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ABSTRACT: Composites combining superparamagnetic iron oxide nanoparticles (SPIONs) and polymers are largely present
in modern (bio)materials. However, although SPIONs embedded in polymer matrices are classically reported, the mechanical
and degradation properties of the polymer scaffold are impacted by the SPIONs. Therefore, the controlled anchoring of
SPIONs onto polymer surfaces is still a major challenge. Herein, we propose an efficient strategy for the direct and uniform
anchoring of SPIONs on the surface of functionalized-polylactide (PLA) nanofibers via a simple free ligand exchange procedure
to design PLA@SPIONs core@shell nanocomposites. The resulting PLA@SPIONs hybrid biomaterials are characterized by
electron microscopy (scanning electron microscopy and transmission electron microscopy) and energy-dispersive X-ray
spectroscopy analysis to probe the morphology and detect elements present at the organic−inorganic interface, respectively. A
monolayer of SPIONs with a complete and homogeneous coverage is observed on the surface of PLA nanofibers. Magnetization
experiments show that magnetic properties of the nanoparticles are well preserved after their grafting on the PLA fibers and that
the size of the nanoparticles does not change. The absence of cytotoxicity, combined with a high sensitivity of detection in
magnetic resonance imaging both in vitro and in vivo, makes these hybrid nanocomposites attractive for the development of
magnetic biomaterials for biomedical applications.

KEYWORDS: core@shell nanocomposite, hybrid biomaterial, iron oxide nanoparticles, poly(lactide) nanofibers,
MRI and magnetic properties

■ INTRODUCTION

Superparamagnetic iron oxide nanoparticles (SPIONs) are
utilized in a number of biomedical applications, including
diagnostics (with commercially available contrast agents like
dextran-coated SPIONs Sienna+), drug delivery,1,2 magneto-
fection,3,4 therapeutic hyperthermia,5 cell tracking and cell
trapping,6−10 protein expression,11,12 tissue engineering,13,14

and combinations thereof in the frame of theranostic
approaches.15−17 This success is, of course, explained by the

magnetic properties of SPIONs but also by their low, if any,
cytotoxicity in comparison to other magnetic materials.18 In
most biomedical applications, SPIONs are combined with
polymers in order to enhance their efficacy. Polymer/SPION
systems can be divided into three main categories (Scheme 1):
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polymer-coated SPIONs, SPION-loaded nanoparticles, and
SPION-loaded composites.

The first category, polymer-coated SPIONs, has been
developed as a response to the instability of SPIONs in water
(at neutral pH) or in physiological fluids, as they rapidly
aggregate and precipitate out of solutions. As a consequence, a
steric or electrostatic stabilization provided by polymer coatings
is required to ensure colloidal stability, and the functionalization
of SPIONs with polymers has been the focus of a large number
of research studies and reviews.19−21 Generally, biocompatible
functional polymers are grafted onto the inorganic particle
through an anchoring group, such as an amine, carboxylic acid,
or phosphonic acid. A large variety of polymers have been used
for this purpose, including biopolymers like dextran,22,23

chitosan,24 and hyaluronic acid,5 but also synthetic polymers
like poly(ethylene glycol) (PEG),25−27 polyamidoamine,28

polyglycerol,29 polyoxazoline,30 poly(dimethylaminoethyl
methacrylate),31 or polypeptides/polypeptoids.32,33

In the second category, SPION-loaded nanoparticles,
polymers are used as polymeric cargos for SPIONs, as they
allow high local concentrations of magnetic materials and
enhanced relaxivities to be reached, as well as concomitant drug
loading.34,35 Among these systems, magnetic micelles and
magnetic nanospheres based on polylactide (PLA) or other
classical aliphatic polyesters have attracted much attention
because of the long track record of these polymers in the
biomedical field.36 As for drug delivery systems, although initial
studies used simple PLA or PEG-b-PLA diblock copolymers to
encapsulate SPIONs,37−39 the trend is currently to move toward
more complex macromolecular designs to reach higher
functionalities and a better control over the delivery, thanks to
temperature- or redox-sensitive copolymers40,41 or to cell-
specific targeting moieties for dual targeting strategies.42,43 To
ensure a compartmentalized localization of SPIONs and
hydrophilic drugs, magneto-polymersomes have also been
developed, as illustrated by the recently reported methicillin-
loaded mPEG-b-PLA (mPEG-b-PLA) magnetopolymersomes
used for the treatment of medical device-associated infections.44

On a larger scale, the last family of polymer/SPIONmaterials
is composite materials in which the SPIONs are embedded in a
macroscopic polymer matrix for sorption, imaging, or (bio)-
sensor applications.45,46 In particular, magnetic scaffolds are
becoming an important class of scaffolds as they find a number of
applications in tissue engineering, allowing for improved bone
and tissue repair, as well as drug delivery. Various types of
SPION-loaded scaffolds are therefore found in the literature,

ranging from drug-releasing soft in situ-gelling magnetic gels47

to fibers with magnetically tunable mechanical properties48 or
microrods that allow remote manipulation for improved in vivo
integration.13 In this context, one of the major classes of
magnetic scaffolds are the nanoparticle−nano/microfiber
composites.49 To prepare iron oxide-loaded composite fibers,
three techniques based on electrospinning (ES) are classically
reported: (i) the most common one relies on the introduction of
pre-synthesized SPIONs in a polymer solution prior to ES; (ii)
the second one involves the inclusion of a precursor in the fibers,
which undergoes a post-ES process to yield the SPIONs within
the fibers; and (iii) the most recent one uses in situ synthesis
techniques, where SPIONs are synthesized during the ES
process or in the solution to be electrospun.50 To the best of our
knowledge, in the frame of biodegradable polymers, only the first
technique (i.e., dispersion of SPIONs in polymer solution
followed by ES) is used on a practical perspective: this has been
exemplified recently in works involving PLA or PCL scaffolds for
faster bone or tissue repair under external magnetic fields, which
stimulate cell proliferation and secretion of new extra-cellular
matrix.51−54 However, this synthetic approach is associated with
changes in size, shape, and mechanical properties of the
composite fibers in comparison to their non-loaded counter-
parts, which leads to an unwanted increase in their hydro-
philicity and degradation rate.
In order to minimize the changes in properties of the hybrid

nanomaterials, while still taking advantage of the presence of
magnetic nanoparticles, a last and less explored strategy consists
of immobilizing the SPIONs at the surface of the polymeric
fibers (Scheme 1, bottom). This has been achieved in the past by
precipitation of iron oxide to the surface of the biomaterials.55

However, two major drawbacks are associated with this
approach: (i) the particles’ morphology and aggregation during
precipitation is poorly controlled and leads to large clusters
rather than discrete particles, and (ii) the reaction conditions
used for SPION formation are not compatible with a wide range
of biopolymers. For these reasons, the covalent anchoring of pre-
synthesized SPIONs onto the surface of biomaterials appears as
a challenging and yet highly attractive alternative to yield
SPION-functionalized nanomaterials. To the best of our
knowledge, only two structures have been reported so far in
this context, and yet, none of them focused on polymer
electrospun fibers and magnetic scaffolds, despite the interest
such a combination would have for biomedical applications.
Various groups prepared dual-mode contrast agents [ultrasound
and magnetic resonance imaging (MRI)] by anchoring via
reductive amination SPIONs exposing amine functions to the
external surface of poly(vinyl alcohol)-shelled microbubbles
made of aldehyde telechelic modified PVA.56−58 The same
approach was followed by Kuo et al., who immobilized amino-
functional SPIONs at the surface of poly[(acrylic acid)-b-(N-
isopropylacrylamide)-b-(acrylic acid)] by amidation.59

The purpose of this work is to report a new strategy for the
preparation of SPION-biopolymer fiber magnetic scaffolds, in
which the intrinsic properties of both the biopolymer and
SPIONs are maintained, and a uniform distribution of SPIONs
along the fibers is achieved. More specifically, we describe the
anchoring of SPIONs on the surface of PLA electrospun
nanofibers by a combination of thiol−yne photoaddition and
free ligand exchange procedure. The efficiencies of two synthetic
strategies are first compared in terms of SPION immobilization,
SPION aggregation, and PLA surface integrity. The magnetic
properties of themost promising PLA@SPIONs hybrid material

Scheme 1. Illustration of the Different Types of Materials
Combining SPIONs and Polymers Reported in the Literature
(Top) and of the SPION-Functionalized Nanofibers Aimed
Herein (Bottom)
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are then evaluated, as well as their MRI visibility, and their
biocompatibility, to guarantee their use in the frame of
biomedical applications.

■ RESULTS AND DISCUSSIONS

Preparation of Hybrid PLA@SPIONs Nanofibers. For
the preparation of PLA@SPIONs hybrid biomaterials, the first
step consisted of preparing a surface-modified PLA scaffold that
exposes alkyne functionalities. Our previously published
protocol was used for this purpose: the procedure involves a
controlled anionic activation of the polymer in a tetrahydrofuran
(THF)/Et2O solvent mixture using lithium diisopropyl amide

(LDA) as strong base under inert atmosphere, and allows the
covalent immobilization of propargyl groups in α-position of the
carbonyl.60,61 In this work, the first objective was thus to test this
strategy on PLA electrospun nanofibers, whose small size and
high specific surface area were expected to render this
modification procedure more delicate, by degrading the PLA
fibers or by significantly modifying their morphology. The first
experiments performed under standard conditions61 confirmed
the fragility of the nanofibers, as the degradation of the PLA
nanofibers was indeed observed (data not shown). Optimization
of the conditions was therefore necessary, by reduction of LDA
concentration (Table S1, entries 1 and 2, in the Supporting

Figure 1. Impact of chemical modification of PLA nanofibers and presence of alkyne functionality were evaluated by SEM (A−C) and fluorescence
microscopy (D−F), respectively. Pristine PLA nanofibers (A,D) are compared with PLA nanofibers modified in Et2O/THF (95/5) mixture (B,E) and
PLA nanofibers modified in pure Et2O (C,F). Insets in (B,E) correspond to magnifications of the highlighted areas, where cuts and defaults on the
nanofibers are visible.

Scheme 2. Comparison of the TwoGrafting Strategies for the Preparation of SPION-Functionalized Electrospun PLANanofibers
(PLA@SPIONs)a

aFor clarity of this representation, the nanoparticles and grafted molecules are not shown at scale here.
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Information) and also of the THF content in the solvent
mixtures (reduced from 25 to 5% volume ratiosee Table S1,
entry 3). However, even under these milder conditions, the
integrity of the fibers was not fully maintained after anionic
activation, as some fibers were still cut even with the lowest THF
content (5% volume) (Figure 1B). In order to avoid any
damage, the propargylation was finally carried out in pure Et2O
(Table S1 entry 4). Under this condition, no degradation of
nanofibers was observed by electron microscopy (Figure 1C).
This was further confirmed at themacromolecular level with size
exclusion chromatography (SEC) analyses (Figure S1 in the
Supporting Information), showing very similar chromatograms
before and after functionalization, with an average molecular
weight of 78 000 g·mol−1. With a goal of assessing the presence
and availability of the alkyne groups introduced at the surface of
the PLA nanofibers, we further reacted propargylated PLA fibers
with 9-azidomethyl anthracene (fluorescent molecule) in a
water/acetone mixture under classical aqueous copper(I)-
catalyzed alkyne−azide cycloaddition (CuAAC) conditions.60

Fluorescencemicroscopy images were recorded (Figure 1D−F),
confirming the damage and disorganization of the fibers
propargylated in the Et2O/THF (95/5 v/v) mixture (Figure
1E), in contrast to those propargylated in pure Et2O, which
remain intact (Figure 1F). These images also show that the
anthracene attachment onto the fibers was homogeneous,
thereby proving that propargyl groups cover the whole fiber
surface and that they are still reactive despite their immobiliza-
tion on the PLA surface. Most importantly, no fluorescence was
observed when reacting pristine PLA nanofibers (without alkyne
groups) with the fluorescent molecule under the same CuAAC
conditions (Figure 1D), thereby confirming that the fluo-
rescence observed in Figure 1E,F was only because of covalently
bound anthracene molecules and not adsorbed ones.

Two synthetic strategies based onmetal-free catalyst reactions
were then tested to prepare the PLA@SPIONs hybrid magnetic
scaffold (Scheme 2). In a first approach (strategy 1), thiol-
functionalized SPIONs were prepared via a free ligand exchange
procedure (1st step) and then immobilized at the surface of
alkyne-functionalized PLA electrospun nanofibers by thiol−yne
photoaddition (2nd step). This was done by reacting oleic acid-
functionalized SPIONs with a bifunctional thiol−phosphonic
ligand (12-mercaptododecylphosphonic acid): the stronger
affinity of the phosphonic group for metal oxides allows the
oleic acid shell to be removed from the surface of the SPIONs.62

For these nanoparticles (d = 18 nm) (Figure S2), a grafting
density of thiol−phosphonic ligands of 2.5 molecules·nm−2 was
calculated from thermal gravimetric analysis (TGA) (Figure
S3). The coupling reaction between PLA nanofibers and
SPIONs was subsequently performed under UV-irradiation in
a cyclohexane/acetone mixture (3:1),61 in order to both keep
the integrity of the PLA nanofibers and achieve an efficient
thiol−yne photoaddition.
In the second strategy, a reverse procedure was followed. The

thiol−phosphonic ligand was first covalently bound to the
alkyne-functionalized PLA electrospun nanofibers by photo-
addition click chemistry (1st step) and then a ligand exchange
procedure between oleic acid ligands initially present at the
surface of the SPIONs and the phosphonic groups exposed at
the periphery of the fibers (2nd step). This was done by
immersing the PLA fibers isolated after thiol−yne photoaddition
in a solution of oleic acid-functionalized SPIONs in acetone/
cyclohexane (1/3, v/v) at room temperature for 24 h.

Morphological and Structural Analysis of the Hybrid
Materials. For the samples obtained by the two different
strategies, scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDXS) analyses were first used
to probe the surface morphology of the fibers and to evaluate the

Figure 2. Visualization of SPIONs quasi-monolayer at the surface of PLA nanofibers. SEM and EDX analysis corresponding to strategy 2. (A) Control
sample, (B) phosphonic acid-functionalized PLA via thiol−yne photoaddition, and (C) PLA@SPIONs via ligand exchange procedure.
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efficiency of SPION immobilization. For strategy 1, different
synthetic conditions were tested (Table S2 and Figure S4). In all
cases, despite the short irradiation times used (∼5−10 min),
only the presence of aggregated particles was observed, and no
iron was detected at the surface of the fibers in regions that were
free of aggregates (Figure S5). A possible explanation is that the
magnetic nature of the SPIONs combined to the high amount of
thiol groups at their surface brings the nanoparticles in close
proximity to each other, resulting in the formation of
micrometer-sized clusters that are stabilized by the fast creation
of disulfide bonds under UV irradiation.63 Normally, for
monothiol functional molecules, the disulfide bond formation/
cleavage should be a fast and reversible process under UV
irradiation, but here, because of the magnetic properties of the
nanoparticles and the large number of disulfide bonds formed
between a SPION and its neighbors, it was not the case.
Additional tests were thus performed by adding a reducing agent
tris(2-carboxyethyl)phosphine (TCEP) in the reaction medium
to cleave these disulfide bridges. However, a significant number
of aggregates was still observed (Figure S4), which is a major
drawback for biomedical applications, as it will significantly
affect the properties of these hybrid nanofibers in vivo.
For the samples prepared according to strategy 2 (Scheme 2),

EDXS analyses of the phosphonic acid-grafted intermediate
revealed the presence of P and S elements with a ratio
approximately equal to 1 at different scanning areas of the
nanofiber surfaces (Figure 2B). This suggests the homogeneous
grafting of the phosphonic ligand all over the nanofibers.
Moreover, the morphology of the PLA nanofibers after
modification is still preserved, as shown by SEM (Figure 2B).
More importantly, for the subsequent SPION-grafting step,
even for relatively long reaction times (24 h), the desired
targeted scaffold was obtained without the presence of any
aggregates (Figure 2C). Indeed, the presence of Fe is detected
by EDXS at different scanning areas (with similar ratios with
respect to P and S when looking at different parts of the fibers),
and high-magnification SEM images of the nanofiber surfaces
still reveal “smooth” surfaces (Figure S6), suggesting that the
grafting of the SPIONs is homogeneous. As this stage, it is
important to note that the cleaning procedure was carefully
optimized to ensure that the Fe detected by EDXS did not
correspond to residual physisorbed particles. This can be seen in
the EDXS and SEM analyses of the control sample (Figure 2A),
as no Fe was detected at the surface of the nanofibers.
In order to further characterize the PLA@SPIONs hybrid

nanofibers obtained using strategy 2, transmission electron
microscopy (TEM) analyses were carried out to determine their
structure and morphology, notably at the organic−mineral
interface. A homogeneous and complete coverage of SPIONs all
over the fibrous scaffold was observed in TEM images (Figure
3). More specifically, on the longitudinal section, the full
coverage of the PLA nanofiber surface was visible, with some
nanoparticle clumps resulting from the sample preparation and
the roughness of the PLA surface (Figure 3A). The cross section
confirmed the full and homogeneous coverage of PLA
nanofibers by SPIONs, which form a quasi-monolayer at the
surface. To further study the stability of iron oxide shell, the
PLA@SPIONs film was immersed in a phosphate-buffered
saline solution for 3 days at 37 °C. The atomic percentage of Fe
element was constant according to EDXS analysis (Table S3).
This confirms the strong interactions at the interface of the
prepared hybrid core@shell material.

TGAs were subsequently performed in order to examine the
degradation of PLA@SPIONs hybrids and to quantify the
amount of paramagnetic nanoparticles linked to the PLA surface
(Figure S7). Although the PLA polymer alone displayed a total
thermal degradation between 280 and 400 °C, the PLA@
SPIONs composites were found to degrade between 240 and
360 °C. The residual mass of 8% observed in the latter case
attests of the overall amount of SPIONs anchored at the surface
of the PLA nanofibers. It is to note that examples of SPIONs/
polymer composite biomaterials that have been described for
biomedical applications contain SPIONs in similar ratios, with
typical values in the range 2.5−20 wt %, with most biomaterials
containing SPIONs at ca. 10 wt %.47−49,51,53,54,59

Magnetic Properties of the PLA@SPIONs Composites
Obtained by Strategy 2. The PLA@SPION composites
shown in Figure 3 not only possess a well-defined interface, but
also significantly react to the presence of magnetic fields. As a
first evidence of this, the mobility of the nanofibers and their
attraction by a magnet were analyzed (see Figure S8, Movies S1
and S2). To go one step further, the magnetic properties of the
hybrid composite were investigated by using a superconducting
quantum interference device (SQUID)-MPMS magnetometer.
The PLA@SPION fibers were orientated parallel and
perpendicular to the applied magnetic field directions. In
order to demonstrate the impact of SPIONs’ alignment on the
PLA fibers, the magnetic properties of the composites were
compared with the ones of the non-grafted nanoparticles. First
of all, the temperature dependence of the magnetization in zero
field cooled (ZFC)/field cooled (FC)modes for PLA@SPIONs
was measured in the temperature range 1.8−300 K (Figure 4A).
As expected, the ZFC curve increases as the temperature
decreases, reaches the maximum at 214 K (Tmax), and then
decreases, whereas the FC curve separates from the ZFC,
decreases below Tmax, and reaches the plateau below 100 K. The
ZFC/FC curves of the pristine SPIONs (Figure S9) show very
similar shape with Tmax = 207 K, which indicates that the
magnetic properties of the nanoparticles are well preserved after
their grafting on the PLA fibers and that the size of the
nanoparticles did not change. Second, the magnetization versus
applied magnetic field was performed at 300 K for samples
where magnetic fibers were oriented parallel and perpendicular
to the field directions. The curves do not present a hysteresis,
indicating that the nanoparticles are not blocked at room
temperature, which is in agreement with the behavior of non-
grafted nanoparticles (Figure S9). In addition, the values of the

Figure 3. Visualization of SPIONs quasi-monolayer at the surface of
PLA nanofibers. TEM images of PLA@SPIONs nanocomposites
obtained with strategy 2 with (A) longitudinal section and (B)
transverse section.
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saturation magnetization are in agreement with the amount of
SPIONs found by the TGA measurements.
MRI Visibility of Hybrid Nanofibers Prepared Accord-

ing to Strategy 2. Because of their high magnetic moments,
SPIONs can be used as superparamagnetic contrast agents and,
therefore, be observed as hyposignals on T2 and T2*-weighted
images, and as phase disturbances on susceptibility weighted
imaging (SWI) phase-filtered images. The relaxivity measure-
ments for the non-grafted SPIONs have previously been
reported, yielding a transverse relaxivity value of r2 = 289
mM−1 s−1 and a r2/r1 ratio of 27,

64 which makes them promising
as potential T2-weighted MRI contrast agents. As observed in
Figure 5A, pristine PLA nanofibers without SPIONs could
barely be seen on the T2-weighted image. The thin line observed
corresponds, in fact, to a lack of signal within the embedding gel
used for the analysis, because of the presence of fibers with
ultrashort T2. However, when PLA@SPIONs nanofibers
(Figure S10) were analyzed (Figure 5D), a clear hyposignal
around the fibers was present. The difference between PLA@
SPIONs and pristine nanofibers is even more pronounced on
the T2*-weighted (Figure 5B,E) and SWI phase-filtered (Figure
5C,F) images, bothmethods being intrinsically more sensitive to
SPION susceptibility effects. Indeed, the PLA@SPIONs
nanofibersʼ magnetic susceptibility disturbs the magnetic field
homogeneity to a much larger extent than their real size,
inducing the large susceptibility effects visible on the images.
This set of results clearly demonstrates that PLA@SPIONs
nanofibers can be imaged using the clinically relevant T2 MRI
sequences.
To go one step further, preclinical experiments on rats

implanted with PLA@SPIONs nanofibers were performed using
a standard T2-weighted spin echo sequence and a preclinical MR
scanner. For this purpose, PLA fibers and PLA@SPIONs fibers
were implanted in the peritoneal cavity of rats. One week later, in
vivo MRI on the anaesthetized animal was performed, which
showed a strong and fine hypointense line on the implantation
site of the PLA@SPIONs fibers (Figure 5G). In contrast, the
nanofibers without SPIONs that were implanted on the other
side of the rat abdomen could barely be seen and required the
analysis of the images by trained radiologists to be depicted. This
first result confirms the potential of the PLA@SPIONs as
biomaterials for in vivo implantation. Long-term in vivo studies
dedicated to MRI, inflammatory response, and interaction
between tissue and SPIONs will be carried out in the near future
on these systems.
Cytocompatibility of Hybrid Nanofibers Prepared

According to Strategy 2. Given the potential applications
of the PLA@SPIONs nanofibers as scaffolds, we were interested

in evaluating the cytocompatibility of these hybrid biomaterials,
which in addition to their MRI visibility and magnetic
susceptibility should also be nontoxic for cells. Cytocompati-
bility tests of the modified biomaterials were conducted using
the L929 fibroblasts cell line. For proliferation studies, the
evaluation was carried out on PLA@SPIONs films (Figure 6A).
Indeed, when PLA nanofibers were used for this test, a bias of
proliferation was induced by cells proliferating not only on the

Figure 4.Magnetic properties of PLA@SPIONs. (A) FC/ZFC curves performed with an applied magnetic field of 0.1 T for PLA@SPIONs with fibers
parallel and perpendicular to the direction of the field; (B) field dependence of the magnetization for PLA@SPIONs measured at 300 K with fibers
parallel and perpendicular to the direction of the magnetic field. The values of the magnetization are given as emu per g of Fe.

Figure 5. MRI of PLA@SPIONs. In vitro MRI analyses of PLA
nanofibers without (A−C) or with (D−F) SPION functionalization:
T2-weighted (A,D), T2*-weighted (B,E), and SWI filtered phase (C,F)
images are displayed. In vivo T2-weighted MR images acquired 1 week
after implantation of nanofibers within the abdominal cavity of rats (G).
Red arrows point to the nanofibers grafted with SPIONs and yellow
arrows to the nanofibers without any contrast agent.
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fibers but also between the fibers directly on the fibers support,
as shown in Figure S11.
Compared to TCPS positive control, proliferation was clearly

limited on the PLA-based materials with 70−80% lower cell
proliferation after 6 days. However, the proliferation of L929
cells was similar when cells were seeded onto PLA control and
on the hybrid PLA@SPIONs, with no significant difference.
Considering the fact that PLA is well known for its
biocompatibility, this set of results clearly demonstrates that
the PLA surface functionalized with SPIONs can be considered
for cell-contacting applications. To further confirm this with the
PLA@SPION nanofibers, the cytotoxicity of the polymers was
assessed according to the ISO 10993-12 international standard
extract method, with the extract cytotoxicity being assessed by
lactate dehydrogenase (LDH) assay. PLA@SPION nanofibers
were compared to pristine PLA nanofibers and to the negative
control polymer C− (non-cytotoxic RM-C high density
polyethylene) and the positive control polymer C+ (cytotoxic
RM-B 0.25% ZDBC polyurethane) (Figure 6B). Only the
extracts from polymer C+ induced cytotoxicity, with liberation
of LDH in growth medium, which indicates cell membrane
damages. On the contrary, for all concentrations of extract, only
low levels of LDH were detected for the pristine PLA nanofibers

and the PLA@SPIONs nanofibers, without any significant
difference compared to the negative control polymer C−. These
results confirm that the immobilization of SPIONs on the PLA
fibers following strategy 2 does not induce any cytotoxic effect
for L929 cells, making them highly suitable for biomedical
applications.

■ CONCLUSIONS

Overall, we have developed a synthetic methodology for the
direct anchoring of iron oxide nanoparticles at the surface of
PLA nanofibers. For this purpose, a bifunctional thiol−
phosphonic ligand was used. The thiol group enabled a covalent
attachment to the functionalized PLA surface by thiol−yne click
chemistry under UV irradiation, whereas the phosphonic group
allowed the SPIONs to be immobilized via ligand exchange. The
morphology and structure of the hybrid PLA@SPIONs
nanofibers were fully characterized by electron microscopy
(SEM and TEM) and EDXS, revealing the homogeneous
coverage of the nanofiber surface by a layer of nanoparticles.
Cytotoxicity assays were performed, demonstrating the
suitability of the PLA@SPIONs nanofibers for biomedical
applications. Investigations of magnetic properties confirmed
that the size of the nanoparticles and their nature have not been
altered during the grafting. On a more general perspective,
compared to previous studies aiming at associating electrospun
polymer fibers to magnetic nanoparticles for biomedical
applications, we demonstrate here for the first time an efficient
surface-grafting method that not only maintains the initial fiber
morphology (diameter and length), but also avoids unwanted
aggregation of magnetic nanoparticles. This synthetic approach
is attractive as it can be readily adapted to other polyester
scaffolds of different morphology and/or composition (e.g., like
PCL or poly(lactic-co-glycolic acid), which can undergo the
initial thiol−yne functionalization step), but more generally to
any polymer substrate susceptible of being post-modified by a
phosphonic group. Moreover, inorganic nanoparticles other
than SPIONs can also be attached through the phosphonic
group, thereby opening the way to an even broader range of
biomaterial applications. Considering the potential of the PLA@
SPIONs as biomaterials for in vivo implantation, long-term in
vivo studies dedicated to MRI, inflammatory response, and
interaction between tissue and SPIONs will be carried out in the
near future on these systems.

■ METHODS
Materials. Propargyl bromide (80 wt % in toluene), lithium

diisopropylamide (2 M in THF/heptane/ethylbenzene), 2,2-dime-
thoxy-2-phenylacetophenone (DMPA, >99%), TCEP hydrochloride
solution (TCEP, 0.5 M, pH7), iron(III) oxide hydrated (catalyst grade,
30−50 mesh), oleic acid (90% purity), and docosan (99% purity) were
purchased from Sigma-Aldrich. Oleylamine, with an approximate C18
content of 80−90% (97%), was purchased from Acros Organics. 12-
Mercaptododecylphosphonic acid was purchased from Sikemia. Poly-L-
lactic acid (PLA100 noted PLA in the manuscript, Mw B78 kDa,
NatureWorks, grade 6201D) was purchased from Cargill Dow LLC
(Minnetonka, MN). Azido-functional anthracene was synthesized
according to a previously described protocol.65 Absolute ethanol,
cyclohexane, methanol, chloroform, and acetone (99% purity) were
used as received. Dry THF was obtained by the solvent purification
system PureSolve MD5 from Innovative Technology. Fresh diethyl
ether (Et2O) was dried over molecular sieves prior to use.

Characterizations. SEC was performed at 30 °C with THF eluent
at a flow rate of 1 mL·min−1 on a Viscoteck GPC-Max VE 2001
equipment fitted with a 2 × 30 cm long 5 mm mixed-C PLgel column

Figure 6. Evaluation of PLA@SPIONs cytocompatibility. (A) L929
proliferation on PLA@SPIONs surface compared to pristine PLA
surface and TCPS positive control at 1, 2, 3, and 6 days (data are
expressed as mean ± SD and correspond to measurements with n = 5);
and (B) cytotoxicity effects of polymer extracts on L929 cells after 24 h
evaluated by LDH assay. PLA@SPIONs nanofibers are compared to
pristine PLA nanofibers and to the negative control polymer C− (RM-
C high density lolyethylene) and the positive control polymer C+ (RM-
B 0.25% ZDBC polyurethane). 100% corresponds to pure extract used
as culture medium, whereas 75, 50, and 25% correspond to dilution of
the pure extract with fresh culture medium to reach the defined
concentration of extract. (Data are expressed as means ± SD and
correspond to measurements with n = 9).
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and coupled with a VE 3580 RI detector and a VE 3210 UV/Vis
detector. Typically, the polymer (2 mg) was dissolved in THF (0.5
mL), and the resulting solution was filtered through a 0.45 mm
Millipore filter before injecting 100 μL filtered solution. Calibration was
against polystyrene standards. SEM studies were carried out on a Zeiss
Evo HD15 scanning electron microscope equipped with an Oxford
Instruments X-MaxN SDD 50 mm2 EDX detector. Before analysis, the
samples were metallized with carbon. The observation of fibers after
fluorescent labeling by anthracene was carried out on a Nikon 150231
fluorescence microscope. Transmission electron micrographs were
recorded on a JEOL 1200EX transmission electron microscope, using
an accelerating voltage of 100 kV. Ultrathin sections of the SPION-
functionalized PLA fibers (30−100 nm in thickness) were obtained
using a Leica ultracut ultramicrotome, after setting the sample in an LR-
White resin. The thin sections were then placed on carbon−Formvar-
coated copper grids. TGA was performed on a TGA Q50, TA
Instrument at a heating rate of 10 °C·min−1 under air. Magnetic
measurements were performed by using a Quantum DesignMPMS-XL
SQUID magnetometer working in the 1.8−350 K temperature range
with the appliedmagnetic field up to 7 T. Themeasurements were done
on powder samples for the non-grafted SPIONs and for four stacked
PLA@SPIONs films oriented along the fiber direction and positioned
parallel and perpendicular to the direction of the magnetic field. The
data were also corrected for the sample holder and for the diamagnetic
contribution of non-grafted PLA. The decrease in the magnetization
value observed on the ZFC curve for the magnetic scaffolds as the
temperature decreases (Figure 4) could be explained by the presence of
residual non oxidized FeO.66

Electrospun PLA Fiber Fabrication and PLA Film Prepara-
tion. Electrospun fibers were prepared from an ES solution of 8% wt/
wt high molecular weight poly(lactic acid) (PLA100; Ingeo biopolymer
6201D, NatureWorks, Minnetonka, MN, USA) dissolved in chloro-
form (288306, Sigma-Aldrich, St. Louis, MO), as previously
described.67 The parameters used during the ES of aligned fibers
were 2.0 mL·h−1 pump rate, 1000 rpm rotation speed, 20min collection
time, 15 kV voltage drop, 32−33% humidity, 20−23 °C temperature,
and a 5 mm gap distance between the needle and the grounded
collector. Fibers were electrospun directly onto glass coverslips (15 ×
15 mm; Knittel Glass, Brausenweig, Germany). After ES, the edges of
the coverslips were dipped into a 4% wt PLA/wt chloroform solution to
secure the aligned fibers to the coverslip. For in vivo implantation, the
parameters used during the ES of a mesh with a high grafting density of
fibers were 2.0 mL·h−1 pump rate, 60 min collection time, 12 kV voltage
drop, 20−23 °C temperature, and a 15 mm gap distance between the
needle and the grounded collector. The PLA films for biological assays
were prepared as reported in the literature.68 In brief, 480 mg of
precursor was dissolved under magnetic stirring in a CH2Cl2/CHCl3
mixture (composed of 6 g of CH2Cl2 and 6 g of CHCl3). The mixture
was stirred for 4 h and then cast in a PTFE flat-form evaporating dish
(VWR). The dish was then covered by perforated tin foil, allowing a
slow evaporation of the solvent at room temperature overnight. This
procedure resulted in a homogeneous plastic film of 1 mm thickness.
After removal from the dish, the film was cut into disks of 12 mm
diameter.
Propargylation of PLA Fibers Deposited onGlass Substrates.

In a flamed-dried 3-neck Lab reactor with lid and steel clamp, 100 mL
dry Et2O was introduced under argon atmosphere and the medium was
cooled to −20 °C. Then, a Teflon rack holding 10 glass plates covered
by PLA100 fibers was immerged into the solvent. The solution was
saturated with argon for 15 min, before LDA (2 M solution, 1 mL, 2
mmol) was added. After 15 min, a propargyl bromide solution (80 wt %
in toluene, 1 mL, 9 mmol) saturated with argon was injected, and the
mixture was stirred for an additional 15 min at −50 °C. The reaction
was quenched with water and the rack was washed several times in a
cold diethyl ether bath for 30 min, before drying under argon
atmosphere.
Preparation of Anthracene-Functionalized PLA Fibers

through Click Chemistry. A glass plate bearing propargyl-function-
alized PLA fibers was placed in a mixture of distilled water/acetone
solution (9/1), before addition of 100 mg 9-azidomethyl anthracene

(solubilized in 200 μL of acetone), 300 μL of an aqueous solution of
copper sulfate (1 M), and 600 μL of an aqueous solution of sodium
ascorbate (1 M). The mixture was then gently stirred at room
temperature during 24 h on an orbital shaker. Finally, the plate was
washed with water and ethanol, then immersed several times in a bath of
cyclohexane/acetone (3:1 ratio) for 30 min, and then dried under
argon. The immobilization of anthracene and the impact of the
modification on the shape of PLA fibers were assessed by fluorescence
microscopy.

Preparation of SPIONs. Oleic acid-functionalized SPIONs were
synthesized by a method similar to those reported in the literature.69

Briefly, 0.18 g of FeOOH fine powder, 3.2 g of oleic acid, and 5.00 g of
n-docosane were combined and evacuated for 30 min. Then, the
mixture was heated under argon at 340 °C for 1.5 h. The reaction
mixture was allowed to cool to approximately 50 °C and diluted with 15
mL pentane. Furthermore, the nanoparticles were purified and isolated
after successive dispersion−centrifugation cycles using diethyl ether/
ethanol mixtures (2:1 and 1:1 ratio) at 20 000 rpm for 10 min, with the
removal of the supernatant containing organic components. The
purification was repeated several times until the supernatant solution
became colorless. Finally, the SPIONs were redispersed in cyclohexane
(20 mL) in the presence of additional oleylamine (200 μL) and freshly
used in further experiments. TEM analyses were performed on these
nanoparticles, showing that their average diameter was ∼18 nm.

Preparation of PLA@SPIONs Hybrids: Strategy 1. Step 1:
Thiol-Functionalized SPIONs (SPIONs-SH) through Free Ligand
Exchange Procedure. Oleic acid-functionalized SPIONs were isolated
by precipitation with ethanol and centrifugation cycles. Then, ∼0.55
mmol of the functionalized SPIONs and ∼1.4 mmol of HS−(CH2)12−
P(O)(OH)2 were heated to reflux in dry THF (20 mL) under argon
atmosphere, and themediumwas stirred for 48 h. After cooling to room
temperature, the thiol-functionalized SPIONs were recovered after
successive dispersion−centrifugation cycles with pentane and meth-
anol. The desired product was then dried for 15 min under vacuum and
redispersed in chloroform.

Step 2: SPION-Functionalized PLA Fibers through Thiol−Yne
Photoaddition. In a flame-dried 3-neck Lab reactor with lid and steel
clamp protected from light with aluminum foil (0.34 mg, 1.34 μmol)
DPMA, 2 mg of functionalized SPIONs and 80 mL of a cyclohexane/
acetone mixture (3:1 ratio) were added, prior to immersion of Teflon
rack holding 10 glass plates covered by propargyl-functionalized PLA
fibers. The reaction medium was saturated with argon, and then UV
irradiation (100 Mw·m

−2) was carried out between 5 and 10 min after
removal of the aluminum foil. The SPION-functionalized PLA fibers
were cleaned by successive washings in a cyclohexane/acetone mixture
and dried under argon. A change in color from white to light brown was
clearly observed for the PLA fibers. The desired material was stored in
the fridge before performing further characterizations. In an alternative
procedure, the reductive agent TCEP was added to the suspension of
SPIONs 1 h before the UV activation to ensure the reduction of
disulfide bonds potentially formed between the functionalized
SPIONs-SH and to help reduce disulfide bonds that may subsequently
form upon UV irradiation. All other steps were kept identical.

Preparation of PLA@SPIONs Hybrids: Strategy 2. Step 1:
Phosphonic Acid-Functionalized PLA Fibers through Thiol−Yne
Photo Addition. In a flame-dried 3-neck Lab reactor with lid and steel
clamp protected from light and placed under argon atmosphere, 12-
mercaptododecylphosphonic acid (0.38 mg, 1.34 μmol) and DMPA
(0.34 mg, 1.34 μmol) were added to 80 mL of a cyclohexane/acetone
mixture (3:1 ratio). The solution was saturated with argon prior to
immersion of a Teflon rack holding 10 glass plates covered by
propargyl-functionalized PLA fibers. Then UV irradiation (100 mW·
cm−2) was carried out for 10 min under gentle stirring. Following the
thiol−yne photo-addition, PLA fibers were washed several times and
dried under argon atmosphere.

Step 2: SPION-Functionalized PLA Fibers through Free Ligands
Exchange Procedure. A 100 mL cyclohexane/acetone mixture (3:1
ratio) was introduced to a flame-dried 3-neck Lab reactor with lid and
steel clamp under argon atmosphere. Then, a Teflon rack holding 10
phosphonic acid-functionalized PLA fibers was immersed in the
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solution before addition of an excess of freshly prepared oleic acid-
functionalized SPIONs (2mg) dispersed in cyclohexane solution with a
concentration of 1 mg·mL−1 and sonicated in an ultrasonic bath for 30
min. The reaction was protected from light and stirred for 24 h at room
temperature under argon. The SPION-functionalized PLA fibers were
cleaned by successive washings in a cyclohexane/acetone mixture and
dried under argon. A change in the color from white to light brown was
clearly observable for the PLA fibers. The desired material was stored in
the fridge before performing further characterizations.
Implantation of the Grafted Fibers and MRI Imaging. Animal

care and use were in accordance with the regulations of the French
Ministry of Agriculture and approved by the Pays de la Loire Ethics of
the Animal Experimentation Committee under project number
01858.03. Animals were housed in a controlled and pathogen-free
environment, with free access to food and water, at the University
Animal Facility (SCAHU-Angers, France). The implantation of the
fibers (functionalized or not) within the peritoneal cavity was
performed on isoflurane anesthetized Sprague Dawley rats (220−250
g, n = 4) in a continuous flow of air0.8 L/min2% isoflurane
(Piramal Healthcare, UK Limited, Northumberland, UK), according to
a modified Rodeheaver procedure without caecal abrasion.70 Animals
received a 30 μg/kg subcutaneous injection of Vetergesic (buprenor-
phin, Sogeval, France) prior to surgery. As no signs of stress were
observed, no additional injection of buprenorphine was performed.
One week later, in vivo MR imaging on anaesthetized animal
(isoflurane) was performed on a Bruker Biospec 70/20 system
operating at a magnetic field of 7 T (Bruker, Wissembourg, France)
using a 72 mm diameter birdcage resonator and a respiratory triggered
RARE sequence (effective repetition time TR ≈ 2000 ms; rat breathing
rate 30−35/min; effective echo time TEeff = 23 ms; RARE factor = 8;
FOV = 55 mm × 55 mm; matrix 256 × 256, slice thickness = 1 mm and
8 accumulations). For in vitro imaging, the resonant circuit of the NMR
probe was a 35 mm diameter birdcage resonator. PLA electrospun
fibers were embedded in a degassed 1% (w/w) agarose gel prior to
imaging (Figure S11). Samples were analyzed using a two-dimensional
acquisition with relaxation enhancement (RARE) sequence (repetition
time TR = 2500 ms; effective echo time TEeff = 33 ms; RARE factor = 8;
FOV = 3 cm × 2 cm; matrix 128 × 96, slice thickness = 0.8 mm and 2
accumulations). SWI analyses were performed using a gradient echo
sequence (TR = 350 ms; echo time TE = 6ms; flip angle = 40°, FOV = 3
cm × 2 cm; matrix 384 × 384, slice thickness = 0.5 mm) and presented
as T2*-weighted and filtered phase images.
Cytocompatibility.Cells and control polymer films were chosen in

accordance with ISO 10993-5 guidelines. Mouse fibroblast L929 cells
(ECACC 85011425) were maintained in Dulbecco’s modified Eagle’s
medium high glucose supplemented with 5% fetal bovine serum, 2 mM
L-glutamine, and 1% penicillin/streptomycin and cultured at 37 °C and
5% CO2. Cells were tested to be free of mycoplasma. Negative (RM-C
high-density polyethylene noted C−) and positive (RM-B 0.25%
ZDBC polyurethane noted C+) control films were purchased from
Hatano Research Institute (Ochiai 729-5, Hadanoshi, Kanagawa 257,
Japan).
Cells Proliferation on Films. PLA films were cut to fit in wells of a

48-well plate. They were immerged for a few seconds in ethanol 70%,
rinsed with 3 baths of PBS−penicillin/streptomycin 10%, and then with
PBS only. L929 cells were seeded at 3× 104 cells per well in the center of
a 48-well plate containing or not containing polymer films. After 1 h
adhesion at room temperature, non-adherent cells were removed and,
after a washing step, 500 μL of growth medium was added. Cells were
allowed to proliferate under appropriate atmosphere. Cell viability after
24, 48, 72, and 144 h was assessed with Prestoblue (Invitrogen),
according to the manufacturer’s protocol. Briefly, a mixture of 10%
PrestoBlue in growth medium was added to the cells, and the
fluorescence at 590 nm was measured with a CLARIOstar (BMG
LABTECH’s) microplate reader after 45 min incubation (n = 5).
Cytotoxicity Assessed on Extracts. First, extractions were carried

out at 1 cm2 per mL for 72 h at 37 °C under sterilized conditions on
complete growth medium following ISO 10993-12 recommendations
(n = 3). L929 cells were seeded at 5× 103 cells per well in a 96-well plate
and allowed to attach overnight. The culture medium was removed and

discarded from the cultures and an aliquot of the extract (100%) or
dilution thereof (75, 50, 25%) was added into each well. Aliquots of the
blank, negative, and positive controls were added into additional
replicate wells (n = 3). After 24 h incubation under appropriate
atmosphere, the extract’s cytotoxicity was assessed by LDH assay
(Pierce), according to the manufacturer’s instruction. Briefly, medium
from well was transferred to a new plate and mixed with LDH Reaction
Mixture. After 30min of incubation at room temperature, absorbance at
490 and 680 nm was measured using a CLARIOstar microplate-reader
(BMG LABTECH’s).

Data Analysis. All biological data are expressed as mean ± SD and
correspond to measurements in quintuplicate or triplicate. For
cytocompatibility tests, Mann−Whitney was applied to determine the
statistical significance (a level of p < 0.05 was considered statistically
significant).
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