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Magnetic Nanoparticles for Efficient Delivery of Growth
Factors: Stimulation of Peripheral Nerve Regeneration

Martina Giannaccini, M. Pilar Calatayud, Andrea Poggetti, Silvia Corbianco,
Michela Novelli, Melania Paoli, Pietro Battistini, Maura Castagna, Luciana Dente,
Paolo Parchi, Michele Lisanti, Gabriella Cavallini, Concepción Junquera,
Gerardo F. Goya, and Vittoria Raffa*

ABSTRACT: The only clinically approved alternative to autografts for treating large pe-

ripheral nerve injuries is the use of synthetic nerve guidance conduits (NGCs), which

provide physical guidance to the regenerating stump and limit scar tissue infiltration

at the injury site. Several lines of evidence suggest that a potential future strategy is

to combine NGCs with cellular or molecular therapies to deliver growth factors that

sustain the regeneration process. However, growth factors are expensive and have a

very short half-life; thus, the combination approach has not been successful. In the

present paper, we proposed the immobilization of growth factors (GFs) on magnetic

nanoparticles (MNPs) for the time- and space-controlled release of GFs inside the NGC.

We tested the particles in a rat model of a peripheral nerve lesion. Our results re-

vealed that the injection of a cocktail of MNPs functionalized with nerve growth fac-

tor (NGF) and with vascular growth factor (VEGF) strongly accelerate the regenera-

tion process and the recovery of motor function compared to that obtained using the

free factors. Additionally, we found that injecting MNPs in the NGC is safe and does

not impair the regeneration process, and the MNPs remain in the conduit for weeks. Q1

The use of nerve guidance conduits (NGCs) is the only clini-
cally approved alternative to autograft for the treatment of large
peripheral nerve injuries. NGCs provide a conduit during the
nerve regeneration process for the diffusion of growth factors
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of Biology, Università di Pisa, S.S. 12 Abetone e Brennero 4,
56127 Pisa, ItalyQ2
Dr. M. P. Calatayud, Prof. G. F. Goya, Instituto de Nanociencia
de Aragon, Universidad de Zaragoza, Mariano Esquillor 50018
Zaragoza, Spain
A. Poggetti, Dr. S. Corbianco, Dr. M. Novelli, P. Battistini, Prof.
M. Castagna, Dr. P. Parchi, Prof. M. Lisanti, Dr. G. Cavallini,
Department of Translational Research and of New Surgical
and Medical Technologies, Università di Pisa, Via Savi 8
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secreted by the injured nerve ends and limit injury site infiltra-
tion by scar tissue.[1] Current knowledge suggests that NGCs
should be combined with the delivery of molecules[2] such as
guidance cues (e.g., netrins, ephrins, semaphorins, and other
molecules capable of orientating migrating and growing cells)
and factors that influence neuronal growth (e.g., growth factors,
neurotransmitters, and extracellular matrix proteins).[3] Among
tested molecules, nerve growth factor (NGF) was shown to have
a stimulatory effect on fiber growth.[4] The administration of
exogenous NGF significantly improves the recovery of neuro-
logical function after peripheral nerve injury.[5, 6] However, a
phase 3 trial for diabetic neuropathy and a phase 2 trial for Q6
HIV-related neuropathy failed to demonstrate any substantial
effect of NGF treatment. These negative results have been as-
cribed to the poor bioavailability of NGF due to its short half-
life (2–5 min).[7] This finding has stimulated much research
on the use of alternative modes of delivery.[6, 8, 9] Similarly, it is
well recognized that vascular growth factor (VEGF) stimulates
peripheral nerve regeneration due to its angiogenic potential
and neurotrophic potential,[10, 11] but its short in vivo half-life
(approximately half an hour[12]) also limits the effectiveness of
VEGF as a therapeutic agent, which could explain the conflict-
ing results regarding the real benefit of VEGF administration

Adv. Healthcare Mater. 2017-01, 0, 1–8 c© 2017-01 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1
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for functional recovery after nerve injury.[13] Similar consider-
ations apply to the administration of other neurotrophic fac-
tors, such as brain-derived neurotrophic factor and glial cell-
derived neurotrophic factor (GDNF).[14] In vitro studies have
shown that conjugation to iron oxide magnetic nanoparticles
(MNPs) can strongly prolong the activity of several growth fac-
tors, such as NGF, GDNF, and basic fibroblast growth factor
(FGF-2).[15, 16] An additional advantage of MNPs is that they can
be remotely guided by magnetic fields. This guidance could
provide an extraordinary advantage because during the normal
physiological regeneration process, cells infiltrate, proliferate,
and migrate from both ends of the damaged nerve toward the
center, and the concentration of the secreted factors, which are
responsible for the regeneration process, is inversely propor-
tional to the distance from the center. The magnetic properties
of MNPs could thus be advantageously exploited to localize the
functionalized particles to the center of the conduit where the
concentration of factors and cell localization is usually mini-
mal. In the present study, we validated a drug delivery approach
mediated by MNPs to obtain the maximum effect of exogenous
growth factors. Specifically, we produced a neurotmesis of the
rat median nerve with two nerve stumps that were sutured to
the ends of a synthetic conduit filled with the particles (Figure
S1, Supporting Information). We demonstrated that the MNPs
do not trigger any adverse side effects, even at a dose 350-fold
higher than the working dose. Injection and localization of
0.9 µg of MNPs carrying 100 ng of NGF and 29 ng of MNPs
carrying 5.6 ng of VEGF in the center of the conduit strongly
improved nerve regeneration and the recovery of motor func-
tion, whereas the same amount of free factors had no effects.
Similarly, poor or no effects have been reported in literature
by using drug delivery systems carrying similar amounts of
NGF[17] or VEGF[18] without control of growth factor localiza-
tion.

Following the transection of the nerve, the section distal to
the injury site degenerated, and the tissue ultrastructure was
compromised. Specifically, the ultrastructure of the injured
nerve showed complete axonal degeneration (Figure 1A1),
blood extravasation, and destruction of the myelin sheath (Fig-
ure 1B1). Many phagocytic cells invaded the area and cleared
the degenerated myelin and cellular debris (Figure 1C1). Func-
tional recovery was then totally dependent on the reconstruc-
tion of the ultrastructure of a healthy nerve (Figure S2, Sup-
porting Information). Axons must grow and extend from the
proximal end across the injured site until they reach their distal
target.[19] The regenerative process within a silicone tube across
a rat sciatic nerve gap has been already described,[20, 21] and we
observed the same regeneration steps in our model. Our exper-
iments were designed to determine particle localization over
weeks and whether the presence of the particles would trigger
any unwanted side effects or impair the spontaneous regener-
ation process. Our experimental evidence indicated that even
a high dose (33 µg) of MNPs did not interfere with the regen-
eration process: nerve regeneration proceeded spontaneously
at a certain rate without differences between the groups in-
jected with MNPs or saline. We found that, 5 d after surgery,
the conduit was filled by a matrix consisting of longitudinal
fibrin strands, erythrocytes, cellular debris, and extracellular

fluids. This fibrin matrix was progressively infiltrated by cells
emigrating from both ends of the transected stumps toward
the center of the conduit (Figure S3, Supporting Information).
In the MNP group, many particles were localized within the
matrix (Figure S3, Supporting Information). One week after
surgery, the most prevalent type of cells engulfing the par-
ticles was macrophages. MNPs were localized within primary
endosomes (Figure 1A2), endolysosomes (Figure 1B2) and het-
erolysosomes, which contained MNPs and a lipid drop (Figure
1C2). The particles were also localized to cells that formed
junctions with neighboring cells that were not macrophages
(Figure 1D2,E2). Some MNPs were also found in the cell cyto-
plasm (Figure 1E2). Transmission electron microscopy (TEM)
analysis of the ultrastructure clearly showed that the extent
of progression of the regeneration process was the same in
both groups. Many macrophages and phagocytic cells were ac-
tively digesting degenerated myelin (Figure 1C1,H2 for saline
and MNP groups, respectively). Many mesenchymal cells were
present (contributing to the reconstruction of the connective
tissue by secreting collagen and facilitating the process of dam-
age repair), and many activated fibroblasts with a dilated rough
endoplasmic reticulum (ER) (for manufacturing more proteins
necessary to rebuild the structure or to sustain axonal growth)
were observed (Figure 1D1,E1 and F2,G2 for saline and MNP
groups, respectively). Figure 1,I2,J2 shows a Schwann cell (SC)
that wrapped four axons (the initial step to actuate the remyeli-
nation process).

During the second week of repair, this fibrin cable pro-
vided a rail for SCs, fibroblasts, and endothelial cells that mi-
grated from both the proximal and distal nerve stumps (cellu-
lar phase). These cells subsequently proliferated and aligned
to form a biological tissue cable that replaced the fibrin cable
(which was almost degraded) and provided a trophic and topo-
graphical route for the axonal phase of repair.[22] Accordingly,
in both groups, we found that SCs invaded the matrix, prolif-
erated and aligned to the tissue cable (Figure S4, Supporting
Information), and the regenerating axons, which used this bi-
ological cable tissue as a guidance mechanism, appeared to
reach their distal target (Figure S4, Supporting Information).
In the MNP group, the particles were localized in the entire ex-
plant, i.e., in both the healthy ends and the regenerating tissue.
Similar localization was observed 3 weeks after surgery, with
particles inside the regenerating tissue (Figure S4, Support-
ing Information). TEM confirmed that the particles were still
abundant in the tissue in the third week (Figure 2A, arrows).
Many particles were still found inside macrophages (Figure
2B), but most of the particles were found inside SCs. Figure
2D,E shows MNPs inside a phagocytic cell that is digesting
MNPs and myelin and is most likely an SC. Similarly, Figure
2F shows MNPs in an SC (a phagocytic cell with a large and
elongated nucleus). In general, MNPs were present around the
area of regenerating axons (Figure 2C) but were rarely found
in the neuronal processes (they can bind to axons but are not
inside the axons). Again, this observation reflects the stage of
the regeneration process in which SCs play a prominent role
and provide both trophic and topographical routes for axonal
repair. In the third week, we observed a massive alignment of
SCs with the fibrin cable (Figure S4, Supporting Information)

2 wileyonlinelibrary.com c© 2017-01 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2017-01, 0, 2–8
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Figure 1. TEM ultrastructure of ultrathin sections of the re-
generating tissue 1 week after surgery. A1–E1) Conduit injected
with saline. A2–J2) Conduit injected with MNPs. A1) Degener-
ated axon. B1) Blood extravasation and myelin degeneration.
C1) Cells phagocytosing electron-dense whorls of degenerated
myelin. D1) Mesenchymal-like cells. E1) Fibroblasts with dilated
rough ER. A2) MNPs inside a lysosome. B2) Magnification of
the rectangle in panel (A) showing MNPs within a primary en-
dosome. C2) MNPs inside a heterolysosome (a lysosome fused
to an electron-lucent fat vacuole). D2,E2) Progressively increas-
ing magnification showing MNPs inside a cell connected to
neighboring cells. F2,G2) Fibroblast cytoplasm containing ex-
cess free polyribosomes. H2) Schwann cell containing electron-
dense whorls of degenerated myelin. I2,J2) Remyelination pro-
cess by a Schwann cell wrapping four axons. The myelin sheath
of the axons under repair was not yet formed at this stage.

in the two groups. The tissue showed many signs of the repair
process, and there were no morphological differences between
the two groups (MNPs and saline). Many SCs wrapped axons
and actuated the remyelination process. Figure 2G–I shows the
regenerated axons with new axonal sprouts (Figure 2G), which
started the remyelination phase (Figure 2H). The general struc-
ture appeared to correspond to a good stage of reconstruction,
as exemplified by the visualization of nodes of Ranvier in some
cases (Figure 2I). Additionally, remyelination proceeded at the
same rate in both samples (Figure S4, Supporting Informa-
tion).

Our observations indicate that the particles likely do not
trigger any inflammatory processes and do not interfere with
the physiological regeneration process. Additionally, the his-
tological examination of the sample injected with MNPs did
not reveal any increment in the population of resident phago-
cytic cells at this time point with respect to the control, and the
macrophages appeared to be present in similar amounts in the
two groups.

Next, we explored the use of MNPs for the delivery of NGF
and VEGF. NGF has been encapsulated in delivery systems
previously.[23] When loaded on polymeric microspheres immo-
bilized in an NGC (an acellular allograft prepared from a sciatic
nerve) with fibrin glue, NGF (dose of ≈150 ng per conduit) in-
creased the axon number, diameter, and myelin thickness at
the 2nd week after nerve repair, but there was no functional
recovery of muscle tension between the NGF-microsphere-

Figure 2. TEM ultrastructures of ultrathin sections of regen-
erating tissue 3 weeks after surgery. Sample injected with
MNPs. A) The arrows point to large aggregates of MNPs. B) A
macrophage that has engulfed MNPs and degenerated myelin.
C) MNPs localized close to regenerating axons. D,E) A cell con-
taining MNPs and digesting degenerated myelin. F) MNPs near
a Schwann cell. Regenerated axons, with evidence of G) axonal
sprouts, H) axonal remyelination, and I) a node of Ranvier.

treated group and the acellular graft at the 16th week after
surgery.[8] Interestingly, VEGF was also found to improve pe-
ripheral nerve regeneration after axotomy, although the molec-
ular mechanisms underlying that improvement are not com-
pletely clear.[10] The authors tested conduits filled with Matrigel
supplemented with 500–700 ng mL−1 VEGF. This work seemed
to suggest that the effects could be indirect (i.e., the increased
vascularization sustained axonal regeneration and SC migra-
tion). In fact, there was no significant improvement compared
with the control (plain Matrigel) in the total area of axonal and
SC staining in the conduit inner region at 10 and 15 d after
surgery, whereas a statistically significant difference was ob-
served at time points of 30 d or later. In this work, we validated
an approach based on the incorporation of NGF and VEGF in
MNPs injected in the conduit and demonstrated for the first
time that very small amounts of factors, i.e., 100 ng of NGF
(concentration in the conduit, 12.5 µg mL−1) and 5.6 ng of
VEGF (700 ng mL−1) improves nerve regeneration in the short
term (documented by histological analysis) and medium term
(documented by motor function assessment). Briefly, we func-
tionalized the particles with factors to reach a concentration
of 195 µg of protein per mg of MNP for MNP-VEGF (Figure
3A1) and 110 µg of protein per mg of MNP for MNP-NGF
(Figure 3A2). MNP-NGF was validated in a PC12 cell line,
confirming the ability to induce a neuron-like phenotype (Fig-
ure 3A3, particle characterization described in Figure S5, Sup-

Adv. Healthcare Mater. 2017-01, 0, 3–8 c© 2017-01 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3
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porting Information). Validation of MNP-VEGF in a zebrafish
model of neoangiogenesis induction confirmed the ability of
MNP-VEGF to carry the proangiogenic stimulus (Figure 3A4,
particle characterization described in Figure S5, Supporting
Information). In this study, we took advantage of the magnetic
properties of the particles to localize the growth factors in the
center of the conduit (Video of the Supporting Information),
where the pattern of axonal and SC staining is usually at a
minimum.[10] We analyzed the tissue morphology 12 d after
surgery (previous studies using similar amounts of NGF or
VEGF did not find morphological improvements at this time
point[4, 10]). The study was performed on six rats with the right
forelimb as the control side (conduit injected with free NGF
and VEGF, hereafter labeled the GF group) and the left fore-
limb as the treatment side (conduit injected with MNP-NGF
and MNP-VEGF, hereafter labeled the MNP-GF group). Both
sides received the same amount of growth factors, i.e., 100 ng
of NGF (12.5 µg mL−1) and 5.6 ng of VEGF (700 ng mL−1).
The total amount of MNPs injected in the left arm was 929
ng. Twelve days after surgery, the regenerating nerves were
explanted. In three rats (50% incidence), we observed extreme
tissue thinning on the right side (GF group), which resulted in
tissue discontinuity during tissue processing for histology (i.e.,
a break between the distal and the proximal ends was observed
in the tissue sections). By contrast, in all six rats (100% inci-
dence), continuous tissue was macroscopically observed in the
explants from the left side (MNP-GF group), with the distal and
proximal ends well interconnected by structured tissue in the
lumen. In the three rats with no tissue discontinuity on both
the left and right sides, we evaluated the histology of the tissue
in the middle of the conduit. The left and right explants were
very different macroscopically (Figure 3B1,B2). The regenerat-
ing segment of the explants treated with the free growth factors
was rich in amorphous material (Figure 3B2), whereas the ex-
plants treated with the functionalized particles had structured
matter throughout the entire length (Figure 3B1). Most im-
portantly, the tissue treated with MNP-GFs contained an out-
growth of regenerated axons connecting the proximal and distal
nerve stumps. Specifically, the sections were covered by neu-
rofilaments (brown staining, Figure 3C1), and analysis of the
content of the longitudinal sections revealed the strong pres-
ence of SCs in the central position of the tube lumen (brown
staining, Figure 3D1) as well. By contrast, immunostaining for
NF and S100 was low in any sample treated with the same
amount of GFs (Figure 3C2,D2). Panel (E) of Figure 3 provides
a quantitative analysis, expressed as the fold increase in the
stained area of tissues treated with MNP-GFs versus free GFs
(n = 3, each value is the mean of four sections). Specifically,
we observed a 3.5-fold increase in the NF200-positive area and
a twofold increase in the S100-positive area of the MNP-GF
group versus the free GF group. Collectively, these findings
showed that the regeneration process proceeded faster after
MNP-mediated delivery of the growth factors.

The recovery of motor function in the rats was also assessed
during the study period at 2, 4, and 6 weeks using the grasping
test. The ratio of the grip force to animal weight was used to
compare the “MNP-GFs” group with the “GFs” sham group.
Preoperatively, the normalized mean force was similar for the

Figure 3. A1) Synthesis of MNP-VEGF. A2) Synthesis of MNP-
NGF. A3) PC12 cells differentiated upon incubation with MNP-
NGF, similarly to control cells (treated with the same amount of
free NGF). A4) The subintestinal vein (SIV) region at 48 h post-
fertilization (hpf) in zebrafish embryos: the pattern of blood
vessels is clearly defined, with precise networks that were easily
stained with alkaline phosphatase. The proangiogenic stimulus
from VEGF or MNP-VEGF resulted in a change in the pheno-
type, with alterations in the basket architecture (supernumerary
vessels and irregular formation, yellow arrows). Treatment with
VEGF or MNP-VEGF induced the same angiogenic phenotype,
whereas treatment with saline resulted in the wild-type pheno-
type. B1) Explant of the tissue treated with MNP-GFs 12 d after
surgery. B2) Explant of the tissue treated with GFs 12 d after
surgery. C) NF staining of a longitudinal section of the entire
regenerating nerve, which was injected with C1) MNP-GFs or
C2) GFs alone. D) S100 staining of a longitudinal section of the
entire regenerating nerve injected with D1) MNP-GFs or D2)
GFs alone 12 d after surgery. Top: Proximal end. Bottom: Distal
end. The scale bar in (C) and (D) is 200 µm. E) Data analysis
of the stained area (n = 3). F) Grip strength normalized to the
animal body weight over time for the MNP-GFs group and the
sham group (GFs). Two-way ANOVA followed by Bonferroni
correction. **indicates significance at p < 0.01.

two groups, i.e., 0.94 ± 0.08 and 0.90 ± 0.05 for the MNP-GFs
and GFs groups, respectively. After surgery, all rats showed
functional deficits and substantial loss of function. However,
two weeks after surgery, the functional deficit was less pro-
nounced in the MNP-GFs group (0.75 ± 0.05) than in the GFs
group (0.64 ± 0.03), and this difference increased at the fourth
week after surgery (0.73 ± 0.05 for the MNP-GFs group and

4 wileyonlinelibrary.com c© 2017-01 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2017-01, 0, 4–8
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0.61 ± 0.04 for the GFs group). In general, the curves corre-
sponding to the MNP-GFs and GFs groups were significantly
different (p = 0.03), with the control group showing a progres-
sive loss of motor function from the beginning until the end
of the study, in sharp contrast to the MNP-GFs group, which
exhibited a clear improvement in motor function by the sixth
week. Indeed, a significant improvement in function was ob-
served at the sixth week in the MNP-GFs treated group (0.77
± 0.06) compared with the GFs group (0.50 ± 0.05) (p < 0.01)
(Figure 3F).

Improvement of functional recovery is the ultimate and
most important goal of studies of peripheral nerve repair. In
this study, the MNP-treated animals exhibited improved func-
tional performance, in agreement with the histological obser-
vations. The increase in neurofilaments and SCs at an early
stage of the regeneration process (10 d after surgery) and the
enhanced grasp force 6 weeks after injury were indicative of
improved reinnervation.

MNPs are a powerful tool to protect growth factors from
rapid degradation, as documented by comparative stability
studies of free versus conjugated factors.[16] In particular, the
NGF conjugated to MNPs was significantly more stable in
medium or under tissue culture conditions, with a 100% in-
crease in the residual amount after 3 d of incubation. Incuba-
tion of free NGF and MNP-NGF in protease-enriched serum
was reported to result in complete degradation of free NGF by
day seven, whereas no significant change from the initial con-
centration was observed for MNP-NGF throughout the seven
days.[24] In fact, we previously demonstrated that the MNP-NGF
complex is stable in cell culture medium conditions, indicat-
ing that nonspecific adsorption of medium proteins does not
alter the stability and the integrity of the conjugate.[25] Different
mechanisms contribute to the release of GF, such as the rate
of dissolution of the MNP polymer shell in the extracellular
matrix or, following cell internalization, endosome-mediated
hydrolysis, enzymolysis, and redox processes occurring in the
cytosol.[26] Interestingly, MNPs can be used to improve both
the stability of factors over time and their localization in space.
During the physiological repair of a nerve injury, the growth
factors that sustain the regeneration process are endogenously
secreted by cells that migrate from the proximal and distal
stumps of the lesion toward the center. Cell localization in
the conduit is not uniform, and thus the concentration of
factors along the gap is nonuniform. This is exemplified by
histogram A in Figure 4, which plots the typical profile of anti-
S100 staining (which is representative of the localization of SC,
the main source of factors during spontaneous regeneration)
along the conduit. The concentration rapidly decreases from
the two stumps, reaching quasi 0 values in the center of the
conduit. These changes in concentration partially explain the
importance of gap length in successful injury recovery and the
failure to repair lesions larger than 3–4 cm in humans and 15
mm in rodents via the use of conduits.[1] Histogram B in Figure
4 plots the typical profile of MNP concentration in the conduit,
which reaches a maximum in the center and rapidly decreases
approaching the ends. Indeed, in this work, we used the mag-
netic properties of MNPs to provide an exogenous source of
growth factor to compensate for the endogenous concentra-

Figure 4. A) Plot profile of anti-S100 staining 10 d postsurgery.
B) Plot profile of MNP concentration in the magnetic tape-
coated conduit (33 µg of MNPs in the conduit).

tion profile. Another advantage of MNPs is their contribution
in maintaining factors in situ. In fact, in addition to loss due
to instability, the loss of exogenously administered factors over
time is due to physiological tissue washing, which naturally
occurs in vivo.

In conclusion, we postulate that the increase in stability
and the local change in growth factor concentration mediated
by MNPs are responsible for the enhanced neuroprotective ef-
fects of VEGF and NGF in the MNP group compared with
the sham group. The magnetic properties of MNPs can be
advantageously exploited to increase GF stability and to lo-
calize the functionalized MNPs to the center of the conduit
where the concentration of cells and endogenous factors usu-
ally reaches the minimum level. Here we demonstrate that this
nanotechnology-based approach could improve levels of regen-
eration and functional recovery of existing NGCs and it could
be considered as a realistic alternative to autografts, which have
been the gold standard along the last 50 years.

Experimental Section

Particles: The particles used in this study were polyethylenimine
(PEI)-coated iron oxide nanoparticles, which the authors exten-
sively characterized in several neural in vitro models[25, 27–30]

and which showed no detectable signs of toxicity. The MNPs
were synthesized as previously described.[27] The MNPs had a
magnetic iron oxide core (average core size 〈d〉 = 25 ± 5 nm,
saturation magnetization MS = 58 Am2 kg−1 at T = 300 K) and
a thin polymer PEI coating (0.7–0.9 nm).[27]

Recombinant VEGF produced in bacteria (Figure S5, Sup-
porting Information) and commercially available NGF (Sigma,
Louis, MO, USA, N1408) were used. Particles were function-
alized with the protein according to a previously published
protocol.[25] Briefly, 1 mg of particles was ultracentrifuged (18
000 g) and resuspended in 500 µL of water. After 10 min, the
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protein was added (the MNP:protein ratio was 3.5:1 w/w and
5:1 w/w for VEGF and NGF, respectively), followed by mix-
ing for 1 h at 4–8 ◦C. The unbound protein was removed by
ultracentrifugation (18 000 g) and discarding the supernatant
(two washing steps). The nanoparticles were suspended in a
20% aqueous glycerol solution, and 5 µL aliquots were stored
at −20 ◦C. Storage at −20 ◦C in 20% glycerol prevented protein
degradation, protein desorption from the particles, and particle
precipitation. Samples were thawed immediately before injec-
tion in the conduit. This storage condition assured the stability
of the construct for up to 6 months.

The amount of protein bound to the surface of the MNPs
was determined via the Bradford protein assay by subtraction,
i.e., by measuring the absorbance of the supernatant derived
from the washing steps. The protein concentration was deter-
mined from a calibration curve obtained using known amounts
of protein (Abs = 0.499x + 0.006, R2 = 0.999, x = protein con-
centration in mg mL−1) (VERSAmax, Molecular Devices, Sun-
nyvale, California, USA). The amount of nanoparticles was de-
termined using a thiocyanate assay. Briefly, the particles were
dissolved in 1:1 v/v HCl 6 M HNO3 (65%) for 1 h at 60 ◦C.
Potassium thiocyanate was added to the Fe3+ solution, and
then the iron concentration was determined by spectrophoto-
metric measurements at 478 nm. The iron concentration was
determined by comparing the sample absorbance to a calibra-
tion curve (Abs = 0.056x, R2 = 0.9994, x = MNP concentration
in mg mL−1).[31] The composition of MNP-VEGF was 1.8 mg
mL−1 MNPs, 350 µg mL−1 VEGF, and 20% glycerol. The com-
position of MNP-NGF was 4.5 mg mL−1 MNPs, 500 µg mL−1

NGF, and 20% glycerol.
MNP-NGF or free NGF was evaluated in PC12 cells (ATCC,

Manassas, VA, USA) incubated in serum-reduced media (1%
FBS). MNP-VEGF or free VEGF was microinjected into the
yolks of anesthetized zebrafish at 24 hpf, and blood vessels
of whole embryos were stained using alkaline phosphatase
staining (BCIP/NBT Alkaline Phosphatase Substrate Solution,
Roche Diagnostic, Mannheim, Germany) (authorization no.
99/2012-A, 19.04.2012). A detailed validation of MNP-NGF and
MNP-VEGF bioactivity is provided in Figure S5 (Supporting
Information).

Rat Model: Animal studies were performed in Sprague–
Dawley rats obtained from a commercial source (Envigo,
Udine, IT). For this study, the authors used 28 young adult fe-
male rats. The experimental procedures were approved by the
local Ethical Committee of the University of Pisa to conform to
Italian “Decreto Legislativo 4 marzo 2014 n. 26” (Rettorale no.
0009069/2014 del 20/03/2014). The model the authors used
in this work was the rat median nerve, originally described
by Bertelli et al.[32] It was a widely used model to study dif-
ferent strategies for nerve reconstruction (with or without a
nerve gap), such as terminoterminal and terminolateral neu-
rorrhaphy and both biological and artificial nerve conduits.[33]

Surgery was performed under general anesthesia. The right
upper limb of the rat was used as a control and the left was
used in experiments. On the right side, the authors produced
a neurotmesis, followed by removal of 5 mm of nerve, repair
with a synthetic conduit (5 mm in length, inner volume 8 µL)
consisting in suturation of the two nerve stumps to the conduit

with two staples (10/11-0 nylon) and injection of saline into the
conduit. A similar procedure was performed on the left side,
but MNPs were injected in place of saline (Figure 5A). For the
cytotoxicity experiments, the animals were injected with 33 µg
of MNPs in the left side and the same volume of saline in the
right side, and the animals were sacrificed 1, 2, and 3 weeks
after surgery (n = 6 per time point). For regeneration experi-
ments, the conduit was modified by wrapping the external sur-
face (1.5 mm in the center) with magnetic tape (Supermagnete,
Gottmadingen, Germany, MT-20-STIC) to localize the injected
particles in the center of the conduit (Video of the Supporting
Information). The tape was coated with a thin film of poly-
acrylamide to prevent tissue-tape interaction (Figure 5B). The
animals were injected with a mixture of MNP-NGF (0.9 µg
of MNPs carrying 100 ng of NGF) and MNP-VEGF (29 ng of
MNPs carrying 5.6 ng of VEGF) into the left side, and the same
amount of free growth factors NGF + VEGF was injected into
the right side. To do that, the mother solutions were diluted
1:500 for MNP-VEGF (or VEGF) and 1:40 for MNP-NGF (or
NGF) in the final volume and 8 µL of this volume was injected
in the conduit (the concentration in the conduit of NGF, VEGF,
and glycerol was 12.5 µg mL−1, 700 ng mL−1, and 0.54%, re-
spectively, for both groups). The animals were sacrificed 12
d after surgery for histology (n = 6) or 6 weeks after surgery
for functional studies (n = 4). Functional assessment was per-
formed using the grip strength test (preoperatively and 2, 4,
and 6 weeks postoperatively). For histology, particles, neurofil-
aments, SCs, myelin, and cell morphology were stained with
a Prussian Blue kit (Sigma, Louis, MO, USA), an anti-NF-200
monoclonal antibody (Thermo Scientific 1:100, Waltham, MA,
USA), an anti-S100 monoclonal antibody (Sigma 1:200, Louis,
MO, USA), Luxol fast blue, and pararosaniline/toluidine blue,
respectively. The stained area was quantified using the software
Fiji (ImageJ). Analysis was performed in the inner portion
of the conduit (length, 2 mm). The signal from DAB stain-
ing was isolated using the command “color deconvolution”
(R:0.26814753, G:0.57031375, B:0.77642715). The sample ul-
trastructure was examined under a JEM-1010 (JEOL) TEM (60
000 kV).

Additional experimental data are provided in Figure S5
(Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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