application of an external field. Stronger
magnetic fields or higher MagP®-NH, contents would result in
larger modulus improvements. These field-tunable mechan-
ical properties make these composites excellent candidates to
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be used in the fabrication of magnetic field-responsive tissue
substitutes.

Tensile properties

With a view to use the developed composites as scaffolds for
tissue-engineering, it is crucial to assess their mechanical
performance. Preferably, a scaffold should have mechanical
properties that match with those of the natural tissue at the
anatomical site into which it is to be implanted and must have
enough mechanical integrity to allow surgical handling during
implantation and to function from the time of implantation to
the completion of the remodeling process.* In this regard, the
static mechanical properties of the composites were investi-
gated via tensile tests performed under both dry (23 °C and 50%
RH) and physiological (37 °C in a SBF) conditions, and the
results are comparatively depicted in Fig. 7. Typical stress-
strain curves of P(PF-co-EG) and the composites with MagP®-
NH,/P(PF-co-EG) weight ratios of 1:99, 8:92 and 15 : 85 are
shown in the inset of Fig. 7a; clearly, the initial slope of the
curve rises with increasing microparticle content, corroborating
the stiffening effect induced by the MagP®-NH,. The Young's
modulus (E) of the neat copolymer under dry conditions is
about 52 MPa (Fig. 7a), and increases strongly with increasing
MagP®-NH, content, by a factor of about 5.5 for the composite
with 10.0 wt% microparticle loading, in agreement with the
results obtained from the rheological tests (Fig. 6). Qualitatively
similar behaviour is found for the tensile strength (Fig. 7b),
which raises by a factor of 3.8 for the abovementioned
composite compared to that of P(PF-co-EG). Such strong
increases are likely related to the strong covalent interactions
between MagP®-NH, and P(PF-co-EG) that restrict polymer
chain movement during mechanical deformation. Due to the
covalent crosslinking of the microparticles within the copol-
ymer network, much higher load is required to deform the
network compared to neat P(PF-co-EG), which is reflected in
enhanced stiffness and strength. An analogous behaviour of
extraordinary improvement in mechanical properties has been
reported for poly(glycerol sebacate) (PGS) covalently crosslinked
with carbon nanotubes (CNTs),** where the addition of 1 wt%
CNTs to PGS resulted in 5-fold increase in the tensile modulus
and more than 6-fold augment in the compressive modulus,
which is far superior to the mechanical properties previously
reported for CNT-based nanocomposites.”** In our study, we
attain comparable improvements at higher filler loadings (10.0
wt%), which is reasonable considering E values reported for
CNTs (~1 TPa)** and Fe;O, (175 GPa).*®* The mechanical
enhancements attained herein are considerably larger than
those reported by former studies on polymer/magnetite
composites (in the range of 7-200% increase with the addi-
tion of 1 to 20 wt% Fe3;0,).">***° Note that the tensile properties
of the developed composites are in the range of those of
cancellous bone (0.02-0.5 GPa), while they are significantly
lower than those of cortical bone (3-30 GPa),”” which indicates
their suitability for soft-tissue replacements.

On the other hand, the ductility of the copolymer was
reduced upon addition of the microparticles (Fig. 7c), by about
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Fig. 7 (a) Young's modulus, E, of MagP@P(PF-co-EG) composites for
different microparticle concentrations. The inset shows typical stress—
strain curves at 23 °C of the copolymer and the indicated composites.
(b) Tensile strength of MagP@P(PF-co-EG) composites. The inset
displays the water uptake as a function of microparticle loading. (c)
Elongation at break of MagP@P(PF-co-EG) composites. The solid and
dashed bars correspond to experiments performed at 23 and 37 °C,
respectively.

3-fold for the composite with the highest MagP®-NH, loading.
This expected behaviour should be related to the strong filler-
matrix interactions that confine the ductile flow of the poly-
meric segments. It is worthy to note that the mechanical
properties appear to level off at a microparticle content of 10.0
wt%, and further increase in MagP®-NH, concentration does
not result in additional property improvements. As discussed
earlier, this may be related to the fact that nearly all the grafting
points of the copolymer network are already attached to
microparticles, and further amount of MagP®-NH, does not
result in higher degree of grafting (Table 1).

Focusing on the results obtained under physiological
conditions, very strong increments in stiffness and strength are
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also observed, by up to 4.5 and 3.4-fold, respectively, for the
composite with 10.0 wt% MagP®-NH, compared to those of the
neat P(PF-co-EG). Systematically, the values obtained subse-
quent to immersion in a SBF are lower than those achieved
under dry conditions, albeit the reduction depends on the
microparticle/copolymer weight ratio. For instance, the
composite with 1.0 wt% MagP®-NH, displays the smallest
drops (<10%), while those with 10.0 and 15.0 wt% present the
largest (in the range of 16-23%). To explain this behaviour, the
water uptake of the samples was measured (inset of Fig. 7b),
and it was found to rise steadily with increasing microparticle
concentration, being the value of the composite with the high-
est loading about double that of the copolymer. This is
consistent with earlier studies® that reported that the addition
of suitable amounts of magnetite can properly increase the
water absorption, given that Fe;O, is hydrophilic and can easily
absorb water. Hence, the higher the water uptake, the more the
absorbed water that can circulate throughout the composites,
therefore reducing the degree of crosslinking of the polymeric
network, and as a result, a more pronounced plasticization
effect, which is reflected in lower stiffness and strength.
Accordingly, the 1 : 99 composite, which has the lowest water
uptake, should have the weakest plasticization, while the 15 : 85
composite would have the strongest, therefore the decrease in
modulus is more pronounced. On the other hand, the elonga-
tion at break of P(PF-co-EG) and the composites with MagP®-
NH, content = 5.0 wt% is lower after immersion in a SBF than
under dry conditions, whereas for the rest of the composites is
slightly higher. A plausible explanation for this unexpected
behaviour could be that at low microparticle loadings the
hydrolytic degradation that causes the shortening of the poly-
meric chains prevails, resulting in reduced ductility, while at
high loadings the plasticizing phenomenon should overcome
the degradation effect, and the consequence is an increase in
ductility.

Chemical stability, biodegradation and metabolic activity

The chemical resistance of MagP®-NH, and the composites
against acid medium was assessed through evaluating their
magnetic response after 10 days of immersion in a 0.1 M HCI
solution. As shown in the inset of Fig. 8a, the bare microparti-
cles lost their magnetic character, while the MagP@P(PF-co-EG)
composite (8:92 w/w) retained the magnetization. Similar
behaviour was found for the rest of the composites developed.
The differences observed are attributed to the presence of the
P(PF-co-EG) shell that protects the magnetic core from acidic
attack, thus providing better chemical stability.
Biodegradability is a key parameter that has to be considered
when developing materials for tissue engineering. Appropriate
and controllable biodegradation rate is highly desirable to allow
the material to degrade at a rate similar to tissue growth or for
controlled release of biomolecules. The in vitro hydrolytic
degradation of the core-shell composites was investigated in
a SBF solution at 37 °C, and their percentage of weight residue
as a function of time is plotted in Fig. 8a. The neat P(PF-co-EG)
only shows a small weight loss of ~3% after 12 weeks, ascribed
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after 10 days of acid treatment. (b) Metabolic activity of NHDF cells
cultured in the presence of the composites versus incubation time.

to a random hydrolysis of the ester bonds leading to propylene
glycol and fumaric acid as the two main degradation products.*
The covalent grafting onto the MagP®-NH, surface provokes an
increase in the percentage of weight loss; thus, the weight
residue drops gradually with increasing the microparticle/
copolymer weight ratio, and the composite with 15.0 wt%
MagP®-NH, loading only shows about 64% residue after 12
weeks. One reasonable explanation is that the polar hydroxyl
and amino groups on the MagP®-NH, surface accelerate the
hydrolysis process, hence the weight loss increases as the
microparticle content raises. Further, it has been demonstrated
that the biodegradability greatly depends on the crystallinity
and elastic modulus of the material: it increases as the crys-
tallinity drops.® Thus, the enhanced biodegradability upon
addition of magnetite is likely related to the decrease in crys-
tallinity, as revealed by X-ray diffraction (Fig. 3). An analogous
behaviour of faster degradation rate with increasing Fe;O,
concentration has been reported for poly(3-hydroxybutyrate)
(PHB)/magnetite composite fibers.*® This faster degradation is
beneficial from a practical viewpoint since could enable
a quicker elimination of the composites from the body.

The developed composites are promising for biomedical
applications since their properties can be tuned through external
magnets. In this regard, there is a plain need to identify potential
cellular damages associated with these biomaterials. To get an
insight about the cytotoxicity of the MagP@P(PF-co-EG)
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composites, the Alamar Blue assay with NHDF cells was
employed, and the results for different incubation times are
shown in Fig. 8b. Albeit this test measures cell metabolic activity,
it has been widely used as an indicator of cell viability and toxicity
in vitro.”® The highest cell metabolic activity levels (=99% for all
the incubation periods) were obtained after exposure to the neat
copolymer, suggesting that this material is not toxic to human
skin fibroblasts; these results are in agreement with former
studies that demonstrated the good biocompatibility of PPF*
and PPF-based hydrogels* with diverse cells. Metabolic activity
values > 95% were found for NHDF cells cultured in the presence
of composites with MagP®-NH, concentration < 5.0 wt%, and
their cell vitality hardly changed with increasing incubation time.
For cells exposed to the rest of the composites, the metabolic
activity decreased as the microparticle loading and incubation
time increased, which is consistent with preceding works dealing
with the cytotoxicity of Fe;O, particles, in which the toxic effect
was found to be dose and time-dependent (Paracelsus).®** Upon
exposure to composites with 8.0 and 10.0 wt% MagP®-NH,
content, cell metabolic activity data = 85% were obtained for all
the incubation periods studied, while for cells cultured with the
MagP@P(PF-co-EG) (15 :85) composite, a value < 80% was
attained for an incubation time of 72 h, which is indicative of its
higher cytotoxicity.

A wide number of studies®*® have recently investigated the
toxicity behaviour of Fe;O, micro/nanoparticles, and several
mechanisms have been proposed to explain their potential
cytotoxicity such as membrane leakage of lactate dehydroge-
nase, formation of reactive oxygen species (ROS), DNA damage,
impaired mitochondrial function, generation of apoptotic
bodies, chromosome condensation and inflammation.®®
Amongst them, the most likely by which magnetite can induce
cytotoxicity is through the generation of ROS. After cell inter-
nalization, the particles are probably degraded into iron ions
within the lysosomes,*® and these ions are able to cross the
nuclear or mitochondrial membrane and form Fe®" that reacts
with hydrogen peroxide and oxygen, producing reactive
hydroxyl radicals and Fe** via the Fenton reaction;*® subse-
quently, this radicals may damage DNA, proteins, poly-
saccharides and lipids. Besides, it has been found that their
toxicity depends on a number of factors, namely concentration,
size, synthesis process and surface modification. For instance,
nanoparticles are much more cytotoxic than the micrometer
sized counterparts, ascribed to their larger specific surface area
that favours particle internalization in the cells and phagocytic
activity.®® On the other hand, although magnetite has been
shown to provoke high levels of oxidative DNA lesions,* it
seems that the toxicity can be reduced by coating the particles,
leading to fewer oxidative sites, hence less DNA damage.
Therefore, it seems that polymeric coatings improve the
biocompatibility of magnetite particles.

Antibacterial properties

The antibacterial activity of the developed composites was
investigated against endogenous bacteria like Gram-negative
E. coli and P. aeruginosa or nosocomial organisms such as
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Gram-positive S. aureus and S. epidermidis, frequently involved
in hospital-associated infections, and the results are plotted in
Fig. 9. The copolymer hardly shows antimicrobial action versus
any of the bacteria tested. According to the criterion on the level
of antimicrobial activity mentioned in the ISO 22196:2007
standard,®” an efficient value is higher than 1.5. Thus, the
composites show relatively low biocide activity (in the range of
0.12-0.74) against Gram-negative bacteria and moderate anti-
bacterial action (in the range of 0.35-1.55) versus Gram-positive
microorganisms. Only the composite with 15.0 wt% MagP®-
NH, displays efficient antibacterial action versus Gram-positive
bacteria, in particular against S. epidermidis. In all cases, the
biocide effect rises gradually with increasing microparticle
concentration, and is systematically stronger versus Gram-
positive cells. Further, the antibacterial activity of all the
composites against P. aeruginosa is quite low (<0.25), while only
slight differences are found between the activity towards S.
aureus and S. epidermidis. These results are consistent with
those reported by Behera et al.,*® who found that magnetite
nanoparticles have lower activity against Gram-negative
bacteria than Gram-positive ones, and that the antimicrobial
action versus P. aeruginosa was almost negligible. The diverse
toxicity levels observed are likely related to the different nature
of the cell wall of Gram-negative and Gram-positive bacteria.*
Further, discrepancies may be ascribed to their different shape
and size: S. epidermidis and S. aureus are small spherical
microorganisms, whereas E. coli is a short rod-shaped and P.
aeruginosa a long rod-shaped bacterium. Previous studies also
suggested that Gram-negative bacteria are less sensitive towards
magnetite particles than Gram-positive.”

Many factors have been reported to be responsible for the
antibacterial activity of magnetite particles.®® The most impor-
tant mechanism by which these particles show bactericidal
activity seems to be via oxidative stress caused by the generation
of ROS; these include radicals like O~ and -OH, hydrogen
peroxide and singlet oxygen ('0,). The hydrogen peroxide
produced can chemically interact with the bacteria outer bilayer
and kill them. Besides, magnetite particles keep on interacting
with dead bacteria once the hydrogen peroxide is generated,
thus hindering further bacterial action and releasing more
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Fig.9 Antibacterial activity of MagP@P(PF-co-EG) composites against
S. aureus, S. epidermidis, P. aeruginosa and E. coli bacteria for the
indicated microparticle concentrations.
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H,O0, to the medium. Another potential mechanism of action is
the electromagnetic attraction between the metallic particles
that carry positive charges and the bacteria cell wall that is
negatively charged. When the attraction occurs, the microor-
ganism becomes oxidized and dies immediately.” Additionally,
the particles release ions that can react with thiol groups of the
proteins located on the bacterial cell surface, thereby leading to
cell lysis.” It has also been suggested” that iron ions could
diffuse through the cell membrane and interact with intracel-
lular oxygen, thus generating oxidative stress and eventually
causing the obstruction of the cell membrane.

In this study, the concentration of MagP®-NH, in the
composites is a key factor determining the bacterial activity
inhibition. A similar concentration-dependent behaviour was
previously observed by other authors’”* who investigated the
antimicrobial effects of iron oxide nanoparticles on S. aureus
and E. coli. Another potential reason for the antimicrobial
action observed herein is the presence of non-reacted NHS
esters, since lactones are known to have a wide spectrum of
antimicrobial effect.” To verify this, the antibacterial activity of
the NHS-activated P(PF-co-EG) network was also tested, and it
was found to exhibit higher biocide action than the neat
copolymer (i.e. in the range of 0.60-0.75 and 0.25-0.40 against
Gram-negative and Gram-positive bacteria, respectively). These
results hint that when the copolymer incorporating NHS esters
was connected covalently to the MagP®-NH,, the antibacterial
inhibition of the microparticles was improved. Therefore, there
is likely an additive or synergic effect of MagP®-NH, and the
copolymer network incorporating NHS esters on bacteria
killing. It is also worthy to note that the composites do not
negatively influence all cells. In particular, as discussed earlier,
NHDF metabolic activity decreased only slightly in the presence
of composites with MagP®-NH, content = 10.0 wt%. The
combination of cell metabolic activity and antibacterial tests
results suggests that MagP®-NH, microparticles could have
a dual therapeutic function to maintain the human connective
tissues and simultaneously inhibit bacterial infection. Further,
with an appropriate external magnetic field, the developed
core-shell composites might be directed to selectively kill
bacteria throughout the body.

Conclusions

Magnetic core-shell composites consisting of amino-functionalized
Fe;0, microparticles (MagP®-NH,) covalently anchored to a P(PF-
co-EG) network shell have been synthesized and characterized. TEM
images revealed that the thickness of the copolymer shell varies
depending on the microparticle/copolymer weight ratio: higher
contents of P(PF-co-EG) yield thicker shells. The composites
showed superparamagnetic behaviour, and the initial magnetic
susceptibility increased as the shell became thinner. According
to TGA and spectrophotometric analyses, the grafting degree
increased upon raising the MagP®-NH,/P(PF-co-EG) weight
ratio up to a microparticle concentration of 10.0 wt% and then
leveled off. In addition to improved magnetic properties, the
composites displayed excellent chemical and thermal stability
as well as enhanced biodegradability. They also exhibited
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moderate inhibition against Gram-negative E. coli and P. aeru-
ginosa as well as Gram-positive S. aureus and S. epidermidis
bacteria, likely arising from a synergic effect of MagP®-NH, and
the copolymer network incorporating NHS esters. However, the
metabolic activity of NHDF cells cultured in the presence of the
composites diminished as the microparticle loading and incu-
bation time increased. Unprecedented improvements in
mechanical properties were also attained. In particular, the
stiffness and tensile strength under dry conditions increased by
factors of about 5.5 and 3.8, respectively, upon addition of 10.0
wt% MagP®-NH, to the copolymer, and by approximately
4.5 and 3.4 in a SBF environment. Such huge increments are
related to the strong covalent interactions between MagP®-NH,
and P(PF-co-EG) that restrict polymer chain movement during
deformation. Further, their mechanical properties were
improved when exposed to an external magnetic field. Altogether,
the experimental results demonstrate that the morphology and
the composite properties can be controlled by varying the
microparticle/copolymer weight ratio, and that the most advan-
tageous is 10:90, since leads to the best combination of
magnetic, mechanical, rheological and antibacterial properties.
These composites are excellent candidates to be used in the
development of magnetic biomimetic scaffolds for soft-tissue
replacement whose mechanical properties can be controlled by
external stimuli. Further, they could also be suitable for other
applications such as smart magnetic materials, biosensing,
protein purification, cell separation, hyperthermia or targeted
drug delivery.
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