
RESEARCH ARTICLE
www.advancedscience.com

A Novel Magnetic Responsive miR-26a@SPIONs-OECs for
Spinal Cord Injury: Triggering Neural Regeneration Program
and Orienting Axon Guidance in Inhibitory Astrocytic
Environment
Xue Gao, Shengyou Li, Yujie Yang, Shijie Yang, Beibei Yu, Zhijie Zhu, Teng Ma, Yi Zheng,
Bin Wei, Yiming Hao, Haining Wu, Yongfeng Zhang, Lingli Guo, Xueli Gao, Yitao Wei,
Borui Xue, Jianzhong Li, Xue Feng,* Lei Lu,* Bing Xia,* and Jinghui Huang*

Addressing the challenge of promoting directional axonal regeneration in a
hostile astrocytic scar, which often impedes recovery following spinal cord
injury (SCI), remains a daunting task. Cell transplantation is a promising
strategy to facilitate nerve restoration in SCI. In this research, a
pro-regeneration system is developed, namely miR-26a@SPIONs-OECs, for
olfactory ensheathing cells (OECs), a preferred choice for promoting nerve
regeneration in SCI patients. These entities show high responsiveness to
external magnetic fields (MF), leading to synergistic multimodal cues to
enhance nerve regeneration. First, an MF stimulates miR-26a@SPIONs-OECs
to release extracellular vesicles (EVs) rich in miR-26a. This encourages axon
growth by inhibiting PTEN and GSK-3𝜷 signaling pathways in neurons.
Second, miR-26a@SPIONs-OECs exhibit a tendency to migrate and orientate
along the direction of the MF, thereby potentially facilitating neuronal
reconnection through directional neurite elongation. Third, miR-26a-enriched
EVs from miR-26a@SPIONs-OECs can interact with host astrocytes, thereby
diminishing inhibitory cues for neurite growth. In a rat model of SCI, the
miR-26a@SPIONs-OECs system led to significantly improved morphological
and motor function recovery. In summary, the miR-26a@SPIONS-OECs
pro-regeneration system offers innovative insights into engineering
exogenous cells with multiple additional cues, augmenting their efficacy for
stimulating and guiding nerve regeneration within a hostile astrocytic scar in
SCI.
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1. Introduction

Spinal cord injury (SCI) is one of the most
catastrophic medical conditions, involving
intricate pathological states that often re-
sult in a varying range of permanent neuro-
logical impairments.[1] Globally, about half
a million cases of traumatic SCI present-
ing with motor and/or sensory function im-
pairments are reported each year.[2] Despite
considerable progress in SCI research, an
established cure for SCI remains elusive.
Central nervous system (CNS) neurons ex-
hibit a limited ability to regenerate axons
after trauma, unlike those of the periph-
eral nervous system (PNS).[3] Further, the
sporadic and disorganized growth of newly
regenerated axons compromises the effec-
tiveness of repair in SCI.[4] Host astrocytes
around the lesion proliferate and intertwine
their extended protrusions to form a glial
scar, creating an inhibitory environment
for neurite growth.[5] As a result, the con-
strained regenerative capacity of damaged
neurons and the physical barriers created by
glial scar tissue significantly impede nerve
regeneration and functional restoration fol-
lowing SCI.
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The concept of cell transplantation presents a promising strat-
egy for facilitating nerve restoration after SCI.[6] Exogenous cells
contribute to the partial enhancement of functional restoration
after SCI through mechanisms such as neuroprotection, im-
munomodulation, axon sprouting and/or regeneration, neuronal
relay creation, and myelin regeneration.[7] Particularly in the
CNS, transplantation of olfactory ensheathing cells (OECs) has
emerged as an appealing option for neural repair due to their
potential to support axon migration from the PNS to the CNS
throughout life.[8] The use of OECs in SCI treatment has re-
cently been extensively investigated.[9] OECs protect lesioned
areas by mitigating the inflammatory response and reducing
cavitation.[10] Furthermore, various studies have demonstrated
that OECs augment nerve repair following SCI by promoting re-
myelination, angiogenesis, and axonal regrowth/plasticity across
different tracts.[9a,11] However, transplanted OECs are often iso-
lated and surrounded by activated host astrocytes, severely limit-
ing their migratory ability and bioactivity, thereby drastically re-
ducing the regenerative competency of the exogenous OECs.[12]

Additionally, the irregular distribution of OECs within the lesion
site is not conducive to guiding regenerating axons in the rostral-
caudal direction to facilitate synaptic reconnection. Hence, di-
recting axonal growth and activating the regenerative potential
of transplanted cells within the surrounding inhibitory glial scars
remains a major unresolved issue, significantly limiting the ther-
apeutic potential for treating SCI.

Cell engineering offers a promising method for augmenting
cells with additional biological functionalities to surpass their
intrinsic limitations in supporting tissue regeneration.[13] In this
study, we engineered OECs with miR-26a-loaded functionalized
superparamagnetic iron oxide nanoparticles (SPIONs). The
resulting miR-26a@SPIONs-OECs show a high sensitivity to
magnetic fields (MF), offering synergistic multimodal cues to en-
hance neuronal regeneration under MF. First, under MF (ON),
miR-26a@SPIONs-OECs deliver exogenous miR-26a, which
binds to SPIONs and enters dorsal root ganglion (DRG) or as-
trocytes via extracellular vesicles (EVs) from OECs. This delivery
inhibits PTEN and GSK-3𝛽 signaling pathways in neurons,[14]

thereby promoting neurite outgrowth. The application of MF
augments the secretion of EVmiR-26a@SPIONs-OECs in vivo and in
vitro. Second, under MF guidance magnetically responsive miR-
26a@SPIONs-OECs migrate and orient along the MF direction.
This orientation stimulates directional neurite elongation, aiding
in neuronal reconnection and functional restoration. Third, miR-
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26a enriched EVs from miR-26a@SPIONs-OECs downregulate
the activation of surrounding astrocytes and, with the assistance
of the applied MF, integrate with host astrocytes. This integra-
tion consequently minimizes inhibitory cues for cell survival
and neurite growth in the surrounding environment. In sum,
by combining structural guidance for axonal growth and the
attenuation of surrounding glia, the miR-26a@SPIONs-OECs
pro-regeneration system introduces a potential methodology for
central nervous system repair (Scheme 1). It is worth noting
that the strategy employed in this study is not limited to OECs
for SCI but can be applied to other cells that are frequently
used for numerous systemic disorders in clinics, including stem
cells .

2. Results

2.1. Characterization of OECs Engineered with
miR-26a@SPIONs

We evaluated the morphological features of PEI-SPIONs using
transmission electron microscopy (TEM) and noted an average
diameter of 20.4 ± 2.6 nm (Figure S1A, Supporting Informa-
tion). Subsequent analysis using atomic mechanical microscopy
revealed smooth surfaces on the PEI-SPIONs with no visible par-
ticles or pore structures. A 3D examination of their surface af-
firmed an average particle size of 79.5 ± 4.3 nm (Figure 1A). Fur-
ther measurements showed an average diameter of 84.8± 6.7 nm
(Figure 1B) and a positive charge of 64.7 ± 3.6 mV (Figure 1C)
for the PEI-SPIONs. These findings indicate that PEI-SPIONs ac-
quire a positive charge upon binding to plasmids, making them
suitable vehicles for gene transfer into cells.

The purity of OECs utilized in this study exceeded 95%
(Figure S1B–E, Supporting Information). We determined the
cytotoxicity of PEI-SPIONs by performing LIVE/DEAD assays
at 24 and 72 h post-magnetofection (Figure 1D–F). At 24 h post-
magnetization, PEI-SPIONs at a concentration of 0.5 μg mL−1

exhibited no toxic effects on OECs. However, upon increasing
the concentration to 1 μg mL−1, cell mortality rose to 24.08 ±
5.38%. At 72 h post-magnetization, PEI-SPIONs at 0.5 μg mL−1

also exhibited no toxic effects on OECs, while at 1 μg mL−1,
the mortality rate spiked to 29.28 ± 5.33%. The CCK-8 assay
provided further validation of the cytotoxicity of PEI-SPIONs at
concentrations ranging from 0 to 1.5 μg mL−1 (Figure 1G). Based
on these findings, we selected 0.5 μg mL−1 as the optimal con-
centration for magnetofection of PEI-SPIONs into OECs for this
study.

Our subsequent investigation was to discern whether PEI-
SPIONs could be internalized by OECs. We observed PEI-
SPIONs (0.5 μg mL−1) on the OEC surface after 6 h of magneto-
fection (Figure 1H). Post 24 h of magnetization, TEM analysis
revealed clusters of nanoparticles within the OECs (Figure 1I),
which suggested that PEI-SPIONs could adhere to the cells and
penetrate the cytoplasm. Once the PEI-SPIONs were function-
alized with miR-26a, the average diameter increased to 102.7
± 1.4 nm, while the positive charge dropped to 44.1 ± 2.5 mV
(Figure 1J,K). These results implied that SPIONs-(miR-26a) can
bind to positively charged plasmids, are suitable for transfection
into OECs, and may enhance miR-26a expression within OECs.
Furthermore, OECs were labeled with the mCherry, and the live
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Scheme 1. Schematic representation of miR-26a@SPIONs-OECs for spinal cord injury repair. Modified OECs mixed with Hyaluronic acid Hydrogel are
injected in situ at the site of injury to promote spinal cord injury repair by directing axonal directional alignment to break through astrocyte scarring
under the action of a magnetic field.

imaging showed that the migration process of SPIONs-OECs
tended to be more oriented under the MF (Figure 1L, Videos S1
and S2, Supporting Information).

We observed a significant augmentation of miR-26a levels
in OECs treated with miR-26a@SPIONs, particularly when the
weight ratio of PEI-SPIONs to plasmid was set at 1:2 (Figure 1M).
In addition, the miR26a level was not altered in OECs-EVs loaded
with SPIONs vector, indicating that SPIONs alone had a negligi-
ble effect on EVs physiology. Further, in situ hybridization con-
firmed the presence of miR-26a exclusively in OECs within the
miR-26a@SPIONs group (Figure 1N), thus validating the suc-

cessful transfer of miR-26a to OECs via the miR-26a@SPIONs
system.

2.2. Enhanced Axonal Growth in DRG Neurons by
miR-26a@SPIONs-OECs through EVs Traffic

The DRG neuron is an invaluable tool in axon growth and myelin
formation research. We established an optimized immunopan-
ning method to purify DRG neurons and reached a purity of
94%. In this portion of our study, we investigated the influence
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Figure 1. The characteristics of miR-26a@SPIONs-OECs. A) Atomistic microscopy images and 3D surface view of SPIONs. B) Representative nanopar-
ticle analysis of the size distribution of SPIONs. C) Zeta potential of PEI-SPIONs. Staining images of the LIVE/DEAD assay at 24 h D) and 72 h E) after
transfection of OECs with different concentrations of SPIONs. F) The percentage of live cells was measured via the LIVE/DEAD assay. Live cells were
stained green, while dead cells were stained red (n = 3, ***p < 0.001 for comparison with OECs without treatment). G) Cell viability was estimated
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of miR-26a@SPIONs-OECs on the neurite outgrowth of purified
DRG neurons (Figure 2A). After co-culturing the neurons with
miR-26a@SPIONs-OECs in Transwell Petri dishes for 24 h, we
observed a modest increase in the neurite growth of DRG neu-
rons, even without applying an MF (Figure 2B). However, when
we applied an MF, there was a further enhancement of the neu-
rite length of the co-cultured neurons (Figure 2D,E).

We also performed an in situ hybridization assay, which re-
vealed a significant increase in miR-26a expression in DRG neu-
rons co-cultured with miR-26a@SPIONs-OECs. This expression
was further amplified when an MF was applied (Figure 2C,F).

To understand how miR-26a@SPIONs-OECs+MF boosted
neurite growth and miR-26a levels in DRG neurons, we pro-
posed a paracrine mechanism for cellular communication be-
tween OECs and DRGs, as these were cultured in separate com-
partments. Consequently, we collected EVs following standard
protocols from the supernatant in a typical paracrine mode. The
vesicles displayed a modal peak of 182.4 ± 1.7 nm (Figure 2J,K)
and a cup-shaped morphology characteristic of EVs (Figure 2G).
Additionally, the EVs tested positive for the exosomal markers
ALIX, CD63, and TSG101, but not for calnexin (Figure 2H). To
further explore the role of EVs in this process, we apply an EV
synthesis inhibitor GW4869 to the culture system. Both the miR-
26a in neurons and neurite outgrowth were significantly compro-
mised in the miR-26a@SPIONs-OECs group, which further con-
firmed that the pro-regenerative effects were mainly due to EVs.
(Figure 2B–F). Notably, the miR-26a in EVs derived from miR-
26a@SPIONs-OECs was nearly 1.7-fold higher than that derived
from SPIONs-OECs. Additionally, in the presence of MF, the me-
chanical cues significantly boosted the EV production and miR-
26a level in a whole (Figure 2L,M).

We then traced the EVs’ location using the PKH26 label to ex-
hibit the relationship between EVs and DRG neurons. After 8 h
of incubation, we detected PKH26-labeled EVs in the cell bodies
of DRG neurons (Figure 2I). This finding suggests that EVs can
be internalized by DRG neurons and that miR-26a can be trans-
ported from miR-26a@SPIONs-OECs to DRG neurons via EVs.
This process is further intensified by the application of MF.

2.3. Axonal Outgrowth Promotion by EVs Derived from
miR-26a@SPIONs-OECs via PTEN/GSK-3𝜷/SMAD1 Axis
Activation in Neurons

We first utilized MiRWalk and Metascape to functionally an-
notate and enrich the target genes of miR-26a, to predict the
cell-specificity of genes enriched for miR-26a. 837 genes that
could bind to miR-26a were identified via the miRWalk database
(Figure S2A, Supporting Information). The results showed that

miR-26a can target multiple genes, which were involved in mul-
tiple biological processes (Figure S2B, Supporting Information).
To further investigate the expression patterns of these genes
across different cells and tissues, we then consulted the PaGen-
Base database to predict the target genes of mir-26a that might
function predominantly in DRG neurons (Enrichment score =
3.3/Z-score = 3.9). Further analyses showed that miR-26a is con-
served across species and exhibits gene regulation functions on
DRG neurons. Moreover, our findings revealed miR-26a’s in-
volvement in the normal life activities of the organism, such as
the biological regulation of growth and development. Addition-
ally, we found that miR-26a primarily plays a role in diseases re-
lated to central nervous system injury (Figure S2C,D, Supporting
Information).

Through KEGG and GO analyses, we identified the main
pathways highly enriched by miR-26a, including the mTOR,
axon guidance, and PI3K-AKT signaling pathways (Figure 3A,B).
Our study concentrated on the PTEN/GSK-3𝛽/Smad1 pathway,
known to be critical for axonal regeneration.[15] Interestingly, we
observed a down-regulation of Pten and Gsk3b mRNA levels,
while p-Pi3k and Smad1 mRNA levels were up-regulated in DRG
neurons co-cultured with miR-26a@SPIONs-OECs (Figure 3C–
F). Western blotting further confirmed the protein expression lev-
els of PTEN, p-PI3K, GSK-3𝛽, and SMAD1 (Figure 3G–K). These
results suggest that miR-26a derived from miR-26a@SPIONs-
OECs inhibits PTEN and GSK-3𝛽 and their downstream.

We further evaluated the role of Pten by overexpressing it
in DRG neurons (Pten+/+) and co-culturing these with miR-
26a@SPIONs-OECs (Figure S3A, Supporting Information). Af-
ter 24 h, we observed that Pten+/+ nullified the effect of miR-
26a and significantly decreased neurite length in DRG neu-
rons (Figure S3B–G, Supporting Information). Pten+/+ also sig-
nificantly upregulated Gsk3b while downregulating p-Pi3k and
Smad1 at both the mRNA (Figure S3H–K, Supporting Informa-
tion) and protein levels in neurons (Figure S3L–P, Supporting
Information). These results suggest that miR-26a derived from
OECs promotes neurite growth via the PTEN/GSK-3𝛽/Smad1
pathway.

2.4. Alignment of miR-26a@SPIONs-OECs Promotes Axonal
Growth and Directs Neurite Elongation

Once the beneficial impacts of miR-26a on neurite growth were
affirmed, we delved into the ability of the MF to align and
migrate miR-26a@SPIONs-OECs in vitro. An Orientation Index
(Oi), introduced for the analysis, served to evaluate OECs’ align-
ment (Figure S4A, Supporting Information). The Oi represents
the cosine value of the long axis of OECs and the external MF

using the CCK-8 assay (n = 3, ***p < 0.001 for comparison with OECs without treatment). H)Representative SEM images of normal control OECs (H1)
and OECs magnetofected with 0.5 μg mL−1 SPIONs for 24 h (H2). (H3) High magnification of the boxed area in (H2), The red arrows point to SPION
agglomerates on the cell membrane. I) Representative TEM images of normal control OECs (I1) and OECs magnetofected with 0.5 μg mL−1 SPIONs
for 24 h (I2). (I3) High magnification of the boxed area in (I2). The red arrows point to SPIONs in the cytoplasm; most retained SPIONs are dispersed
as single particles. J) Overall distribution of miR-26a@SPIONs complex sizes. K) Zeta potential of the miR-26a@SPIONscomplex. L) Time-series live
imaging of OECs transfected with lentivirusmCherry in CONT and SPIONs-OECs group under the MF. M) At 72 h after magnetofection, miR-26a levels
in each group (normalized to normal control OECs) (n = 7, ***p < 0.001 for comparison with OECs without treatment). N) Representative in situ
hybridization results of miR-26a in OECs of different treatment groups. All statistical data were analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test and represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 2. miR-26a@SPIONs-OECs enhance the axonal growth of DRG neurons. A) Schematic diagram of OECs co-cultured with DRG neurons. B)
Axonal elongation of DRGs which co-cultured with OECs in different treatment groups after 2 days. Representative images of DRG neurons were stained
for 𝛽-III-tubulin (green). C) In situ hybridization of miR-26a in DRG with co-cultures of OECs from different treatment groups. D,E) Axonal lengths
were quantified and plotted for each treatment of five independent experiments (n = 5, ***p < 0.001 for comparison with OECs without treatment). F)
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direction’s angle 𝜃. If 0 < 𝜃 < 1, Oi = 1, indicating the migration
direction of OECs aligns with the external MF direction. In this
study, the miR-26a@SPIONs-OECs showed an orientation along
the MF direction, with an Oi of 0.97 ± 0.05, in marked contrast to
the other groups (Figure S4B–H, Supporting Information). Ad-
ditionally, the MF led to an increase in the migration distance of
SPIONs-OECs, a significant improvement compared to SPIONs-
OECs without MF and OECs with MF (Figure S4I, Supporting In-
formation). This evidence suggests that the MF can enhance the
in vitro migration and alignment of miR-26a@SPIONs-OECs.

We further investigated how the alignment of miR-
26a@SPIONs-OECs impacted the orientation of neurite
growth in purified DRG neurons (Figure 4A). In OECs with-
out significant alignment (including OECs with SPIONs or
miR-26a@SPIONs and OECs with an MF), neurites of neurons
displayed a network-like pattern. However, in well-aligned OECs
(miR-26a@SPIONs+MF), the neurites followed the direction of
OECs alignment (Figure 4B,C). This evidence hints that OEC
alignment could guide the orientation of neurites in neurons.
Moreover, the DRG neurites’ density was significantly higher in
miR-26a@SPIONs-OECs, whether or not an MF was present
(Figure 4B,D), further emphasizing miR-26a’s positive influence
on neurite growth.

Finally, we validated the beneficial effects of miR-
26a@SPIONs-OECs on neurite alignment and growth in
DRG explants (Figure 4E). Similarly, to the purified neuron
system, the neurites followed the same direction as the OECs
alignment in the miR-26a@SPION-OECs+MF group. This
result contrasts with the random pattern of neurite growth in
OECs without significant alignment (Figure 4F,G). Furthermore,
treatment of OECs with either miR-26a or MF led to a significant
increase in neurite length (Figure 4F,H), reinforcing the positive
influence of miR-26a@SPIONs-OECs on neurite growth and
alignment in neurons.

2.5. miR-26a@SPIONs-OECs Promote Directed Migration on
Astrocyte Monolayers

Following SCI, astrocytes become activated, proliferating to form
glial scars that surround implanted cells and create a physical bar-
rier impeding neural cell growth, resulting in axon regeneration
failure. Hence, we explored the impact of miR-26a@SPIONs-
OECs on astrocytes (Figure 5A). We first isolated astrocytes from
neonatal mice (Figure S5A–C, Supporting Information) and co-
cultured them with miR-26a@SPIONs-OECs in Transwell Petri
dishes. In situ hybridization revealed an abundance of miR-
26a expression in astrocytes co-cultured with miR-26a@SPIONs-
OECs (Figure 5B). Notably, MF application further augmented

miR-26a levels in astrocytes (Figure 5C). Concurrent studies
showed that Gfap mRNA and protein levels decreased in corre-
lation with the rise in miR-26a levels in astrocytes (Figure 5D,E).
As GFAP protein is a specific marker for activated astrocytes, it
is plausible that OEC-derived EVs transfer miR-26a to astrocytes,
inhibiting astrocyte activation and thereby reducing scar produc-
tion. This action potentially creates a regeneration-friendly envi-
ronment for injured axons.

Next, we examined how MF influenced the migration and ori-
entation of miR-26a@SPIONs-OECs on an astrocyte monolayer
(Figure 6A). In the CONT group, CONT+MF group and SPI-
ONs@OECs group, migration was unaffected on astrocytes. Af-
ter magnetofection with miR-26a, a significant increase was seen
in the migration distance of miR-26a@SPIONs-OECs, but with-
out a directed orientation in the absence of an MF (Figure 6B–
D). However, in the presence of an MF, the migration distance
of miR-26a@SPIONs-OECs further increased on the astrocyte
monolayer. Interestingly, the miR-26a@SPIONs-OECs followed
the direction of the MF, a sharp contrast to the random distri-
bution seen in OECs without an MF. Collectively, these findings
suggest that an MF enhances the migration and orientation of
miR-26a@SPIONs-OECs on an astrocyte monolayer, potentially
guiding neurite growth following SCI.

We executed a confrontation assay to determine whether miR-
26a@SPIONs-OECs could migrate across the astrocyte bound-
ary and infiltrate the astrocyte domain under MF application
(Figure 6E). Visible cell boundaries existed between the astrocytes
and OECs in most groups. However, with the application of an
MF, miR-26a@SPIONs-OECs successfully crossed the astrocyte-
formed boundary. Guided by the MF, the miR-26a@SPIONs-
OECs migrated in the direction of the MF axis and amalgamated
with astrocytes. The highest area and number of OECs cross-
ing the boundary and migrating into the astrocyte regions were
seen in the miR-26a@SPIONs-OECs+MF group, followed by the
SPIONs-OECs+MF and miR-26a@SPIONs-OECs groups; the
least were seen in the remaining groups (Figure 6F–H). These re-
sults illustrate that OECs functionalized by SPIONs and miR-26a
can interact with central glial cells, demonstrating an enhanced
ability to integrate with astrocytes under the influence of an MF.

2.6. miR-26a@SPIONs-OECs Improved Nerve Regeneration and
Functional Restoration after SCI In Vivo

We assessed the therapeutic potential of miR-26a@SPIONs-
OECs in a rat model of spinal cord hemisection with a lesion gap
of 2 ± 0.2 mm (Figure 7A). In the lesion site, we implanted 5
× 105 miR-26a@SPIONs-OECs using Hyaluronic acid Hydrogel
and then exposed them to an MF (1.4T, 2 h day−1 for 8 weeks)

Quantifications of the total number of miR-26a-positive DRG neurons in different treatment groups (n = 3, *p < 0.05 and ***p < 0.001 for comparison
with OECs without treatment). G) TEM analysis of isolated EVs. H)Western blot analysis of miR-26a@SPIONs-OECs-EVs confirmed the presence of EV
marker proteins of ALIX, CD9, TSG101, and the absence of non-exosomal protein (calnexin), proteins were quantified by BCA protein assay and 2 μg of
OECs lysate or 2 μg of OECs-EVs were loaded in each lane. I) The miR-26a@SPIONs-OECs-EVs were labeled with PKH26 (red), and DRG neurons were
immunofluorescent stained, for Phalloidin (green) with DAPI nuclear counterstaining (blue). J) The overall distribution of EVmiR-26a@SPIONs-OECs and
EVmiR-26a@SPIONs-OECs+MF. Size K) and quantification L) analyses of EVmiR-26a@SPIONs-OECs and EVmiR-26a@SPIONs-OECs+MF by NTA (n = 3, ***p < 0.001 for
comparison with EVmiR-26a@SPIONs-OEC). M) Detection of miR-26a content in EVs by qPCR (n = 3, *p < 0.05 for comparison with EVmiR-26a@SPIONs-OEC).
D–F) were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and (K-M) were analyzed by Student’s t-test. All statistical data were
represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 3. Characteristics of miR-26a@SPIONs-OECs-EVs and their internalization by DRG neurons. A) GO enrichment analysis of miR-26a. B) KEGG
enrichment analysis of miR-26a. C) Pten, D) p-Pi3k, E) Gsk3b, and F) Smad1 mRNA expression in different treatment DRGs after 2 days (n = 3, *p <

0.05, **p < 0.01 and ***p < 0.001 for comparison with OECs without treatment). G) Detection of GAPDH, PTEN, P-PI3K, GSK-3𝛽, SMAD1 protein level
in CONT, SPIONs, miR-26a@SPIONs and miR-26a@SPIONs+MF by Western blotting. H) PTEN, I) P-PI3K, J) GSK-3𝛽, and K) SMAD1 protein level in
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(Figure 7B). We divided the animals into six groups: 1) The
sham group, operated mice without SCI; 2) The CONT group,
untreated SCI rats; 3) The SPIONs-OECs group, the SCI rats
treated with SPIONs-OECs; 4) The SPIONs-OECs+MF group,
the SCI rats treated with both SPIONs-OECs and MF; 5) The
miR-26a@SPIONs-OECs group, the SCI rats treated with miR-
26a@SPIONs-OECs; and 6) The miR-26a@SPIONs-OECs+MF
group, the SCI rats treated with both miR-26a@SPIONs-OECs
and MF.

To gain a better understanding of the structural restoration
across each group, we stained sagittal sections of the injured
spinal cord with GFAP (to visualize activated astrocytes) and neu-
romodulin GAP43 proteins (indicating newly regenerated nerve
fibers) (Figure 7C). The CONT group displayed a high density of
GFAP-positive astrocytes at the lesion edge 56 days post-surgery,
signifying a glial scar around the lesion site. In contrast, miR-
26a@SPIONs-OECs effectively limited the overactivity and ac-
cumulation of astrocytes during secondary injury and instigated
an extensive redistribution of long nerve fibers. The density ra-
tio of GAP43 to GFAP at the lesion edge was reversed by miR-
26a@SPIONs-OECs (Figure 7D,E). The use of MF treatment
further augmented the beneficial effects of miR-26a@SPIONs-
OECs in SCI, demonstrated by a reduced area of focal damage
and a higher GAP43 to GFAP fluorescence ratio. These findings
suggest that by promoting the regeneration of new nerve bundles
and inhibiting glial scar formation, miR-26a@SPIONs-OECs en-
hances histological restoration after SCI.

We performed behavioral analysis to evaluate motor function
recovery post-SCI in each group. The CONT group rats exhibited
near-complete paralysis, with a Basso-Beattie-Bresnahan (BBB)
score of 1.75 ± 0.66 on day 56 post-surgery (Figure 8A). Com-
pared with the sham group (20.73 ± 0.8), we observed a partial
motor function improvement in the SPIONs-OECs (1.96 ± 1.33),
SPIONs-OECs+MF (2.56 ± 1.79), and miR-26a@SPIONs-OECs
(3.18 ± 2.11) groups. However, the miR-26a@SPIONs-OECs
+MF group achieved a significantly higher BBB score of 3.91
± 2.72, suggesting that miR-26a@SPIONs-OECs under MF en-
hances motor function recovery in the SCI model. Motor-evoked
potentials electrical stimulation further confirmed the beneficial
impact of the pro-regeneration system on motor functional re-
covery post-SCI (Figure 8D). The miR-26a@SPIONs-OECs+MF
group animals displayed the shortest response latency (1.73 ±
0.56 ms) and the highest amplitude (9.52 ± 1.59 mV) clos-
est to the sham group, as compared to the remaining groups
(Figure 8E,F).

Sensory perturbations are frequent and debilitating complica-
tions of SCI. Therefore, we evaluated changes in evoked pain
using the von Frey filament test (Figure 8B) and hot plate test
(Figure 8C). At 28 days post-surgery, we observed no substantial
difference in mechanical sensitivity between the CONT, SPIONs-
OECs, and SPIONs-OECs+MF groups (P > 0.05). However, the
miR-26a@SPIONs-OECs+MF group (8.66 ± 1.45 g) had a signif-
icantly lower paw withdrawal threshold (P < 0.001), even com-
pared with the sham group (2.97 ± 0.64 g), the disparity re-
mains. At 56 days post-operation, the paw withdrawal thresh-

old significantly decreased in all treatment groups compared
to the CONT group, with the lowest in the miR-26a@SPIONs-
OECs+MF group (3.88 ± 0.86 g). For the hot plate test, all groups
showed a significant decrease in paw retraction latency compared
to the CONT group (19.97 ± 2.15 s) at 28- and 56 days post-
operation. Notably, the shortest reaction latency to the hot plate
was seen in the miR-26a@SPIONs-OECs+MF group (7.15 ±
1.18 s). These results demonstrate that miR-26a@SPIONs-OECs
effectively restore sensory disorders post-SCI by increasing sen-
sitivity to both mechanical and thermal stimuli.

To bear out the OEC’s response to the magnetic stimula-
tion in vivo, we further collected EVs from the local injury site.
It was found that production of EVs collected from the miR-
26a@SPIONs-OECs+MF group was 1.72-fold higher than that
of the miR-26a@SPIONs-OECs group (Figure 8G–I), indicating
that mechanical force plays a vital role in promoting EVs secre-
tion in vivo. In addition, we found that miR-26a levels in EVs from
the miR-26a@SPIONs-OECs+MF group were 2.25-fold higher
than the miR-26a@SPIONs-OECs group (Figure 8J), which fur-
ther confirmed that the in vivo miR-26a@SPIONs-OECs could
react to MF by increasing EVs production.

3. Discussion

SCI is a debilitating condition that lacks effective treatment op-
tions due to the limited regenerative capacity of adult CNS neu-
rons and the hostile injury environment.[16] Consequently, ax-
onal growth and functional recovery after SCI are significantly
compromised.[17] Although numerous strategies have targeted
extrinsic axonal regeneration mechanisms such as extracellu-
lar inhibitory molecule removal, neurotrophic factor delivery,
and permissive substrate grafting, substantial functional recov-
ery and robust regeneration of injured axons have remained
elusive.[18] This study introduces a pro-regenerative system de-
signed to provide external bioactive cues to encourage linear ax-
onal growth, moderate local astrocyte activation, and ultimately
improve both morphological and functional recovery following
SCI.

OECs are specialized glial cells located in the olfactory system,
that guide axonal growth from the periphery to the central ner-
vous system.[19] The ongoing adult neurogenesis in the olfactory
bulb underscores the potential of OECs for CNS repair.[20] How-
ever, OECs and SCs belong to the same family of glial cells, and
they express many same phenotypic markers, like p75NTR, GFAP,
and S100.[21] Even though, there are still scientific methods to
differentiate them. Previous studies have provided direct in vitro
and in vivo evidence demonstrating that p75NTR-positive OECs
express SMA, whereas p75NTR-positive SCs do not.[22] This makes
it possible to differentiate SCs and OECs through their discrep-
ancy in expressing biomarkers. Evidence suggests that OECs
can enhance neurite outgrowth, promote remyelination, provide
guidance cues, and modulate local immunity.[23] Moreover, OECs
can be easily harvested from the nasal mucosa, enabling poten-
tial autologous transplantation. A recent clinical trial reported
sensorimotor improvements after autologous mucosal OEC

different treatment DRGs after 2 days of (G) (n = 3, **p < 0.01 and ***p < 0.001 for comparison with OECs without treatment). All statistical data were
analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 4. Directional growth of DRG in co-culture with OECs. A)Schematic diagram of the growth of DRG neurons in neurons on the OECs layer; B)
Immunofluorescence staining of the directed growth of DRG neurons in different treatment groups; OECs specifically expresses p75NTR (red), and
DRG neuron specifically expresses 𝛽-III-tubulin (green); C) DRGs migration orientation index. The box plot showed the median, interquartile ranges,
maximum, and minimum (n = 9, **p < 0.01 for comparison with OECs without treatment). D) The average DRG area ratio (n = 9, *p < 0.05 and ***p
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transplantation in patients with AIS grade A injury.[23] However,
a significant issue is the poor integration of transplanted OECs
into the astrocyte-rich CNS due to their limited motility within
the CNS environment.[24] This inadequate integration impedes
axonal guidance by the transplanted OECs and, paradoxically,
may trigger increased astrocyte activation at the injury site.[25]

In the context of successful CNS regeneration, transplanted
OECs must cross the OEC-astrocyte boundary and form an
aligned structure that guides regenerating axons to their target.
Over the past few decades, several strategies, such as the use of
aligned-structure biomaterials,[4a] chemotactic induction,[26] and
physical cues[27] have been proposed to enhance local cell orien-
tation. Despite these efforts, orienting cell migration and align-
ment in the CNS remains a significant challenge due to the for-
mation of OEC-astrocyte borders. This study employed SPIONs
as mechanical cues, guiding OEC migration and alignment un-
der an MF. With proper concentration, SPIONs can efficiently
endow cells with targeting abilities stemming from their remark-
able properties (magnetic property[28] and low toxicity) and selec-
tively deliver cells toward targeted locations under an MF.[29] Re-
cent research indicated that SPIONs were incorporated by neu-

rons and a tensile force stimulated neurite initiation and axon
elongation in the desired direction,[30] indicating that SPIONs
are capable of responding to the magnetic field, and their actions
have been widely utilized due to their high tissue-penetrative, bio-
compatible, and spatiotemporally controllable characteristics. In
the present study, the SPIONs-guided OECs were observed to
orient and migrate along the MF direction, forming a regener-
ative track resembling Büngner bands and offering potential for
guiding the growth and alignment of regenerating axons in neu-
rons. Nevertheless, as SPIONs have been reported to induce neu-
ronal degeneration in a dose-dependent manner, careful consid-
eration must be given to SPIONs administration targeting neu-
ronal cells.

EVs are crucial for intercellular communication as they exhibit
conserved and bioactive properties. In recent years, their role in
regenerative medicine has gained momentum.[31] However, the
yield of EVs is limited by the poor secretion abilities of donor
cells, the complexity and expenses for large-scale cell cultur-
ing, and the time-consuming, low-efficiency procedures for EV
production.[32] In this study, SPIONs were used as a mechanical
force generator to direct the movement of OECs under MF. Due

< 0.001 for comparison with OECs without treatment). E) DRG explants on the OECs layer growth diagram; F)Immunofluorescence staining of DRG
explants growth in different treatment groups, specific expression of p75NTR by OECs (red), 𝛽-III-tubulin specific expression by DRG neurons (green),
and the nucleus is stained with DAPI (blue); G) Statistical maps of DRG explants orientation in different treatment groups; H) Statistical diagram of the
average length of the longest 5 axons of DRG explants in different treatment groups (n = 4, **p < 0.01 and ***p < 0.001 for comparison with OECs
without treatment). All statistical data were analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and represented as mean ± SD,
CONT = the control group, ns = no significance.

Figure 5. Effect of different treatment groups of OECs on astrocytes. A) Schematic diagram of astrocytes co-cultured with OECs. B) Graph of the results
of in situ hybridization experiments with different groups of astrocytes. C) Statistics of miR-26a-positive cells in astrocytes of different treatment groups
of Figure B (n = 3, *p < 0.05 for comparison with miR-26a@SPIONs-OECs. Data were analyzed by Student’s t-test). D) Gfap mRNA expression in
different treatment astrocytes after 2 days (n = 3, ***p < 0.001 for comparison with OECs without treatment. Data were analyzed by one-way ANOVA
with Dunnett’s multiple comparisons test). (E) Detection of GFAP protein level in CONT, NC@SPIONs, miR-26a@SPIONs, and miR-26a@SPIONs+MF
by Western blotting. All statistical data were represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 6. Effect of different treatment groups of OECs on migration and orientation of astrocytes. A) Schematic diagram of OEC migration on an astrocyte
monolayer in the inverted coverslip migration assay. B) Immunocytochemical image of OEC growth on the astrocyte layer. OECs were labeled with SMA
(green) and DAPI (blue), while astrocytes were labeled with the nucleus staining solution DAPI (blue) only. White arrows indicate the direction of the
applied MF. The yellow line is the starting point of cell migration, and the white line is the end point of cell migration. C) Average maximum distances of
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to the fundamental mechanosensing pathway inherent in cell-
cell and cell-environment communication, cells generally exhibit
sensitivity to mechanical load possibly affecting EV secretion.[33]

To date, several studies in vitro have revealed that mechanical
shear stress and turbulence, stretch, and compression could pro-
mote EV production.[34] Guo et al. revealed the increased EV yield
by a low shear was mediated by yes-associated protein (YAP),
and the addition of a YAP inhibitor significantly decreased EV
secretion.[34a] Patel et al. utilized a 3D-printed scaffold-perfusion
bioreactor system to increase EV production from endothelial
cells.[35] Moreover, our previous study has confirmed that the
secretion and composition of EVs are sensitive to mechanical
cues.[36] In agreement with previous studies, our results verified
that the secretion of EVs from SPIONs-OECs was markedly en-
hanced when exposed to an MF, thereby augmenting the trans-
fer efficiency of exogenous miR-26a from OECs to neurons. To
examine the effect of SPIONs on EV biology, we obtained EVs
from OECs loaded with SPIONs (without MF). We found that
SPIONs alone were not sufficient to affect the yield and morphol-
ogy of OECs-EVs. In addition, the miR26a level was not altered
in OECs-EVs loaded with SPIONs vector, indicating that SPIONs
alone had a negligible effect on EVs physiology. However, apply-
ing MF significantly boosted EV production from SPIONs-OECs,
which suggested that mechanical cues have a more profound ef-
fect on the secretion of EVs from OECs. Despite the above find-
ings, more studies were needed to uncover the mechanism un-
derlying the mechanical cues-mediated EV production.

In our experiment, the synergistic interaction of intracellular
SPIONs and MF exerted an effect on OECs, triggering enhanced
migration and EV secretion.[34a,37] The total force exerted on a sin-
gle OEC was calculated using the following physical equations:

F = (m ⋅ ∇) B (1)

This expression defines the magnetic force (F) acting on the
SPIONs with a magnetic moment (m), where B represents the
magnetic flux density of the applied MF and m = VpMp is the
magnetic dipole moment. Here, Vp and Mp denote the volume
of the magnetic nanoparticles (diameter = 76.7 nm) and the par-
ticle magnetization per unit volume, respectively. The mass of
SPIONs ingested by OECs was found to be 0.31 ± 0.3 pg at T
= 23.17 °C, corresponding to several SPIONs per cell or 7.9 ×
10ˆ5 SPIONs.[30,38] Consequently, a single OEC is subjected to a
force (Fcell), proportional to the number of magnetic particles en-
trapped within OECs:

Fcell = nSPIONs∕cell ⋅ F (2)

This mechanical load on OECs was shown to be capable of
manipulating the SPIONs-OECs, including directing migration
and alignment and enhancing EV production.

EVs’ biological effects stem from the horizontal transfer of ac-
tive cargo molecules from their producing cell.[39] Neonatal um-
bilical cord mesenchymal stem cells-derived EVs have demon-
strated potential in rejuvenating aged bone marrow-derived mes-
enchymal stem cells and mitigating age-related degeneration via
the transfer of PCNA mRNA transcripts.[40] Our study found
that miR-26a@SPIONs-OECs effectively delivered miR-26a to co-
cultured neurons via OEC-EVs under MF exposure, significantly
enhancing their intrinsic axon growth ability.

Further, several studies have revealed the influence of miR-26a
on neural progenitor differentiation cell-cycle progression and
neurite outgrowth.[41] In our study, we found that the positive
effect of miR-26a-enriched OEC-EVs on axonal growth mainly
resulted from the suppression of the PTEN and GSK-3𝛽 sig-
naling pathways in neurons. Intriguingly, we also found that
miR-26a was capable of inhibiting astrocyte activation, which
holds values for reducing glia scar formation to minimize the
physical barrier that impedes neural cell growth. Nevertheless,
the mechanism underlying the miR-26a-mediated effect on as-
trocytes was not explored, which is a limitation of the present
study. MiR-26a may target the key molecules for astrocyte acti-
vation, such as CEBPD (CCAAT/enhancer binding protein) and
GALNT15UDP-N-acetyl-alpha-D-galactosamine: polypeptide N-
acetylglucosaminyltransferase 15), both of which have potential
binding sites for miR-26a in astrocytes. Therefore, further stud-
ies were needed to fully uncover the mystery of miR-26a in astro-
cytes.

It has been recognized that mechanical cues resulting from
both intracellularly generated and externally applied forces have
broad effects on cellular function.[42] The pro-regenerative strat-
egy employed in this study is not limited to OECs but may extend
to various types of cells used in clinical settings, including mes-
enchymal cells derived from bone marrow and umbilical cord
stem cells. Stem cells and their local microenvironment niches
communicate through mechanical cues to regulate cell fate and
behavior and to guide biological processes,[42] indicating that the
present mechanical stimulation system holds the potential to
modulate the biological functions of various stem cells. In addi-
tion, stem cells have a wider range of applications in the context of
regenerative medicine, making the current system more attrac-
tive in promoting tissue regeneration. Furthermore, this method
shows promise for drug delivery for treating diseases of other
systems such as cardiovascular and locomotor disorders. While
miR-26a was chosen in this study as an exogenous bioactive cue

migration from the edge of the inverted fragments (n = 4, **p < 0.01 and ***p < 0.001 for comparison with OECs without treatment; ##p < 0.01 and
###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF). D) OEC migration orientation index. The box plot showed the median, interquartile
ranges, maximum, and minimum (n = 4, *p < 0.05 and ***p < 0.001 for comparison with OECs without treatment, #p < 0.05, ##p < 0.01, and ###p
< 0.001 for comparison with miR-26a@SPIONs-OECs+MF). E) Schematic diagram of the OEC–astrocyte confrontation assay. Magnetofected OECs
and astrocytes were plated in parallel strips; both were allowed to grow and migrate for 48 h under an applied MF. F) Immunocytochemistry images
of the OEC–astrocyte confrontation assay. OECs were labeled with SMA (green); while astrocytes were labeled with GFAP (red). Arrows indicated the
direction of the MF. The white line is midway between the two types of cells. G) The mean area of OECs that crossed the boundary and migrated into the
astrocyte domain (n = 3, ***p < 0.001 for comparison with OECs without treatment, ###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF).
H) Quantification of OECs that crossed the boundary and migrated into the astrocyte domain (n = 3, ***p < 0.001 for comparison with OECs without
treatment, ###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF). All statistical data were analyzed by one-way ANOVA with Dunnett’s
multiple comparisons test and represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 7. Establishment and treatment of hemisection modeling of spinal cord injury. A) The T9 spinous process and lamina were dissected with a bone
biter to expose the spinal cord. Use microsurgical scissors to the transaction from the right half of the spinal cord to the median venous margin. B)
Schematic illustration of the therapeutic experiment. C) Immunofluorescence double staining of GAP43 (red) and GFAP (green) proteins in different
groups at week 8. D,E) Statistical analysis of the fluorescence intensity of GAP43 and GFAP (n = 6, *p < 0.05, **p < 0.01 and ***p < 0.001 for comparison
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to boost the regenerative capacity of injured neurons, additional
bioactive cues that synergistically regulate inflammation in early
stages and promote nerve growth in subsequent stages are yet to
be explored. Moreover, disease-specific requirements will neces-
sitate further clarification of the optimal SPIONs concentration
and MF intensity.

4. Conclusion

In summary, we developed a potentially effective in vivo pro-
regenerative system for treating SCI, which can concurrently en-
hance the diminished intrinsic regenerative ability of neurons
and provide a beneficial axon guidance environment. An exoge-
nous MF can stimulate miR-26a@SPIONs-OECs to deliver miR-
26a to damaged neurons via EVs shuttle from OECs to axons.
This system can enhance axonal growth in CNS neurons via the
miR-26a/PTEN-GSK-3𝛽 axis. Additionally, the use of SPIONs as
cellular force generators in an MF led to the oriented migration
of OECs and increased secretion of miR-26a-EVs. The aligned
OECs provided a regenerative “track” for axons. Their secreted
EVs further bolstered the regenerative ability of injured neurons
and alleviated astrocyte activation at the injury site.

5. Experimental Section
Characterization of PEI-SPIONs: The morphology, distribution, and av-

erage size of PEI-SPIONs were examined using an atomic mechanical mi-
croscope and TEM (H-600; Hitachi, Tokyo, Japan). Using a zeta poten-
tial/nanometer particle size analyzer (DelsaNano; Beckman Coulter, Brea,
CA, USA), the zeta potential and size distribution of the PEI-SPIONs were
calculated at 20–25 °C.

Cell Counting Kit 8 (CCK-8) Assays: According to the manufacturer’s in-
structions, the CCK-8 test (Dojindo, Kumamoto, Japan) was used to evalu-
ate the viability and cytotoxicity of the cells.[43] In 96-well plates, OEC was
magnetofected with PEI-SPIONs at various doses (0, 0.5, and 1 g mL−1).
The OECs were washed three times with sterile PBS (HyClone) after being
incubated for 24 or 72 h. Then, 100 L of new media containing 10 L of the
CCK-8 reagent was added to each well, and it was incubated for 4 h at 37 °C
in an environment that was humidified with 5% carbon dioxide. Utilizing
a microplate reader (Synergy H1, BioTek, Vermont, USA), the absorbance
was determined at 450 nm.

LIVE/DEAD Assay: A LIVE/DEAD Cell Imaging Kit (Thermo Fisher
Scientific Inc., Wyman Street, Waltham, MA, USA) was used to conduct
LIVE/DEAD assays on a 24-well plate in accordance with the manufac-
turer’s instructions.[44] Green and red hues made live and dead cells evi-
dent. Briefly, OECs were magnetofected with PEI-SPIONs at varied concen-
trations (0, 0.5, and 1 g mL−1). The cells were given three PBS (HyClone)
washes after being incubated for 24 or 72 h, and then the staining solution
was added. After 15 min of incubation at 37 °C, the number of living and
dead cells was counted to determine the cell viability. Counting cells that
were alive (green) or dead (red) was done using the Image Pro Plus pro-
gram from Media Cybernetics in Bethesda, Michigan, in the United States.

Magnetofection of OECs: The PEI-SPIONs and miR-26a plasmids were
mixed vigorously after the addition of 1 liter of the PEI-SPIONs solu-
tion (0.5 g L−1) to 200 liters of the diluted plasmid solution. The miR-
26a@SPIONs complexes were created by mixing microRNA with mag-
netic nanoparticles and preparing them at room temperature for 30 min.
In a 6-well plate filled with DMEM/F12 (HyClone) containing 15% FBS,

primary OECs were cultivated until they were 70%–80% confluent. Be-
fore transfection, cells were washed twice with sterile PBS (HyClone)
or DMEM/F12 (HyClone) without serum. The media was then changed
with 1.8 mL of brand-new medium free of serum per well. The pre-
pared miR-26a@SPIONs complex or NC@SPIONs complex solution was
then applied to each well of the 6-well cell culture plate in a volume of
200 L. After mixing, the 6-well cell culture plate was put on top of a 1.4
T-strong, commercial magnetic neodymium–iron–boron multiwell plate
(MagnetoFACTOR-96 plate; Chemical) for 4 h of incubation at 37 °C in a
5% carbon dioxide environment. The MagnetoFACTOR-96 plates’ unique
design and alternating north and south polarity guarantee that the MF
strength in each well is constant and equal. The magnetofected OECs with
miR-26a@SPIONs or NC@SPIONs complexes were then grown for fur-
ther usage after the medium was replenished with new serum containing
15% FBS.

Electron Microscopic Analysis of OECs after Magnetofection with PEI-
SPIONs: To examine the morphology of primary OECs following mag-
netofection, they were plated on a slide covered with Hyaluronic
acid Hydrogel (Sigma–Aldrich) and magnetofected with PEI-SPIONs
(0.5 g mL−1). Following magnetofection, the cells were washed with ster-
ile PBS (HyClone) at 6 h to eliminate any dead or detached cells, and
then serially fixed and dehydrated with ethanol solution. The cells were
then vacuum-dried at room temperature, gold-sputtered onto them, and
the samples were examined using a scanning electron microscope (S-
3400N; Hitachi). To check for the presence of PEI-SPIONs in OECs, pri-
mary OECs were sown in three wells of the 6-well plate and treated with
PEI-SPIONs (2 g mL−1). The cells were treated in accordance with the
industry-standard TEM imaging (H-600; Hitachi) methodology after being
grown for 24 h.

Gene Expression Analysis Through Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR): Following the manufacturer’s instructions,
total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) from OECs magnetofected with PEI-SPIONs at various safety
concentrations (1 and 2 g mL−1) after 72 h. Total RNA was then extracted
and adjusted to the number of cells. To determine the expression of miR-
26a, cDNA was created using a miRCURY LNA RT Kit from Qiagen (Ger-
many), and qRT-PCR was carried out using a miRCURY LNA SYBR Green
PCR Kit.

Western Blotting Analysis: Western blotting was performed as
previously described.[31a] OECs or OECs magnetofected with miR-
26a@SPIONs or NC@SPIONs were seeded in 6-well plates at 72 h,
washed twice with PBS (HyClone), and lysed with radioimmunopre-
cipitation assay buffer, which contains 1 mM phenylmethanesulfonyl
fluoride. By scraping the plates, the lysates were removed, and they
were then centrifuged at 10 000 g for 5 min at 4 °C. The bicinchoninic
acid (Beyotime Institute of Biotechnology, Shanghai, China) test was
used to calculate the total protein concentration. In a nutshell, 30 L of
total proteins were electrophoresed individually in 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis acid gel and then transferred
at 0.8 mA cm−2 for 2 h onto a polyvinylidene difluoride membrane.
After blocking with a blocking solution (5% skim milk in Tris-buffered
solution plus Tween-20: 50 mM Tris-hydrochloride, 150 mM NaCl, pH =
7.5, 0.1% volume/volume Tween 20) at room temperature for 2 h, the
membranes were incubated at 4 °C overnight with mouse anti-PTEN anti-
body at 1:1000 (Novus Biologicals, CO, USA) and rabbit anti-𝛽-III-tubulin
monoclonal antibody at 1:3000 (Cat. 2128; CST, Boston, MA, USA). The
membranes were treated with a secondary antibody that was horseradish
peroxidase-conjugated after being washed twice in Tris-buffered solution
+ Tween-20 for 10 min. Then, PBS (HyClone) was used three times for
5 min of washing. The membranes were evaluated using the GE AI600
equipment (General Electric Company, Boston, MA, USA) and ClarityTM
Western ECL Substrate (BIO-RAD, CA, USA) to look for immunoreactive
proteins. GAPDH was used as an internal control.

with OECs without treatment; #p < 0.05, ##p < 0.01 and ###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF). All statistical data were
analyzed by one-way ANOVA with Dunnett’s multiple comparisons test and represented as mean ± SD, CONT = the control group, ns = no significance.
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Figure 8. Motor functional recovery of SCI rats after treatment with the miR-26a@SPIONs-OECs under MF. A) Basso, Beattie & Bresnahan locomo-
tor rating scale of hindlimbs of mice from different groups during the 8-week treatment periods (n = 5, *p < 0.05 and ***p < 0.001 for compar-
ison with OECs without treatment). B) The paw withdrawal threshold of CONT, Sham, SPIONs-OECs, SPIONs-OECs+MF, miR-26a@SPIONs and
miR-26a@SPIONs+MF (n = 6, *p < 0.05 and ***p < 0.001 for comparison with OECs without treatment; ###p < 0.001 for comparison with miR-
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DRG Neurons Co-Culture with OECs in Separate: The Transwell system
to achieve a separate culture of two kinds of cells to elucidate the influence
of miR-26a@SPIONs-OECs on the neurite outgrowth of DRG neurons was
utilized. Briefly, DRG neurons were isolated and inoculated on 6-well plates
that had been pre-coated to allow cell adherence. The OECs were treated in
different ways and inoculated in the upper chamber of the Transwell Petri
dish(8.0 μm) arranged in the 6-well plate. The Transwell system was then
placed in an incubator at 37 °C with 5% CO2 for 48 h.

In Situ Hybridization: The OECs were magnetically transfected with
SPIONs and miR-26a after being infected in a 6-well plate and covered in
advance with square crawling slides. After 24 h of aspiration, the medium
was fixed with 4% paraformaldehyde; the miR-26a probe was then sealed
with sealing film and placed on a floating plate centrifuge tube rack; it was
then warmed in a constant temperature water bath at 75 °C for 5 min; ice
was then made; and the centrifuge tube was transported to a refrigerator
at 0 °C for 5–10 min to promote denaturation of double-stranded DNA
probes.[31b] The prepared slide specimens were baked in an incubator at
55 °C for two to 3 h, and then submerged for two to 3 min in a modified
solution of formamide/2 at 70 °C or 75 °C with a volume fraction of
≈70%. The specimens were then sequentially dehydrated for 5 min using
70% ice ethanol, 90% ice ethanol body, and 100% ice ethanol. Finally, they
were allowed to air dry. The denatured and dehydrated slide specimen was
inverted at the position of the DNA probe, the edge of the slide was glued
with nail polish, and the slide was then put in a moist box for overnight
hybridization at 37° C (≈15–17 h); The hybridized slide sample was
submerged in a mixture of 50% formamide and 2% SSC (pre The slide
specimens were cleaned three times in 50% formamide/2 SSC (heated
to 42–50 °C) for 5 min each, and then three times in 1 SSC for 5 min
each. The slides were removed from the slide specimens and allowed
to dry naturally before the re-staining solution (200 L of PI/antifade
staining solution or DAPI/antifade staining solution) was added drop-
wise. The coverslips were then placed over the slide specimens, and
the slides were then sealed with a sealing solution. To completely shut
and set the slides, nail polish was smeared around the coverslips and
used as a sealant. The miR-26a in the cells was then selectively tagged
in green, and these observations were made using a fluorescence
microscope.

Immunofluorescence Staining: DRG neurons were extracted and inoc-
ulated on a 6-well plate encapsulated in advance, and after 12 h of apposi-
tion, the upper chamber of the Transwell culture dish was placed in the 6-
well plate. The OECs were digested after 24 h of magnetic transfection with
SPIONs and inoculated in the upper chamber and incubated in an incuba-
tor at 37 °C and 5% CO2 for 48 h. The staining was performed according
to the conventional immunofluorescence staining operation steps: sterile
PBS wash, 4% paraformaldehyde was fixed for 15–20 min, and 2% Triton
was used to punch the cells for 10 min to wash them respectively. Goat
serum was closed for 1 h, the primary antibody was added overnight at
4°, and washed and secondary antibody was added, washed, and sealed
with anti-fluorescence quenching sealer containing DAPI. This was then
observed under a confocal microscope and photographed.

The DRG neurons were stained with the 𝛽-III-tubulin (1:200, Abcam)
antibody and the DRG explants were stained with 𝛽-III-tubulin (1:200, Ab-
cam) and S100 (1:500, Abcam) antibodies. The OEC was stained with SMA
(1:200, Abcam) and p75NTR (1:200, Abcam) antibodies. The astrocyte was
stained with the GFAP (1:400, Abcam) antibody.

EVs Isolation: EVs (diameter > 100 nm) were isolated and purified
by gradient centrifugation processes, as it was described previously.[45]

First, the primary OECs were cultured and purified following the previous
protocol,[46] and were seeded at a density of 1.8 × 104 cells cm−2 with a
complete medium containing 10% EVs-depleted FBS for 48 h. Cell viabil-
ity was assessed using a CCK-8 kit, and only medium from cultures with
> 90% viability and the primary OECs at the third passage (P3) were used
for EVs harvesting, which showed a high purity (> 95%). Medium of differ-
ent groups of OECs was harvested and centrifuged at 750 g for 20 min to
remove cells and subsequently centrifuged at 2000 g for 30 min to remove
cell debris and apoptotic bodies. Then, the supernatant was centrifuged
at 16 000 g for 70 min and the obtained EV pellets were resuspended with
pre-cold PBS followed by centrifugation at 16 000 g for 70 min. All the cen-
trifugation procedures were performed under 4 °C, and the final EVs pellets
were resuspended in 100.0 μL of pre-cold PBS and stored at −80 °C. Sec-
ond, NTA results showed the size of the obtained EVs within a stable range
(182.4 ± 1.70 nm), indicating they are homogeneous. The concentration
of EVs was assayed by NTA to be (3.15±0.68) × 109/flask.

The EVs were characterized by TEM (TECNAI Spirit, FEI, USA) and
Western blotting analysis. NTA (ZetaView, Particle Metrix, Germany) was
also performed to measure the concentration and size distribution of EVs.
The NTA and BCA analysis (Beyotime Biotechnology, Shanghai, China)
were performed to quantify the obtained EVs. In the Western blotting anal-
ysis to identify the EV markers, 2 μg of SCs lysate and 2 μg of SCs-EVs were
loaded in each lane.

DRG Neurons/Explants Co-Cultured with OECs: It was first magneto-
fected OECs with SPIONs or miR-26a@SPIONs. The magnet was posi-
tioned parallel to the edge of the culture plate 15 cm away after the cells
adhered. After being treated with the MF for 48 h, the miR-26a@SPIONs-
OECs and SPIONs-OECs exhibited excellent alignment. Then, the DRG
neurons and explants were seeded on the aligned OECs layer and incu-
bated at 37 °C and 5% CO2 to observe the axonal growth of DRG neurons
and explants.

Inverted Coverslip Migration Test: The inverted coverslip assay was per-
formed as previously described.[44,47] OECs that had undergone different
treatments were resuspended at a density of 2 × 106 cells mL−1, inoc-
ulated onto square slides of 24-well plates covered with matrix gel, and
then incubated for 24–36 h until OECs had adhered to the surface. They
were then cleaned with sterile PBS (HyClone) and put upside-down into
plates with glass bottoms that were lined with astrocytes for cell culture.
For two days, astrocyte density was 1 × 105 to allow for cell migration in
the DMEM/F12 complete media. For further testing, a cubic magnet with
a cubic side length of 50 mm and an MF strength of 1.4 T was positioned
parallel to the edge of the coverslip. Cells were then fixed, and immunoflu-
orescence staining was carried out. The greatest distance and quantity of
migrating OECs were measured and recorded. The distance at which the
cells left the square slide was examined. Additionally, the angle in the out-
ward MF direction and the angle between the long axis of each migrating
OEC and the marker were measured. Oi = cos(𝜃) with angles of 0, 1, and
2 (Oi = 1 when the OEC migration direction coincides with the MF di-
rection, and Oi = 0.5 or 0 when the angle between the OEC migration
direction and the MF direction is 60° or 90°) were used to define the di-
rection index, which represents the direction representing OEC migration.
The migration angle is more likely to be in the MF direction when Oi is
closer to 1.

26a@SPIONs-OECs+MF). C) The Hotplate latency of CONT, Sham, SPIONs-OECs, SPIONs-OECs+MF, miR-26a@SPIONs and miR-26a@SPIONs+MF
(n = 6, *P < 0.05 and ***P < 0.001 for comparison with OECs without treatment; ##p < 0.01 and ###p < 0.001 for comparison with miR-26a@SPIONs-
OECs+MF). D) Representative images of MEPs 28 days and 56 days post-surgery. E)The latency of MEPs (n = 6, ***p < 0.001 for comparison with
OECs without treatment; ###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF). F)The peak amplitude of MEPs (n = 6, ***p < 0.001
for comparison with OECs without treatment; ###p < 0.001 for comparison with miR-26a@SPIONs-OECs+MF). G)The overall distribution of tissue-
EVmiR-26a@SPIONs-OECs and tissue-EVmiR-26a@SPIONs-OECs+MF from the spinal cord. Size H) and quantification I) analyses of tissue-EVmiR-26a@SPIONs-OECs

and tissue-EVmiR-26a@SPIONs-OECs+MF by NTA (n = 3, ***p < 0.001 for comparison with EVmiR-26a@SPIONs-OECs). J) Detection of miR-26a content in EVs
by qPCR (n = 3, ***p < 0.001 for comparison with EVmiR-26a@SPIONs-OECs). A–C) and (E,F) were analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test and H–J) were analyzed by Student’s t-test. All statistical data were represented as mean ± SD, CONT = the control group, ns = no
significance.
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OEC and Astrocyte Confrontation Assays: The OEC and astrocyte coun-
termeasure assays were performed as previously described with some
modifications.[48] In brief, some modifications were made as previously
described. Astrocytes (density: 6 × 105 mL−1) or OECs (density: 2 ×
106 mL−1) were inoculated in parallel with each other on a confocal dish
coated with stromal gel. After 3 h of attachment, cells were washed with
sterile PBS (HyClone) and MFs were applied in parallel with OECs on
the astrocyte side. The cells were cultured using DMEM/F12 complete
medium for 7 days and migrated toward each other. Subsequently, the
cells were fixed, and immunofluorescence staining was performed. SCs
that crossed the cell border and migrated to the astrocytic region were
counted and more than six regions were randomly selected in each region.

SD Rat Spinal Cord Injury Hemisection Modeling: All animal experimen-
tal procedures were performed following the Guide for the Care and Use
of Laboratory Animals (National Institutes of Health Publication No 80-
23, revised 1996) and approved by the Animal Research Committee of
The Fourth Military Medical University, People’s Republic of China (NO.
IACUC-20230043). The animals were housed at a constant temperature
(22–24°C) and maintained in sawdust-lined plastic cages under a 12 h
light–dark cycle with free access to laboratory chow pellets and tap wa-
ter. Healthy adult male Sprague–Dawley (SD) rats, weighing 220−240 g
(provided by Laboratory Animal Center of the Fourth Military Medical
University). The rats were injected with sodium pentobarbital intraperi-
toneal anesthesia and fixed in a prone position, and the back hair was
removed with a shaver and disinfected with an iodophor.[49] The right
half of the spinal cord was transected with microsurgical scissors to the
right edge of the median spinal vein, without injuring the vein, and six
different groups were created: 1) The sham group, operated mice with-
out SCI; 2) The CONT group, the untreated SCI rats; 3) The SPIONs-
OECs group, the SCI rats treated with SPIONs-OECs; 4) The SPIONs-
OECs+MF group, the SCI rats treated with both SPIONs-OECs and MF;
5) The miR-26a@SPIONs-OECs group, the SCI rats treated with miR-
26a@SPIONs-OECs; 6) The miR-26a@SPIONs-OECs +MF group, the
SCI rats treated with both miR-26a@SPIONs-OECs and MF. It was im-
planted 5 × 105 mL−1 miR-26a@SPIONs-OECs into the lesion site using
Hyaluronic acid hydrogel, then exposed them to an MF (1.4T, 2 h day−1

for 8 weeks). Finally, the muscle and skin were sutured with sterile band
sutures and cefuroxime was injected intraperitoneally after the operation
and awakened naturally at room temperature.

BBB Score: The BBB scale was an internationally recognized index for
assessing the functional repair process of human spinal cord injury,[50]

with a total of twenty-one points, and consists of the following three
stages: i) the earliest stage was characterized by the almost complete ab-
sence of front and hind limb joint exercise; ii) the middle stage was char-
acterized by a small amount of ataxic gait; iii) the late stage was charac-
terized by the observation of fine motor processes, such as the inability
of the paws and tail to strongly support pulling and dragging walking, as
well as trunk imbalance and alternate rotation of the paws. Three or more
researchers (it was not clear what exactly happened in the experiment),
each independently completed the scoring, once a week, and statistical
analysis.

Immunofluorescence Assay: Neural paraffin sections were used to
detect nerve regeneration by immunofluorescent staining. After de-
paraffinization and rehydration, sections were subjected to antigen re-
trieval using microwave thermal repair followed by staining. Briefly, sec-
tions were blocked with 1% BSA for 30 min at 24 °C. The blocking
solution was removed and the primary antibody working solution was
added and needed to completely cover the sections. The sections were
placed in a humidified chamber overnight at 4 °C. The sections were
then washed 3 times with PBS for 3 min each. After washing with
PBS, the samples were completely covered with a secondary antibody
working solution. Incubate for 1 h at 37 °C in the dark. After incuba-
tion with DAPI working solution (10 min in the dark at room temper-
ature), wash with PBS and photographed with laser scanning confo-
cal microscopy (LSCM, NIKON). Primary antibodies Anti-GFAP (1:400,
Abcam), Anti-GAP43(1:200, Abcam), incubated with secondary antibod-
ies: indocarbocyanine-conjugated goat anti-chicken (1:500; Beijing Com

Win Biotech Co., Ltd.) or indocarbocyanine-conjugated goat anti-mouse
(1:200; Beijing Com Win Biotech Co., Ltd.)

Motor Evoked Potentials Evaluation: Using an Electromyograph and
Evoked Potential Equipment (33A07) from Dantec Dynamics, Copen-
hagen, Denmark, motor evoked potentials (MEPs) were assessed. Pento-
barbital sodium solution (30 mg k−1 g) at a concentration of 1% (w/v) was
administered intraperitoneally to anesthetize rats. The MEP was based on
the stimulation of the corticospinal tract, which emerges from the mo-
tor cortex, by a transcutaneous bipolar electrode positioned at the motor
cortex’s surface on the skull. Recording electrodes were subcutaneously
placed into the tibialis anterior muscle. A grounding electrode was subcu-
taneously implanted into the back. Applied was a single stimulus of 50 mA.

VonFrey Test and Hotplate Test: The paws of the rats were stimulated
using the Von Frey Tactile Pain Apparatus BIO-EVF3 (Bioseb, Shanghai
huanxi) and sufficient time intervals were left after each stimulation to al-
low the animals to return to the basal state, the animals were observed to
respond to different stimuli, such as lifting their feet or making sounds, to
determine their pain sensitivity, the test was repeated several times, and
record the results of each test. The hot and cold plate pain meter LE7420
(Bioseb, Shanghai huanxi) was set at 50 °C and the rats were placed on
the hot and cold plate so that their paws touched the surface of the plat-
form. The time of each response was recorded, usually using seconds as
the unit, and for thermal stimuli, the time the animal licked its paw was
usually recorded. If the animal does not respond within 30 s, this should
be recorded as 30 s.

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism 9.0 (GraphPad Software, Inc., USA). Data were shown
as mean ± SD (Standard Deviation). Data were analyzed using Student’s
t-test or one-way analysis of variance (ANOVA) followed by Dunnett’s mul-
tiple comparisons test. The values were considered significantly different
at P < 0.05.
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