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a b s t r a c t 

Axon navigation is guided by spatial patterns of chemical and physical cues in the developing central nervous 
system. Following injury, these patterns are disrupted, the microenvironment evolves rapidly, and inhibitory 
molecules create a barrier to the regeneration of severed axons. We have recently developed a technology called 
nano-pulling designed to stimulate axon growth and regeneration by modulating neuronal mechanotransduc- 
tion. In this paper, we demonstrate that nano-pulling can induce axon growth in hippocampal neurons even in 
the presence of repulsive cues, such as chondroitin sulfate proteoglycans, semaphorin 3A, microglial activation, 
and pro-inflammatory cytokines. Nano-pulling can also enhance the elongation of neural processes in neural 
progenitors transplanted into an organotypic spinal cord injury model that mimics the tissue complexity and in- 
flammation seen in in vivo models. Our data suggest that nano-pulling could be used as a strategy to manipulate 
axon growth, overcoming certain extrinsic inhibitory factors. 
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. Introduction 

The microenvironment profoundly influences the regenerative ca-
acity of neurons within the central nervous system (CNS) [ 1 ]. The ab-
ence of axonal regeneration does not stem from an intrinsic limitation
f the CNS; rather, it arises from variations in the microenvironment,
hich is significantly more permissive in the peripheral nervous sys-

em (PNS) compared to the CNS [ 2 ]. Various inhibitory molecules con-
ribute to the negative modulation of axon growth [ 3 , 4 ]. For example,
he neuroinflammation elicited by activated astrocytes and microglial
ell significantly impedes axonal regeneration of the retracted neuronal
rocesses [ 5 ]. Key molecules with anti-regenerative properties secreted
y these cells includes chondroitin sulfate proteoglycans, semaphorins,
nd myelin-associated inhibitors. Among these, chondroitin sulfate pro-
eoglycans (CSPGs) have been the subject of extensive investigation.
SPGs are constituents of the extracellular matrix, predominantly se-
reted by reactive glial cells. In cultured neurons, CSPGs inhibit neurite
utgrowth [ 6 ]. Following CNS injuries, upregulated CSPGs at the lesion
ite create an inhibitory barrier that obstructs the regeneration of sev-
red axons [ 7 ]. Furthermore, while the inhibitory effects of CSPGs are
ell-established, their activity becomes increasingly complex when they
ct in concert with other molecules, such as semaphorins and myelin-
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ssociated inhibitors [ 8 ]. Semaphorins were initially identified in the
ontext of axon guidance [ 9 ]; however, subsequent research has un-
eiled diverse roles for these molecules. For instance, semaphorin 3A
Sema-3A) has been shown to repel axon growth across multiple sys-
ems, including axons from the dorsal root ganglia [ 10 ], cortical axons
 11 ], hippocampal axons [ 12 ], and cerebellar axons [ 13 ] via neuropilin-
lexin receptor complexes [ 14 ]. 

Neuroinflammation and the inhibitory environment associated with
NS injuries are critical determinants of axonal degeneration [ 15 ]. Pro-

nflammatory microglial cells and recruited macrophages actively con-
ribute to axonal retraction by phagocytizing damaged synapses and
etracting processes. Concurrently, reactive astrocytes produce CSPGs,
hereby establishing an inhibitory gradient that exacerbates axonal re-
raction and growth cone collapse [ 16 ]. Despite the initiation of certain
egenerative efforts, the existence of a non-permissive pro-inflammatory
nd inhibitory microenvironment hinders significant process elonga-
ion, rendering the restoration of functional circuitry through intrinsic
egenerative capacity alone a distant goal. Thus, it becomes imperative
o employ therapeutic strategies that facilitate process elongation by sur-
ounting the adversities of the microenvironment and/or in conjunc-

ion with treatments aimed at ameliorating the inflammatory-inhibitory
tate [ 17–19 ]. 
 2025 

Ai Communications Co. Ltd. This is an open access article under the CC 

https://doi.org/10.1016/j.engreg.2025.05.003
http://www.ScienceDirect.com/science/journal/26661381
http://www.keaipublishing.com/en/journals/engineered-regeneration/
mailto:vittoria.raffa@unipi.it
https://doi.org/10.1016/j.engreg.2025.05.003
http://creativecommons.org/licenses/by-nc-nd/4.0/


E. Capitanini, L. Talarico, S. De Vincentiis et al. Engineered Regeneration 6 (2025) 133–145

 

h  

p  

i  

o  

g  

n  

f  

d  

t  

s  

i  

r  

n  

i  

c  

s  

o  

f
 

p  

c  

t  

i  

u  

t  

n

2

2

 

c  

C  

2  

C  

5  

l

2

 

a  

w  

M  

W  

b  

s  

m  

#  

W  

w  

M  

r  

m  

#  

e  

I
 

i  

c
 

A  

i  

M  

F  

(  

F  

#  

S  

a  

s  

1  

M  

(  

f

2

 

s  

t  

m  

M  

#  

(  

1  

U  

e  

2  

e  

s  

#  

e  

(  

G  

g  

S  

i  

r
 

D  

c  

(  

U  

M  

1  

h

2

 

F  

P  

M  

L  

#  

v  

m  

T  

S  

o
 

i  

a
 

1  

T  

t  

t  

t  
In the realm of regenerative therapy, magnetic nanoparticles (MNPs)
ave attracted considerable attention in recent years for their promising
otential as a modality to promote axon regeneration through mechan-
cal stimulation [ 20 ]. This technique, termed nano-pulling, capitalizes
n the capability of MNPs to be internalized into the axoplasm and to
enerate a dragging force under the influence of an external static mag-
etic field [ 21 ]. Nano-pulling produces exogenous low-intensity traction
orces on axons (about 10 pN) [ 22 ], which are likely the most potent in-
ucers of axon growth described so far. This approach has been observed
o double the rate of axon elongation while halving the time required for
ynaptic maturation in primary hippocampal neurons [ 21 , 23 ]. Follow-
ng axotomy of dorsal root ganglia, nano-pulling doubles the rate of axon
egeneration without the addition of any growth factors [ 24 ]. Moreover,
ano-pulling also accelerates the differentiation of neural progenitors
nto mature neurons [ 25 ]. More specifically, active mechanical stimuli
an promote the differentiation of neural progenitors transplanted into
pinal cord (SC) tissue into mature neurons and guide the elongation
f their processes. This groundbreaking discovery presents new avenues
or enhancing the efficacy of cell replacement therapies. 

In this context, we seek to address the question of whether nano-
ulling can modulate axon growth in the presence of an inhibitory mi-
roenvironment, effectively bypassing or overcoming the influence of
hese extrinsic inhibitory factors. We aim to validate this hypothesis us-
ng primary hippocampal neurons subjected to various inhibitory stim-
li (inflammation, chondroitin sulfate proteoglycans, semaphorins). Ul-
imately, we have developed an ex vivo model of inflammation to test
ano-pulling on neural progenitors transplanted in the SC tissue. 

. Experimental section/methods 

.1. Ethical statements 

Animal procedures were performed in strict compliance with proto-
ols approved by Italian Ministry of Public Health and the local Ethical
ommittee of the University of Pisa, in conformity with the Directive
010/63/EU (project license n°39E1C.N.5Q7 released on 30/10/2021).
57BL/6 J mice were kept in a regulated environment (23 ± 1 °C,
0 ± 5 % humidity) with a 12 h light-dark cycle with food and water ad

ibitum . 

.2. Cell cultures 

Hippocampal neuron (HN) cultures were obtained from post-natal
nimals (P1 stage) as described in [ 21 , 23 , 26 , 27 ]. After isolation, cells
ere seeded in adhesion medium consisting of high-glucose Dulbecco’s
odified Eagle’s Medium (DMEM) (Gibco, Thermo Fisher Scientific,
altham, Massachusetts, US, #21063-029) modified with 10 % fetal

ovine serum (FBS) (Gibco; Thermo Fisher Scientific, Waltham, Mas-
achusetts, US, #10270-106), 100 IU/ml penicillin, 100 𝜇g/ml strepto-
ycin (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, US,
15140-122) and 2 mM Glutamax (Gibco, Thermo Fisher Scientific,
altham, Massachusetts, US, #35050-038) on 13 mm glasses pre-coated
ith 100 𝜇g/ml poly- l -lysine (PLL, Merck, Sigma-Aldrich, Burlington,
assachusetts, US, #P4707), unless stated otherwise. The medium was

eplaced 4 h later with growth medium consisting of Neurobasal-A
edium (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, US,
12,348–017), modified with 2 % (v/v) B27 (Gibco, Thermo Fisher Sci-
ntific, Waltham, Massachusetts, US, #17504-044), 2 mM Glutamax, 50
U/ml penicillin, 50 𝜇g/ml streptomycin. 

Progenitors cells used in this work are SC derived human neuroep-
thelial stem (SC–NES) cells, gently donated by Prof. Marco Onorati and
ultured as described by [ 28 , 29 ]. 

Murine J774 macrophage cells (American Type Culture Collection;
TCC, Manassas, USA) were tested for contamination and then grown

n high-glucose DMEM (Gibco, Thermo Fisher Scientific, Waltham,
assachusetts, US, #31966-021), 1 % l -glutamine (Gibco, Thermo
134
isher Scientific, Waltham, Massachusetts, US, #25030081), 1 % NEAA
non-essential amino acids) (EuroClone, Milan, IT, #ECB3054D), 10 %
BS (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, US,
A52567-01) and 1 % penicillin/streptomycin (Gibco, Thermo Fisher
cientific, Waltham, Massachusetts, US, #15070-063) at 37 °C in
 95 % O2 and 5 % CO2 humidified chamber. 6·105 cells were
eeded in 100 mm cell culture dishes and, the day after, treated with
00 ng/ml lipopolysaccharide (LPS) (Merck, Sigma-Aldrich, Burlington,
assachusetts, US, #L4391, 0111:B4) for 5 h. The conditioned medium

CM) - unstimulated or LPS-stimulated - of J774 cells was collected and
rozen at − 80 °C. 

.3. Mouse organotypic spinal cord model: spinal cord slices 

SC slices were generated as previously described [ 25 , 27 , 30 ]. Briefly,
pinal cords were isolated from P3 mice, cut in 350 𝜇m thick slices
hrough a tissue chopper (McIlwain Tissue Chopper, Campden Instru-
ents, Loughborough, UK), and kept on ice. Slices were cultured on
illicell membranes (Millipore, Merck, Burlington, Massachusetts, US,
PICM0RC50) coated with a solution containing 100 𝜇g/ml collagen

Merck, Burlington, Massachusetts, US, #C7661), 100 𝜇g/ml PLL and
0 𝜇g/ml laminin (Merck, Sigma-Aldrich, Burlington, Massachusetts,
S, #L2020) in minimal essential medium (Gibco, Thermo Fisher Sci-
ntific, Waltham, Massachusetts, US, #11090-081) with the addition of
5 % (v/v) Hank’s Balanced Salt Solution (Gibco, Thermo Fisher Sci-
ntific, Waltham, Massachusetts, US, #14025-050), 25 % (v/v) horse
erum (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, US,
16050-122), 25 mM HEPES buffer solution (Gibco, Thermo Fisher Sci-
ntific, Waltham, Massachusetts, US, #15630-056), 35 mM d -glucose
Merck, Sigma-Aldrich, Burlington, Massachusetts, US, #G7021), 2 mM
lutamax, 100 IU/ml penicillin, 100 𝜇g/ml streptomycin and 100 ng/ml
lial-derived neurotrophic factor (GDNF) (PeproTech, Thermo Fisher
cientific, Waltham, Massachusetts, US, #450-10). SC slices were placed
n the Millicell membranes with the dorsal-ventral axis in the radial di-
ection outward. 

The medium was replaced at day ex vivo (DEV)0, and DEV1.. From
EV3 the medium was replaced with the organotypic medium (OM)
onsisting of Neurobasal medium modified with 2 % (v/v) B27, 1 %
v/v) N2 (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts,
S, #17502-048), 10 𝜇g/ml insulin (Merck, Sigma-Aldrich, Burlington,
assachusetts, US, #I9278), 1 % (v/v) Glutamax, 1 % Pen/Strep, and

00 ng/ml GDNF. SC slices were maintained at 37 °C in a saturated
umidity atmosphere of 95 % air and 5 % CO2 . 

.4. Drug treatment 

HN cultures were exposed to compounds that inhibit axon growth.
or CSPG treatment, glass coverslips have been coated with 100 𝜇g/ml
LL for 4 h, and 0.5-1.5 𝜇g/ml of CSPGs (Millipore, Merck, Burlington,
assachusetts, US, #CC117) for 90 min at 37 °C. For LPS treatment,

PS from E. coli (Merck, Sigma-Aldrich, Burlington, Massachusetts, US,
L4391, 0111:B4) was used. LPS was added to the medium at day in
itro (DIV)1 at the concentration of 5/10/20 ng/ml. For SEMA3A treat-
ent, Recombinant Human Semaphorine 3A Fc Chimera Protein (Bio-
echne, R&D System, Minneapolis, Minnesota, US, #1250-S3) was used.
EMA3A was added to the medium at DIV1 at the concentration of 400
r 800 or 1600 ng/ml. 

To induce a neuroinflammatory response in SC slices, LPS was added
n the medium at a final concentration of 5 or 10 or 20 ng/ml at DEV3
nd DEV5. 

For cytokine treatment, the macrophage supernatant was added
:10 in cell growth media at DIV0 for HNs and DEV3 for SC slices.
his conditioned medium was supplemented with the cytokine cock-
ail: interleukin-1 𝛽 (IL-1 𝛽) 50 U/ml (357pg/ml) (Bio-Techne, R&D Sys-
em, Minneapolis, Minnesota, US, #201-LB-005), tumor necrosis fac-
or 𝛼 (TNF 𝛼) 1000 U/ml (3.7 ng/ml) (Merck, Sigma-Aldrich, Burlington,
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assachusetts, US, #T7539), interferon- 𝛾 (IFN 𝛾) 1000 U/ml (5 ng/ml)
Roche, Basel, CH, #11040596001), and interferon- 𝛼 (IFN 𝛼) 2000 U/ml
Bio-Techne, Minneapolis, Minnesota, US, #11100-1). 

.5. ELISA test 

ELISA (enzyme-linked immunosorbent assay) tests against the pro-
nflammatory cytokines TNF 𝛼 and IL-6 (interleukin 6) were conducted
or SC slices and macrophages cultured both in the presence or absence
f LPS (5 or 10 or 20 ng/ml for SC slices, 100 ng/ml for macrophages).
wo specific kits were used: Mouse TNF 𝛼 Uncoated ELISA kit (Invitro-
en, Thermo Fisher Scientific, Waltham, Massachusetts, US, #88-7324)
or TNF 𝛼 and Mouse IL-6 Uncoated ELISA kit (Invitrogen, Thermo Fisher
cientific, Waltham, Massachusetts, US, #88-7064) for IL-6. For SC
lices, on every medium change the exhausted medium (1 ml) was col-
ected and centrifuged at 1500 rpm for 5 min at 4 °C. Then, the pellet
as discarded and the remaining supernatant stored at − 80 °C until

he time of use. For macrophages, the medium was collected after 5 h
r 18 h (both from treated and untreated cultures) post-LPS treatment
nd stored at − 80 °C until the time of use. ELISA tests were conducted
ccording to the manufacturer’s instructions. TNF 𝛼 and IL-6 concentra-
ions were expressed as picograms per milliliter (pg/ml). The lower as-
ay limit of detection was 8 pg/ml for TNF 𝛼 and 4 pg/ml for IL-6. 

.6. RNA extraction and quantification 

Total RNA was extracted from control or LPS-treated (10 ng/ml) SC
lices at DEV4 and from control or LPS-treated (10ng/ml) HN cultures at
IV3. For the RNA extraction NucleoSpin® RNA PLUS XS (Macherey-
aghel, Düren, Germany, #740990.50) was used. The procedure was
onducted according to the manufacturer’s instructions, on ice and in
terile conditions. The extracted RNA was quantified with the DeNovix
S-11 FX. 

.7. Real-time qPCR 

The real-time qPCR was performed on RNA extracted at DEV4 from
ontrol or LPS-treated (10 ng/ml) SC slices and at DIV3 from control
r LPS-treated (10 ng/ml) HN cultures. The procedure was conducted
ccording to the manufacturer’s instructions. Briefly, the RNA was con-
erted into cDNA by using the iScriptTM Reverse Transcriptase from
ScriptTM cDNA synthesis kit (Biorad, Hercules, California, US). For
he real-time qPCR, SYBR green was used. The primers were the fol-
owing: TNF 𝛼 AssayID: qMmuCED0004141 (Biorad, Milan, IT); IL-6 As-
ayID: qMmuCID0005613 (Biorad, Milan, IT); IL-1 𝛽 AssayID: qMmu-
ID0005641 (Biorad, Milan, IT). GAPDH (glyceraldehyde-3-phosphate
ehydrogenase) (AssayID: qMmuCED0027497, Biorad, Milan, IT) was
sed as housekeeping. 

.8. Cell microinjection into the SC slices 

SC–NES cells were transplanted into the SC slices using appropri-
te microneedles and a microinjector, as previously described [ 25 , 30 ].
C–NES cells were loaded with MNPs at DIV7. The microinjection proce-
ure was performed into DEV4 SC slices and after 10 days of SC–NES cell
ifferentiation (DIV10). For microinjection, SC–NES cells were prepared
s follows: after a wash with DPBS (Gibco, Thermo Fisher Scientific,
altham, Massachusetts, US, #14190-144), they were detached with

.25 % Trypsin-EDTA (Gibco, Thermo Fisher Scientific, Waltham, Mas-
achusetts, US, #25200-056) and counted, stained with 1 𝜇g/ml Dil red
ye (Cell tracer TM Yellow stain, Thermo Fisher Scientific, Waltham,
assachusetts, US, #C34567), kept 20 min in an incubation bath at

7 °C, and resuspended in differentiation medium to reach a cell con-
entration of 3–5·104 cells/ 𝜇l. Microneedles were then loaded with a
olume of 4 𝜇l of cell suspension using a micropipette, and, after cali-
ration, 4 nl of cell suspension was microinjected into the ventral horns
f DEV4 slices under a stereomicroscope. 
135
.9. Magnetic nanoparticles 

MNPs used in this study are superparamagnetic iron oxide-based
anoparticles, ViscoverTM (XL FeraSpin, #130095173, MNP), charac-
erized by a hydrodynamic diameter of 50–60 nm and capable of re-
ponding to the application of external magnetic fields. ViscoverTM 

roducts are developed and manufactured by nanoPET Pharma GmbH
or preclinical studies ( https://www.viscover-online.de/mri-portfolio/ )
 31 , 32 ]. MNPs have been added to the cell growth medium at the con-
entration of 100 𝜇M of iron. Cell toxicity data are provided in Fig. S1.
oth for HNs and SC slices, experiments were conducted in 35 mm Petri
ishes placed inside a Halbach-like cylinder magnetic applicator, which
rovided a constant magnetic field gradient of 46.5 T/m in the radial
entrifugal direction [ 22 , 33 ] (Fig. S2). 

.10. Magnetic nano-pulling 

For HNs, the cell growth medium was modified with 5 μg/ml MNPs
our hours after seeding. The magnetic field (stretch group) or a null
agnetic field (control group) was applied from DIV1 for 48 h (short-

erm stimulation) or 120 h (long-term stimulation). For SC–NES cells,
t DIV7 they were detached and reseeded in the differentiation medium
nd four hours later MNPs were added. In cell transplantation experi-
ents, the magnetic field (stretch group) or a null magnetic field (con-

rol group) was applied from DEV5 (SC–NES cells were at DIV11) for
8 h. 

.11. Immunostaining and imaging 

For HNs, after one wash with DPBS, cells were fixed in 2 %
araformaldehyde (PFA, Merck, Sigma-Aldrich, Burlington, Mas-
achusetts, US, #P6148 500 G) and 7.5 % saccharose for 20 min and
ashed again three times with DPBS. Samples were permeabilized in
.5 % Triton X-100 for 10 min at RT. Samples were then blocked in
 % serum, 0.3 % Triton X-100 in DPBS for 1 h at RT. As primary an-
ibody, 𝛽III-tubulin (TUBBIII) (Merck, Sigma-Aldrich, Burlington, Mas-
achusetts, US, #T8578, 1:500) was used, diluted in 3 % serum, 0.2 %
riton X-100 in DPBS. After overnight (ON) incubation at 4 °C, samples
ere washed and then incubated with the secondary antibody (Thermo
isher Scientific, Waltham, Massachusetts, US, #A11029, 1:500) and
oechst 33,342 (Thermo Fisher Scientific, Waltham, Massachusetts,
S, #H3570, 1:1000) for 1 h at RT. Imaging was performed using
 fluorescent microscope (TE2000-U, Nikon, Tokyo, Japan) equipped
ith DS-Ri2 camera with 10X objective. Images were acquired with a
136 × 2136 pixel resolution and a 405 nm laser (425–475 emission fil-
er) or a 488 nm laser (500- 550 emission filter). Images were acquired
andomly along the edge of the glass on which the cells had been seeded.

Concerning SC slices, after two washes with DPBS they were fixed
n 4 % PFA for 30 min at RT and washed again three times in DPBS.
amples were then permeabilized with 0.7 % Triton -X-100 in DPBS for
0 min at RT. Next, samples were blocked in 10 % serum, 0.5 % Tri-
on X-100 in DPBS for 1 h at RT for 4 h at 4 °C. As primary antibody,
leaved caspase-3 (cCasp3) (Cell-Signaling, Danvers, Massachusetts, US,
9661, 1:500) or human Nestin (hNestin) (Bio-Techne, R&D systems,
inneapolis, Minnesota, US, #MAB1259, 1:400) were used, diluted

n 1 % serum, 0.5 % Triton X-100 in DPBS. After ON incubation at
 °C, samples were washed and then incubated with the secondary anti-
ody (Thermo Fisher Scientific, Waltham, Massachusetts, US, #A11029
r Thermo Fisher Scientific, Waltham, Massachusetts, US, #A11011,
:500) and Hoechst 33,342 (Thermo Fisher Scientific, Waltham, Mas-
achusetts, US, #H3570, 1:1000) for 3 h at RT. For the immunostain-
ng using ionized calcium-binding adapter molecule-1 (Iba1) antibody
Abcam, Cambridge, UK, #ab5076), after the washes in DPBS, samples
ere permeabilized with 0.4 % Triton X-100 in DPBS and blocked with
 % horse serum. The primary antibody solution was then left incu-
ating at 4 °C for 2 days. Next, secondary antibodies were normally

https://www.viscover-online.de/mri-portfolio/
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dded. All samples were mounted on glass slides by using PolyMount
olution (Aqua PolyMount, Polysciences, Warrington, Pennsylvania, US,
18606) and left drying ON prior to microscopy observation. Samples
ere imaged with a laser scanning confocal microscope (Nikon AX,
clipse Ti2). Images were acquired with a 10 × objective or with a 20 ×
bjective, a 1024 × 1024 pixel resolution and a 405 nm laser (420 nm
 476 nm emission filter) or a 488 nm laser (503 nm–541 nm emission
lter) or a 561 nm laser (600 nm–625 nm emission filter). 

.12. Image analysis 

Iba1-positive cells were counted in DEV7 SC slices that were positive
o the marker Iba1 by using the software Fiji [ 34 ] with its plugin Ana-
yze/Cell counter. Three regions of interest (ROI) per image from three
ifferent 20 × magnification images per SC slice (randomly acquired)
ere considered. Results were expressed as number of Iba1-positve cells
er 𝜇m2 . For fluorescence quantification relative to the signal of Iba1,
he mean fluorescence (background removed for each image) was per-
ormed using the software Fiji. Five regions of interest (ROI) per image
rom three different 20 × magnification images per SC slices (randomly
cquired) were considered. The apoptotic rate was calculated as the ra-
io between cells positive both to Hoechst marker and cCasp3 marker
n the total of Hoechst-positive cells. Apoptotic cells were counted
y using the software Fiji with his plugin Analyze/Cell counter from
hree 20 × magnification images per SC slice. Images were acquired
n Z-stack mode (series of ∼20 optical plans per image with a step of
 𝜇m). For dose-response experiments and short-term stretching assay,
he analyses of process length were performed by tracing single pro-
esses. The elongation was measured by using the plugin NeuronJ [ 35 ].
or HNs, 30 non-interconnected TUBBIII-stained neural neurites (the
ut-off was fixed to 50 μm to distinguish axons from dendrites of DIV3
eurons) per replicate were analyzed from 10 × magnification images.
or SC–NES cells microinjected into SC slices, 30 non-interconnected
Nestin-stained neural processes per replicate were analyzed. The anal-
sis was conducted on 10 × magnification images (randomly acquired)
cquired in Z-stack mode (series of ∼20 optical plans per image with a
tep of 2 𝜇m). For long-term stretching assay on HNs, network analy-
is methods were chosen. The area of the neural process network was
valuated from five 10 × magnification images per replicate (randomly
cquired). For each image, the network area was calculated as the ratio
f the area occupied by neural processes and the area of the nuclei. 

.13. Statistical analysis 

Data are reported as mean ± standard error of the mean (SEM) or
ata distribution (violin plot) from at least four replicates after blinded
nalyses (except for the stretching assay with inhibitory cocktail, which
as performed on three replicates and the dose-response assay, which
as performed on two replicates). Data were plotted with GraphPad

oftware, version 9.5.1. The normality of the distribution was assayed
y different tests, such as D’Agostino & Pearson normality test, KS nor-
ality test or Shapiro-Wilk normality test, and graphical representation.

or normally distributed data, t -test for unpaired data followed by Bon-
erroni correction or two-way analysis of variance (ANOVA) test fol-
owed by Tukey’s or Dunnett’s multiple comparison were used. For non-
ormally distributed data, Mann-Whitney test was used. Significance
as set at p ≤ 0.05. 

. Results 

.1. Nano-pulling induces axon growth in hippocampal neurons cultivated 

n inhibitory conditions 

CSPGs inhibit axon growth of developing neurons in vitro and in vivo

 36 ]. Here, we cultured mouse HNs on CSPG-coated surfaces ( Fig. 1 A).
136
irst, we performed a dose-response assay to identify the CSPG con-
entration resulting in axon length reduction. Coating performed with
SPGs at the concentration of 1.5 μg/ml resulted in 31.5 % of reduction
f axon length (from 149.8 ± 11.08 𝜇m to 102.6 ± 6.20 𝜇m, p = 0.0013)
hile the lower concentration (0.5 μg/ml) had no statistically signifi-

ant effect compared to control neurons not cultured on CSPGs (from
49.8 ± 11.08 𝜇m to 120.9 ± 9.46 𝜇m, p = 0.071) ( Fig. 1 B). Based on
hese results, CSPGs at the concentration of 1.5 μg/ml was used in the
ollowing experiments. First of all, HNs were subjected to nano-pulling
or 48 h in presence or absence of CSPG-coating (not stretched cells
ere used as a control), and analysis of axon length was performed at
IV3 ( Fig. 1 A and C, short-term assay, ts = 48 h). Single axon tracing
as performed with NeuronJ ( Fig. 1 C, no treatment and CSPG treat-
ent ts = 48 h). As expected, the CSPG coating induced a reduction of the

xon length, however, the nano-pulling counteracted the CSPG-induced
xon shortening, as documented by the stretched condition that reached
ontrol levels (the axon length of neurons cultured on CSPGs and in the
bsence of CSPGs was 146.7 ± 5.3 μm and 131.8 ± 3.6 μm, respec-
ively, p = 0.11) ( Fig. 1 D). Then, we prolonged the stimulation up to
20 h ( Fig. 1 A and C, long-term assay, ts = 120 h), when neurons show a
trong arborization of their processes, and the network can be analysed
s the area covered by the neuronal processes normalized to the area
overed by the nuclei. As expected, the CSPG treatment reduced the neu-
ite network (Ctrl/CSPG− vs Ctrl/CSPG + was 5.07 ± 0.22 and 4.23 ± 0.17,
espectively, p = 0.021). With the prolonged mechanical stimulation,
he boosting effect of the nano-pulling was even more evident. In fact,
he stretched CSPG-treated group showed a 10 % increase with respect
o the CSPG-untreated control group that does not reach statistical sig-
ificance (CSPG-/Ctrl vs CSPG + /Stretch is 5.07 ± 0.22 and 5.56 ± 0.21,
espectively, p = 0.32) ( Fig. 1 E). 

Inhibition from the component of the extracellular matrix is not the
nly mechanism impairing axon growth. A crucial role is also played
y inflammation typically occurring in neurodegenerative disorders.
e validated the ability of nano-pulling to induce stretch-growth in

n inflammatory condition induced by LPS, an immunogen agent [ 37 ]
 Fig. 2 A1). Since our mouse primary cultures are hippocampal neurons
rowing onto a layer of glial cells ( Fig. 2 A2), we hypothesized that the
ncubation with LPS can trigger over-expression of inflammatory cy-
okines. LPS was used at 10 ng/ml, as suggested by the existing lit-
rature [ 38 ]. The expression levels of the pro-inflammatory cytokines
NF 𝛼, IL-6, and IL-1 𝛽 was evaluated by analysing mRNA. We found
hat LPS induces a strong increase in IL-1 𝛽 (5.81 ± 1.93 fold change with
espect to the control, p = 0.047, Fig. 2 B1) and in IL-6 (7.04 ± 0.76 fold
hange with respect to the control, p = 0.0002, Fig. 2 B2) and a mod-
rate increase in TNF 𝛼 (14 % increase, p = 0.048 Fig. 2 B3). Having
onfirmed the overexpression of pro-inflammatory cytokines, we tested
ano-pulling in LPS-treated cultures ( Fig. 2 C1). As expected, LPS treat-
ent was found to reduce axon length (Ctrl/LPS- vs Ctrl/LPS + was
47.94 ± 4.99 μm vs 123.60 ± 4.71 μm, p = 0.016) ( Fig. 2 C2). Nano-
ulling resulted not only in a restoration effect but also in the en-
ancement of the axon length of LPS-treated stretched axons com-
ared to the LPS-untreated control axons (Stretch/LPS + vs Ctrl/LPS-
as 189.03 ± 6.66 μm vs 147.94 ± 4.99 μm, p < 0.0001) ( Fig. 2 C2). Inter-

stingly, nano-pulling appeared to induce axon growth at the same rate
ndependently of the presence of the inflammatory agent (Stretch/LPS-
s Stretch/LPS + was 205.77 ± 6.49 μm vs 189.03 ± 6.66 μm, p = 0.17). 

However, following a CNS injury, neuroinflammation results from
 highly complex response involving both resident microglia and in-
ltrating macrophages that are recruited to the site of damage. These

mmune cells release a broad spectrum of pro-inflammatory cytokines
hat amplify immune and inflammatory cascades [ 39 ]. To model this
ntricate response in vitro , we cultured HNs with conditioned medium
CM) derived from J774 mouse macrophages, either unstimulated or
timulated with LPS ( Fig. 3 A). First, we assessed the presence of key
nflammatory cytokines —IL-6 and TNF- 𝛼—in the macrophage CM us-
ng ELISA. We found negligible (below detection limit) cytokine lev-



E. Capitanini, L. Talarico, S. De Vincentiis et al. Engineered Regeneration 6 (2025) 133–145

Fig. 1. Effect of CSPG coating on axon length of primary mouse HNs. (A) Timeline of the experiment: MNPs 5 μg/ml are added to cell growth medium 4 h after cell 
seeding (DIV0), the mechanical stimulation is performed at DIV1, analysis of axon length is performed at DIV3 for the short-term assay and DIV5 for the long-term 

assay. (B) Dose-response assay to CSPGs. Violin plot. n = 60 axons, from two replicates. One-way ANOVA, F = 6.777, p = 0.0018. (C) Representative images of HNs 
cultured on PLL-coated surfaces or PLL/CSPG-coated surfaces, in control or stretched conditions (TUBBIII staining). Magenta lines show examples of axon tracing. 
Scale bar: 200 𝜇m. (D) Short term assay (stretching time ts = 48 h). Axon length distribution. Violin plot. n = 120 axon, from four replicates. 2-way ANOVA followed by 
Tukey’s multiple comparisons test. Interaction: F(1, 468) = 15.89, p < 0.0001; row (CSPG): F(1, 468) = 165, p < 0.0001; columns (stretch): F(1, 468) = 94.04, p < 0.0001. 
(E) Long-term assay (stretching time ts = 120 h). Analysis of the neurite network. The surface area of the network is normalised to the surface area of the nuclei in the 
same ROI. Violin plot. n = 20 images, from four replicates. 2-way ANOVA followed by Tukey’s multiple comparisons test. Interaction: F(1, 76) = 0.02696, p = 0.87. 
Row (CSPG): F(1, 76) = 16.23, p = 0.0001. Columns (stretch): F(1, 76) = 41.90, p < 0.0001. 
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ls in CM from unstimulated macrophages ( Fig. 3 B). In contrast, LPS-
timulated macrophages produced high cytokine levels at both 5 and
8 h post-treatment, with IL-6 reaching approximately 200 pg/ml and
NF- 𝛼 around 70 pg/ml ( Fig. 3 B). 

The macrophage CM was diluted 1:10 (v/v) in growth medium (GM).
o further enhance the neuroinflammatory environment, the GM/CM
as supplemented with a cytokine cocktail ( Fig. 3 A). This cocktail in-

luded: IL-1 𝛽, a pleiotropic cytokine predominantly produced by acti-
ated microglia and astrocytes [ 40 ]; TNF- 𝛼, a mediator of the neuroin-
ammation associated with neurodegeneration [ 41 ]; IFN- 𝛾, commonly
pregulated in neurodegenerative and neuroinflammatory diseases and
nown to cause neuronal damage under chronic inflammatory condi-
ions [ 42 ]; and IFN- 𝛼, which has been shown to impair endogenous neu-
ogenesis, axon growth, neuronal survival, and neurotrophic signaling in
137
he hippocampus [ 43 ]. Hereafter, this medium is referred to as cytokine
ocktail medium (CK-M), while CTRL-M indicates GM supplemented
ith 1:10 dilution of CM derived from unstimulated macrophages and
ot supplented with cytokines. Neurons cultured in CTRL-M exhibited
n average axon length of 134.01 ± 5.26 μm, which was shorter than
hat of neurons cultured in GM (147.94 ± 4.99 μm, Fig. 2 C2). An ad-
itional 19 % reduction in axon length was observed in neurons cul-
ured in CK-M (109 ± 4.10 μm, Fig. 3 C). Interestingly, nano-pulling
nduced a 31 % increase in axon length in neurons cultured in CK-
 (from 109 ± 4.10 μm in control neurons to 142.97 ± 4.81 μm

n stretched neurons, p < 0.001; Fig. 3 C), resulting in a full recov-
ry of axon length to a level comparable with that of neurons cul-
ured in GM (147.94 ± 4.99 μm, Fig. 2 C2). Representative fluorescence
mages corresponding to these experimental conditions are shown in
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Fig. 2. Response to LPS-induced inflammation. (A1) Timeline of the experiment: 4 h after cell seeding (DIV0), MNPs 5 μg/ml and LPS 10 ng/ml are added to cell 
growth medium; the mechanical stimulation is performed from DIV1 to DIV3. (A2) Mouse primary cultures contain a mixed population of neurons (TUBBIII-positive) 
and glial cells (GFAP-positive). Scale bar: 200 μm. (B) Real-time qPCR at DIV3 for the pro-inflammatory cytokines IL-1 𝛽 (B1), IL-6 (B2), and TNF 𝛼 (B3) performed in 
control or 10 ng/ml LPS-treated HNs. Unpaired t-test 2-tailed, n = 4. B1) p = 0.047, t = 2.492, df = 6. (B2) p = 0.0002, t = 7.897, df = 6. (B3) p = 0.0476, t = 2.484, df = 6. 
(C1) Representative images of HNs treated with LPS in control or stretched conditions (TUBBIII staining). Magenta lines show examples of axon tracing. Scale bar: 
200 𝜇m. Untreated cultures shown in Fig. 1 C. (C2) Distribution of axon length. Violin plot. n = 120 axons, from four replicates. 2-way ANOVA followed by Tukey’s 
multiple comparisons test. Interaction: F(1, 470) = 0.4317, p = 0.5115. Row (LPS): F(1, 470) = 12.65, p = 0.0004. Column (stretch): F(1, 470) = 113.8, p < 0.0001. 
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ig. 3 D, highlighting the differences in axonal morphology among the
reatments. 

As subsequent step, we tested the nano-pulling in the presence of
EMA3A, a neurotrophin that reduces sprouting and axon length in
Ns [ 44 ]. First, we performed a dose-response assay to find the dose
f SEMA3A able to reduce axon length ( Fig. 4 A1). 800 ng/ml SEMA3A
esulted in 22 % of neurites length reduction (from 144.9 ± 5.82 μm
o 119.0 ± 6.07 μm, p = 0.009) so it was chosen for the model set up,
hile the lower concentration (400 ng/ml) had no statistically signif-

cant effect compared to control neurons (Ctrl vs SEMA3A 400 ng/ml
as 144.9 ± 5.82 μm and 149.6 ± 6.59, respectively, p = 0.94). The

ffect of the higher concentration (1.6 μg/ml) is not statistically differ-
nt compared to 800 ng/ml ( p = 0.95), thus indicating a saturation ef-
ect ( Fig. 4 A1). Mechanical stimulation displayed a restoration effect
lso in the SEMA3A inhibitory model ( Fig. 4 A2), bringing SEMA3A
reated and stretched axons similarly in length to untreated control
xons (Ctrl/SEMA3A- vs Stretch/SEMA3A + was 153.5 ± 5.5 μm vs
65.9 ± 5.1 μm, respectively, p = 0.42) ( Fig. 4 A3). 

Finally, we exposed the HNs to a cocktail of inhibitory signals, in-
olving the simultaneous administration of CSPGs, LPS, and SEMA3A
 Fig. 4 B1). While individual treatments generally led to a 20 % reduc-
ion in axon length, the decrease was more pronounced with the cock-
ail (35 %, yielding a length of 147.9 ± 5.06 μm and 95.90 ± 2.61 μm in
ontrol cultures without and with the CSPGs/LPS/SEMA3A treatment,
espectively; p < 0.0001, Fig. 4 B2, B3). Despite the strong inhibition
f spontaneous elongation, nano-pulling was able to induce a 25 %
ncrease in axon length in cultures treated with CSPGs/LPS/SEMA3A
95.90 ± 2.61 μm and 119.9 ± 3.25 μm for control and stretched cul-
ures, respectively; p = 0.0013, Fig. 4 B3). 
138
.2. Generation of an ex vivo model to test nano-pulling in the presence of 

nflammation in the spinal cord tissue 

In this study, we developed an organotypic model that accounts for
nflammation state that occurs in the spinal cord tissue during injuries
 15 , 45 , 46 ]. This model will be used subsequently to test the effects
f nano-pulling on transplanted progenitor cells. Progenitor cells used
n this work are spinal cord derived human neuroepithelial stem cells
 28 , 29 ]. 

Spinal cord slices represent a transection model but typically stabi-
ize after a few days in culture [ 30 ]. We aimed to determine whether
pinal tissue sectioning alone is sufficient to trigger a sustained in-
ammatory condition. A similar evaluation was carried out on SC
lices pre-treated with LPS, a widely recognized immunogen capa-
le of stimulating an inflammatory response in organotypic models
 47 , 38 ]. 

The presence of inflammation was evaluated by analysing mRNA
r protein expression levels of the pro-inflammatory cytokines TNF 𝛼,
L-6, and IL-1 𝛽, [ 48 ] as they are primary initiators and effectors of the
nflammatory cascade typical of acute, and particularly secondary spinal
ord injury (SCI). 

Tests were performed on the culture media collected during media
hanges (i.e., DEV0, DEV1, DEV3, DEV5, DEV7) from SC slices in cul-
ure. DEV0, DEV1, and DEV3 represent the initial time points in culture,
llowing us to evaluate the direct effect of tissue sectioning on inflamma-
ion induction. Measurements at DEV5 and DEV7 are the specific time
oints to assess the presence of inflammation after the tissue had sta-
ilized and following the transplantation of SC–NES cells, respectively
 Fig. 5 A). 
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Fig. 3. Response to cytokine-induced inflammation. (A) Timeline of the experiment: 4 h after cell seeding (DIV0), GM is modified with MNPs 5 μg/ml, LPS-treated 
macrophage CM (CM:GM was 1:10), and IL-1 𝛽 50 U/ml, TNF 𝛼 1000 U/ml, IFN 𝛾 1000 U/ml, and IFN 𝛼 2000 U/ml. In the control group (CTRL-M), the GM is 
modified with MNPs 5 μg/ml and macrophage CM (no treatment with LPS) 1:10. The mechanical stimulation is performed from DIV1 to DIV3. (B) ELISA tests for the 
quantification of the pro-inflammatory cytokines IL-6 and TNF 𝛼 in the CM collected from macrophages not treated with LPS (CTRL) or after 5 or 18 h of treatment 
with LPS. One-way ANOVA followed by Tukey’s multiple comparison test, n = 4. For IL-6: F (2, 8) = 68.16, p < 0.0001. Kit detection limit: 4 pg/ml. For TNF 𝛼: F 
(2, 9) = 409.7, p < 0.0001. Kit detection limit: 8 pg/ml. (C) Distribution of axon length. Violin plot. n = 120 axons, from four replicates. 2-way ANOVA followed 
by Š ídák’s multiple comparisons test. Interaction: F (1, 476) = 1.590, p = 0.21. Row (treatment): F (1, 476) = 37.30, p < 0.0001. Column (stretch): F (1, 476) = 61.47, 
p < 0.0001. (D) Representative images of HNs (TUBBIII staining). Magenta lines show examples of axon tracing. Scale bar: 200 𝜇m. 
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The ELISA tests for TNF 𝛼 and IL-6 cytokines revealed that SC tissue
ectioning alone is insufficient to produce a significant or persistent in-
ammatory state in SC slices. The concentrations of TNF 𝛼 and IL-6 were
ery low at all time points, becoming negligible after DEV3, when SC
lices stabilized ( Fig. 5 B1/2). Specifically, for both cytokines, an initial
ncrease in production was observed (DEV0 for TNF 𝛼, DEV1 for IL-6,
ig. 5 B1/2), but levels rapidly decreased at subsequent time points, re-
urning to baseline. 

Given that untreated SC slices did not exhibit a significant or sus-
ained inflammatory state, we repeated the evaluation on SC slices pre-
reated with LPS. To induce a prolonged inflammatory state, LPS was
dministered at two successive time points, DEV3 and DEV5 ( Fig. 5 A),
hich correspond to the periods immediately before and after the
lanned cell microinjection at DEV4. LPS treatment led to an increase
n cytokine levels. For TNF 𝛼, the increase was statistically significant
ompared to the control (0 pg/ml) at the LPS concentration of 10 ng/ml
46.78 ± 12.60 pg/ml, p < 0.001) and 20 ng/ml (75.30 ± 20.22 pg/ml,
 < 0.001), but not at 5 ng/ml (14.86 ± 4.11 pg/ml, p = 0.26). For IL-6,
he increase was significant at 10 ng/ml (89.20 ± 22.82 pg/ml, p = 0.075)
nd 20 ng/ml (243.49 ± 65.40 pg/ml, p < 0.001), but not at 5 ng/ml
30.96 ± 18.52 pg/ml, p = 0.56). At DEV7, a statistically significant in-
rease was observed at all tested concentrations for TNF 𝛼, and at 10 and
0 ng/ml (but not 5 ng/ml) for IL-6. These results demonstrated that the
inimum LPS concentration required to induce a significant cytokine in-

rease compared to the control was 10 ng/ml. Therefore, LPS was used
t 10 ng/ml for subsequent experiments. 
139
To confirm the ELISA results and further investigate the inflamma-
ory status at the time point designated for SC–NES cell transplantation
DEV4), we performed real-time qPCR on RNA extracted from control
nd LPS-treated SC slices at DEV4. The data showed that LPS treat-
ent increased expression of IL-1 𝛽 (8.56 ± 1.29 fold change, p = 0.0001,

ig. 5 D1), IL-6 (11.76 ± 1.33 fold change, p < 0.0001, Fig. 5 D2), and
NF 𝛼 (1.90 ± 0.24 fold change, p = 0.0032, Fig. 5 D3), confirming the
fficacy of LPS in inducing inflammation in this ex vivo model. 

Inflammation was further validated using immunofluorescence to as-
ess the activation of microglial cells, the primary drivers of immune
esponses in the CNS [ 49 ]. We used Iba1, a cytoplasmic protein ex-
ressed by immune-responsive cells like microglia, as a marker of ac-
ivation ( Fig. 5 C1), since it is known to be overexpressed during mi-
roglial inflammatory activation [ 50 ]. At DEV7, we observed an increase
n Iba1 mean fluorescence intensity (2.58 ± 0.46 fold change, p = 0.0042,
ig. 5 E1) and in Iba1-positive cells per 𝜇m2 (4.37 ± 0.72, p < 0.0001,
ig. 5 E2), confirming the persistence of inflammation until the exper-
ment conclusion. These findings, consistent with the ELISA and qPCR
ata, confirm that LPS at 10 ng/ml can induce a robust inflammatory
tate in this ex vivo model. 

Finally, to ensure that LPS-induced inflammation did not compro-
ise cell viability, SC slices were stained for the active form cCASP3 and

ompared to untreated slices. cCASP3 positivity appeared as small spots
o-localizing with the nuclear marker Hoechst ( Fig. 5 C2). The apoptotic
ate, defined as the percentage of cCASP3-positive cells relative to total
ell count, was very low in both control slices (0.92 ± 0.39 %) and LPS-
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Fig. 4. Response to SEMA3A and inhibitory cocktail. (A1) Dose-response assay for SEMA3A. Violin plot. n = 60 axons, from two replicates. One-way Kruskal-Wallis’s 
test. p < 0.0001. (A2) Representative images of HNs treated with SEMA3A in control or stretched conditions (TUBBIII staining). Magenta lines show examples of 
axon tracing. Untreated cultures shown in Fig. 1 C. Scale bar: 200 𝜇m. (A3) HNs are treated with SEMA3A 800 ng/ml. Violin plot. 2-way ANOVA followed by Tukey’s 
multiple comparisons test. Interaction: F(1, 470) = 1.815, p = 0.18. Row (SEM3A): F(1, 470) = 48.05, p < 0.0001. Column (stretch): F(1, 470) = 87.50, p < 0.0001. (B1) 
Timeline of the experiment with the inhibitory cocktail: cells are seeded on CSPG coating. 4 h after cell seeding (DIV0), MNPs 5 μg/ml, LPS 10 ng/ml and SEMA3A 

800 ng/ml are added to cell growth medium; the mechanical stimulation is performed from DIV1 to DIV3. (B2) Representative images of HNs treated with CSPGs, 
LPS, SEMA3A in control or stretched conditions (TUBBIII staining). Magenta lines show examples of axon tracing. Untreated cultures are shown in Fig. 1 C. Scale 
bar: 200 𝜇m. (B3) Violin plot. n = 120 axon, from three replicates. 2-way ANOVA followed by Tukey’s multiple comparisons test. Interaction: F(1, 483) = 15.16, 
p = 0.0001. Row (treatment): F(1, 483) = 253.9, p < 0.0001. Column (stretch): F(1, 483) = 82.90, p < 0.0001. 
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reated slices (1.03 ± 0.34 %), with no significant difference between the
wo conditions ( p = 0.60, Fig. 5 E3). The absence of a significant dif-
erence in apoptosis between conditions ruled out cell mortality as a
otential confounder, leading us to conclude that LPS-induced inflam-
ation is the sole factor affecting the experimental outcomes. 

.3. Nano-pulling stimulates the elongation of projections from neural 

rogenitors transplanted into the organotypic model 

The ability to induce guided growth of neural processes in neural pro-
enitors transplanted into SC slices through nano-pulling was demon-
trated in a previous study [ 25 ]. However, those data were collected
rom stabilized cultures that do not account for the inflammation charac-
eristic of neurodegenerative processes. In this study, we aimed to deter-
ine whether inflammation could hinder force-mediated axon growth.
o investigate this, we generated an organotypic model of spinal cord
haracterized by the presence of an inflammatory state ( Fig. 5 ) and we
ransplanted neural progenitors into this model. 

First, MNP-loaded human SC–NES cells were transplanted into con-
rol and LPS-treated mouse SC slices ( Fig. 6 A). The length of the pro-
esses of transplanted cells was assessed using human-specific anti-
odies for staining and traced using NeuronJ ( Fig. 6 C). Consistent
ith previous literature [ 51 ], LPS treatment resulted in a 20 % reduc-
140
ion in process length (control, LPS- vs. LPS+: 121.5 ± 5.07 𝜇m vs.
8.08 ± 3.41 𝜇m, p = 0.003, Fig. 6 B). 

Mechanical stimulation alone significantly promoted elongation,
nducing a 27 % increase in length (LPS-, control vs. stretched:
21.5 ± 5.07 𝜇m vs. 154.2 ± 4.82 𝜇m, p < 0.0001), in line with pre-
ious findings [ 25 ]. Interestingly, in the presence of LPS, the elonga-
ion rate following mechanical stimulation was remarkable, showing
 63 % increase (LPS+: control vs. stretched was 98.08 ± 3.41 𝜇m vs.
60.4 ± 4.67 𝜇m, p < 0.0001). This suggests that under mechanical
timulation, LPS loses its inhibitory effect entirely, as indicated by the
imilarity in the lengths of the two stretched groups, with or without
PS (stretched: LPS- vs. LPS + was 154.2 ± 4.82 𝜇m vs. 160.4 ± 4.67 𝜇m,
 = 0.7). 

Secondly, MNP-loaded human SC–NES cells were transplanted into
ouse SC slices incubated in organotypic growth (OG) medium enriched
ith cytokines (CK-OG). Analogously to the experiments performed on
Ns ( Fig. 3 ), the CK-OG medium was prepared by diluting CM derived

rom LPS-stimulated macrophages 1:10 (v/v) in OG medium, and further
upplemented with a cytokine cocktail consisting of IL-1 𝛽, TNF- 𝛼, IFN- 𝛾,
nd IFN- 𝛼 ( Fig. 7 A). 

As expected, incubation in CK-OG resulted in a statistically signifi-
ant reduction in the length of neural projections from SC–NES cells in
he control group (125.44 ± 4.58 μm in OG medium vs. 94.43 ± 3.24 μm
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Fig. 5. Evaluation of the inflammatory status of SC slices after transection (DEV0) and ex vivo culturing (DEV0-7). (A) Timeline of the experiment. The addition of 
LPS is performed at DEV3 and DEV5. (B1) ELISA tests for the quantification of the pro-inflammatory cytokine TNF 𝛼. Two-way ANOVA followed by Dunnett’s multiple 
comparison test. Interaction: F(12, 58) = 6.335, p < 0.0001. Row (time): F(4, 58) = 28.42, p < 0.0001. Column (LPS concentration): F(3, 58) = 11.88, p < 0.0001. Kit 
detection limit: 8 pg/ml. B2) ELISA tests for the quantification of the pro-inflammatory cytokine IL-6 on the collected culture medium. For both graphs, the mean ± 
standard deviation is reported, n = 4 medium collections per time-point, bar graphs. Two-way ANOVA followed by Dunnett’s multiple comparison test. Interaction: 
F(12, 58) = 7.871, p < 0.0001. Row (time): F 4, 58) = 26.88, p < 0.0001. Column (LPS concentration): F(3, 58) = 20.16, p < 0.0001. Kit detection limit: 4 pg/ml. (C) 
Representative images of DEV7 SC slices in control or 10 ng/ml LPS-treated conditions. (C1) Hoechst/Iba1 staining. (C2) Hoechst/cCasp3 staining. Scale bar: 200 𝜇m. 
(D) Real-time qPCR at DEV4 for the pro-inflammatory cytokines IL-1 𝛽 (D1), IL-6 (D2), and TNF 𝛼 (D3) performed in control or 10 ng/ml LPS-treated SC slices. For 
all graphs, the mean ± standard deviation is reported, t -test 2-tailed, n = 4 replicates. (D1) p = 0.0073, t = 3.982, df = 6. (D2) p = 0.0004, t = 6.945, df = 6. (D3) 
p = 0.0497, t = 2.452, df = 6. (E1) Quantification of mean fluorescence of Iba1 in control and LPS-treated SC slices. Violin plot, Mann-Whitney test, p = 0.0042. (E2) 
Density of Iba1-positive cells in control and LPS-treated SC slices. Violin plot, Mann-Whitney test, p < 0.0001. (E1/2) n = 14 slices per condition. (E3) Comparison 
of the apoptotic rate in control and LPS-treated SC slices. Box plot, Mann-Whitney test, p = 0.60. n = 12 SC slices per condition. 
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Fig. 6. Elongation of neural processes in SC–NES cells microinjected into control and LPS-treated SC slices. (A) Timeline of the experiment: neuronal progenitors are 
pre-differentiated, labelled with MNPs at the beginning of terminal differentiation (DIV7), and microinjected at DIV10 in DEV4 SC slices. SC slices are treated with 
LPS at DEV3 and DEV5. (B) Violin plot of axon length. Two-way ANOVA followed by Tukey’s multiple comparison test. Interaction: F(1, 472) = 11.63, p = 0.0007. 
Row (LPS): F(1, 472) = 2.320, p = 0.1284, Column (stretch): F(1, 472) = 135.3, p < 0.0001. n = 120 neuronal processes per group. (C) Representative images at DEV7 
of cells transplanted in the SC slices, in control or stretched conditions, with and without LPS (human Nestin-staining). Scale bar: 250 μm. 
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n CK-OG medium, corresponding to a 25 % decrease, p < 0.0001;
ig. 7 B). 

However, when SC slices incubated in CK-OG were subjected to
ano-pulling, the neural projections of SC–NES cells exhibited sustained
rowth (141.30 ± 4.43 μm), exceeding that of control SC–NES cells
ransplanted into SC slices cultured in OG medium (125.44 ± 4.58 μm,
 = 0.028). This increase was comparable to that observed in stretched
C–NES cells transplanted into SC slices cultured in OG medium
145.01 ± 3.70 μm, p = 0.91). Representative fluorescence images of
C–NES cell projections under the different conditions are shown in
ig. 7 C, illustrating the effects of cytokine exposure and nano-pulling
n process outgrowth. 

This statistical analysis highlights that mechanical stimulation can
romote the elongation of neuronal processes in SC tissue even in the
resence of inflammatory environment. 

. Conclusions 

During the development of the CNS, axonal movement is influenced
n vivo by chemo-attractive cues, which guide axons toward appropri-
te destinations, and chemorepellent signals, which discourage axon
rowth toward certain regions [ 52 ]. The best-characterized family of
hemorepellent molecules is the semaphorins (from the Greek word
semaphore"). These molecules can bind to cell surfaces or the extra-
ellular matrix, causing nearby axons to retract [ 12 ]. Additionally, cer-
ain components of the extracellular matrix (e.g., laminins, proteogly-
ans, fibronectin, tenascin) are finely regulated during development to
ontrol axon growth and pathfinding [ 53 ]. Following CNS injury, these
nhibitory components are upregulated, posing a significant barrier to
xon regeneration [ 2 ]. 
142
Beyond chemotaxis, axon navigation requires movement, and move-
ent requires force. The growth cone generates a contractile force

hat pulls the axon shaft ( 𝐹𝑎𝑥 ) [ 54 ], who produces a contractile force
hat pulls the growth cone ( 𝐹𝐺𝐶 ) [ 55 ]. The balance between these two
orces determines whether the axon tip protrudes ( 𝐹𝐺𝐶 > 𝐹𝑎𝑥 ) or retracts
 𝐹𝐺𝐶 < 𝐹𝑎𝑥 ) [ 56 ]. By perturbating this balance, it is possible to modulate
xon growth. In order to change force balance, in 2014, my research
eam introduced a novel technology called "nano-pulling," which uses
agnetic nanoparticles to stretch axons by applying external magnetic
elds. In mature neurons, nano-pulling enhances axon outgrowth and
ynaptic transmission [ 23 ], while in neural progenitors, it accelerates
heir differentiation into mature neurons and promotes the elongation
f their processes [ 25 ]. Our previous mechanistic studies suggest that
ano-pulling stabilizes microtubules (MTs) in both mature and imma-
ure neurons [ 21 , 25 ]. In fact, Nocodazole, which destabilizes MTs, but
ot Paclitaxel, which stabilizes them, has been shown to inhibit axon
rowth induced by nano-pulling, emphasizing the crucial role of MT
tabilization [ 23 ]. Conversely, no effects have been detected following
reatment with drugs that interfere with the actin cytoskeleton [ 23 ].
ano-pulling is also inhibited when 𝛼-tubulin or 𝛽-tubulin is knocked
ut in the touch receptor neurons of C. elegans because this causes
he formation of less stable microtubules (11-protofilament form). MT
tabilization leads to an increase in axonal MT density [ 23 , 24 ]. It is
till unclear how nano-pulling induces MT stabilization. MTs may be
ntrinsically mechanosensitive, or force may act through microtubule-
ssociated proteins (MAPs), for example, by altering MAP activity or
he interaction time between MTs and MAPs [ 57 ]. From a biophysical
erspective, the pulling force generated by MT sliding and polymeriza-
ion can reduce the axonal contractile force ( 𝐹𝑎𝑥 ), promoting tip ad-
ancement ( 𝐹𝐺𝐶 > 𝐹𝑎𝑥 ) [ 20 ]. At the functional level, considering that
Ts provide the primary cytoskeletal tracks for axonal transport, their
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Fig. 7. Elongation of neural processes in SC–NES cells microinjected into control SC slices or exposed to exogenous cytokines. (A) Timeline of the experiment: 
neuronal progenitors are pre-differentiated, labelled with MNPs at the beginning of terminal differentiation (DIV7), and microinjected at DIV10 in DEV4 SC slices. SC 
slices are incubated in OG or CK-OG at DEV3. CK-OG consists of 1:10 CM (from LPS-stimulated macrophages) : GM, IL-1 𝛽 50 U/ml, TNF 𝛼 1000 U/ml, IFN 𝛾 1000 U/ml 
and IFN 𝛼 2000 U/ml. (B) Violin plot of axon length. Two-way ANOVA followed by Tukey’s multiple comparison test. Interaction: F (1, 476) = 11.50, p = 0.0008. 
Row (treatment): F (1, 476) = 18.60, p < 0.0001, Column (stretch): F (1, 476) = 68.13, p < 0.0001, n = 120 neuronal processes per group. (C) Representative images 
at DEV7 of cells transplanted in the SC slices, in control or stretched conditions, in CK-OG (grey: human Nestin-staining; blue: Hoechst). Representative images of 
SC slices in OG are shown in Fig. 6 C. Scale bar: 200 μm. 
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ccumulation results in an enrichment of vesicles and organelles within
he axon [ 21 , 25 ]. More specifically, we demonstrated that nano-pulling
osters a cross-talk between axonal transport and local translation [ 21 ],
hich is critical for adding new cellular mass and supporting synaptic
aturation [ 23 , 25 ]. 

In this study, we explored whether nano-pulling could modulate
xon growth in the presence of chemotaxis, particularly inhibitory cues.
o investigate the effect of force under such conditions, we cultured hip-
ocampal neurons on CSPG-coated dishes, as CSPGs are known to inhibit
xon growth by various mechanisms, including blocking the function of
rowth-promoting molecules such as laminin and its receptor integrins,
hich in turn impairs the generation of endogenous forces and tip ad-
ancement [ 58 ]. Our results demonstrated that mechanical force appli-
ation can promote axon growth even in the presence of CSPGs ( Fig. 1 D,
). 

We also examined whether mechanical force could guide axon
rowth in an inflammatory environment. Isolating cells from the hip-
ocampi of postnatal mice results in a mixed co-culture of neurons and
lial cells that support neuron survival [ 59 ]. To simulate an inflamma-
ory condition, hippocampal neurons were treated with LPS, which acti-
ates the glial cells in the co-culture. As expected, LPS treatment inhib-
ted axon growth, but nano-pulling was able to promote axon growth
ven in the presence of this inhibition ( Fig. 2 ). Similar results were ob-
ained by treating neurons with a medium enriched with exogenous cy-
okines (IL-1 𝛽, TNF- 𝛼, IFN- 𝛾, and IFN- 𝛼) added to cytokines released by
PS-stimulated macrophages ( Fig. 3 ). Additionally, even in the presence
f SEMA3A, which induces axon shortening by causing growth cone
ollapse [ 10 ], nano-pulling could significantly enhance axon extension
143
 Fig. 4 A3). Interestingly, when we exposed the HNs to the combination
f these inhibitory signals (CSPGs, LPS, and SEMA3A), we found a sub-
tantial reduction in axon length, but nano-pulling was still able to boost
xon elongation ( Fig. 4 B3). 

However, it is well known that the chemical environment in neural
issue is highly complex, involving interactions between neuronal and
on-neuronal cells and their secreted factors. To address this complexity,
e employed organotypic spinal cord cultures, which maintain the origi-
al tissue architecture, cell organization, cellular diversity, and extracel-
ular matrix composition of the native organ [ 60 ]. One limitation of this
odel is that spinal cord slices stabilize after a few days in vitro ( Fig. 5 B1,
2), losing the inflammatory response typical of in vivo injuries [ 46 ]. To
imulate an inflammatory condition, spinal cord tissue was treated with
PS. Inflammation was confirmed by microglial activation ( Fig. 5 E1, E2)
nd the overexpression of pro-inflammatory cytokines TNF 𝛼, IL-6, and
L-1 𝛽 ( Fig. 5 B1, B2, D1, D2, D3). MNP-loaded progenitor cells were then
icroinjected into LPS-pre-treated spinal cord tissue. As expected, LPS

reatment caused a significant reduction (approximately 20 %) in the
ength of neural processes in transplanted NPCs in the control groups
 Fig. 6 B). However, nano-pulling significantly enhanced the length of
eural processes, with no statistically significant difference between
PS-treated and untreated spinal cord slices ( Fig. 6 B). To mimic features
f the inflammatory environment induced by infiltrating macrophages
nd resident microglia following SCI, we repeated the experiment by
ncubating SC slices in an organotypic medium enriched with exoge-
ous cytokines (IL-1 𝛽, TNF- 𝛼, IFN- 𝛾, and IFN- 𝛼 and cytokines secreted
y LPS-stimulated macrophages). Exposure of SC slices to this cytokine-
nriched medium led to a significant reduction in the length of neural
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rojections from transplanted SC–NES cells. Nonetheless, nano-pulling
ffectively enhanced neural process outgrowth, achieving an elongation
ate surpassing that observed under standard culture conditions ( Fig. 7 B,
). 

Together, these findings suggest that even within a complex macro-
olecular and cellular network, where chemotaxis and intercellular

ommunication plays a critical role, mechanical force can still effec-
ively modulate axon growth. This supports the hypothesis that force
an act downstream to chemotaxis [ 20 ]. It is well-recognized that many
hemical cues can change the endogenous force by inducing cytoskele-
al remodelling. Some attractive cues, such as Netrin-1 [ 61–63 ], nerve
rowth factor [ 64 ], brain-derived neurotrophic factor [ 65 ], and Rac1
ignalling pathways [ 66 ], promote the reduction of actin retrograde
ow, which in turn increases traction force and enhances the contrac-
ile force ( 𝐹𝐺𝐶 ) generated by the growth cone, stimulating its advance.
onversely, repulsive cues can induce axon retraction by disassembling
dhesion points and impairing the generation of contractile force ( 𝐹𝐺𝐶 ),
s seen with slit-2 [ 67 ] and semaphorin 3A [ 11 , 68 ], which cause Cofilin-
ediated disassembly of F-actin. 

Our data suggest that the generation of an exogenous force, by di-
ectly inducing alterations in cytoskeletal tensional homeostasis [ 21 ],
an be used as a strategy for manipulating axon growth, bypassing cer-
ain inhibitory extrinsic factors. However, a limitation of this study is
he lack of in vivo studies, since cellular and organotypic models retain
nly part of the complexity of animal studies. 

Nano-pulling is emerging as a promising technology with signifi-
ant translational potential. Various techniques have been explored for
enerating active forces using cell-stretching substrates [ 69 , 70 ], some
f which offer the advantage of remote actuation through mechanisms
uch as magnetic fields [ 27 , 71 ]. However, a key limitation of these ap-
roaches for clinical applications lies in the necessity of implanting these
latforms, as they require neurons to grow on stretchable or deformable
ubstrates. 

In contrast, nano-pulling presents a non-invasive alternative for gen-
rating exogenous forces from within living cells. This approach would
everage the established use of iron oxide nanoparticles and magnetic
elds in medicine. However, a major drawback is the requirement for
igh magnetic field gradients, which, with current technologies, limits
he penetration depth to only a few centimeters. 
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