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Purpose: Neuropathic pain causes great distress among patients; however, its response to
traditional analgesia techniques remains sub-optimal. There has been progress in stem cell
research for neuropathic pain treatment; however, effective homing remains problematic.
This study aimed to establish Fe;O4@polydopamine(PDA)-labeled mesenchymal stem cells
(MSCs); moreover, we aimed to guide MSCs using a magnetic field to the spinal cord
segments showing pain-related responses to allow MSC homing and gathering, in advance,
in order to fully employ their repair function.

Materials and Methods: Fe;0,@PDA-labeled MSCs were characterized using transmis-
sion electron microscopy. We analyzed the characteristics of MSCs, as well as the nanopar-
ticle effects on MSC activity, differentiation, and proliferation, using the CCK-8 method,
flow cytometry, and staining. Using rats, we performed behavioral tests of mechanical and
thermal pain hypersensitivity. Serum inflammatory markers were detected using ELISA.
Finally, changes in proteins associated with spinal cord pain were detected through quanti-
tative reverse transcription PCR, histology, and immunohistochemistry.

Results: Fe;0,@PDA did not affect the characteristics and viability of MSCs. The magnetic
field guidance improved the therapeutic effect of Fe;O4@PDA-labeled MSCs as indicated by
the paw withdrawal threshold. Fe;O4@PDA-labeled MSCs decreased spinal nerve demyeli-
nation and c-Fos expression (a pain molecule); moreover, they inhibited microglia and
astrocyte activation.

Conclusion: Fe;0,@PDA-labeled MSCs showed better homing to the spinal cord under
magnetic field guidance. Moreover, they inhibited microglial and astrocyte activation, as well
as played an early and continuous role in neuropathic pain treatment.
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Introduction

Neuropathic pain is caused by lesions or diseases of the somatosensory nervous
system. It is often expressed in the somatic form (projective pain) in the innervated
structure of the neuropathic area. Neuropathic pain may be spontaneous or induced
by sensory stimulation (hyperalgesia and allodynia)." Clinically, various diseases
can cause neuropathic pain, including painful peripheral neuropathy, post-herpetic
neuralgia, traumatic nerve injury, spinal cord injury, diabetic neuralgia, lumbar or
cervical radiculopathy, multiple sclerosis, and others.” The estimated prevalence of
neuropathic pain in the general population ranges from 6.9% to 10%.> Neuropathic
pain affects numerous aspects of daily life and is associated with poor overall
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health, poor quality of life, poor sleep, high anxiety, and
depression, which are more severe than those observed in
nociceptive pain.*> However, although drug therapy is the
main tool for effective pain control, neuropathic pain
shows a suboptimal response to traditional analgesic
techniques.®®

In the last two decades, stem cell transplantation has
been investigated as a possible treatment for neuropathic
pain.””'> Mesenchymal stem cells (MSCs) can easily grow
in vitro and have notable characteristics of immunomodu-
latory properties, non-teratogenicity, and multi-potential
with high genetic stability. Additionally, they can improve
synaptic transmission and promote neural networks.'* ¢
Initially, it was thought that stem cells could replace
damaged nerve cells and deliver nutritional factors to the
diseased site based on the stem cell potency. However,
intensive research has revealed that the utility of stem cells
in neuropathic pain is not dependent on their regenerative
effects. Rather, it is mainly associated with the two-way
interaction between stem and resident cells in the damaged
microenvironment.'” Given the reported transplantation
safety and efficacy under certain conditions, there has
been rapid development in the use of MSCs as therapeutic

agents. Mazzini et al'®

reported that intravenous MSC
administration to patients with amyotrophic lateral sclero-
sis was safe for up to 9 years; moreover, there were no
adverse events in a clinical trial of human stem cells that
included 53 participants.'”

Although MSCs can undergo high-level in vitro expan-
sion and have wide clinical applications, to facilitate suc-
cessful implantation, there remains a huge challenge in
effectively transporting MSCs to the target site. MSCs
have shown low efficiency in targeting damaged or
inflamed tissues.”® Currently, preclinical experiments on
stem cell treatment of neuropathic pain have employed
intrathecal or tail vein injections to automatically target
spinal cord cells or the corresponding injured area. After
tail vein injection, most stem cells are trapped in the
lungs.>' Waiting for the cells to detach from the lungs
and return to the damaged tissues inevitably lengthens
the time taken to achieve therapeutic effects. As an inva-
sive drug administration method, intrathecal injection not
only has numerous clinical contraindications, but also
results in  occasional adverse reactions  and
complications.”>?* Since intrathecal injections rely on
catheter pumping devices, they involve a significantly
increased infection risk. Moreover, the reported incidence

rate of complications ranges from 15% to 40%, which

with the extension of the

interval.>*** Therefore, stem cell recruitment to the spinal

increases follow-up
cord is a major impediment to stem cell application to
neuropathic pain. Magnetic targeting technology has pro-
vided attractive possibilities and was originally developed
to optimize chemotherapy procedures. It involves prior
MSC magnetization followed by in vivo targeting with
the aid of a magnetic field. This allows a larger proportion
of the inoculated cells to reach the injured site.®

Iron oxide nanoparticles (NPs) in the Fe;04 form have
been approved for clinical applications due to their
remarkable biocompatibility. Superparamagnetic Fe;04
NPs, which are among the most popular magnetic reso-
nance imaging reagents, are widely used in cancer
diagnosis.”” Dopamine (DA), which is among the most
important natural neurotransmitters, can spontaneously
polymerize under alkaline conditions without needing
additional oxidants.”® Polydopamine (PDA) has excellent
biocompatibility and biodegradability. This study aimed to
apply Fe;O4@PDA composite superparticles with Fe;04
NPs and PDA as core and shell, respectively, which
further improved their physiological stability and biocom-
patibility. This study sought to apply human umbilical
cord MSCs. Compared with bone marrow-derived stem
cells, human umbilical cord MSCs have shown neuro-
trophic factor production and a more obvious effect on
neuropathic pain.”’ This study aimed to establish Fe;O,
@polydopamine(PDA)-labeled mesenchymal stem cells
(MSCs); moreover, we aimed to guide MSCs using
a magnetic field to the spinal cord segments showing pain-
related responses to allow homing and gathering in
advance in order to fully employ their repair function.
(Figure 1)

Materials and Methods
Preparation of FesO4@PDA NPs

The following materials were prepared: iron acetylacetonate
(Fe(acac)s, 99.9+%), benzyl ether (99%), 1,2-hexadecane-
diol (90%), oleylamine (OLA, 70%), oleic acid (OA, 90%),
sodium dodecyl sulfate (SDS, 99%), tris(hydroxymethyl)
aminomethane (99.0%), and DA hydrochloride (99.0%).
The above materials were purchased from Sigma-Aldrich.
The experimental method followed is as described in
a previous study,?’ and the specific procedural steps can be
found in the supplementary Materials. Briefly, Fe;0O4 NPs

were prepared using the thermal decomposition method;
subsequently, SDS-capped-Fe;O, NPs were prepared by
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Figure | Experimental design: MSCs were labeled using Fe3O4@PDA. Subsequently, Fe3O04@PDA-labeled MSCs were injected into the tail vein of rats. The experimental
rat was a model of sciatic nerve compression injury; moreover, the pain central response area was the L4-L6 segment of the spinal cord. We applied a regional magnetic field

to this segment, which led to the clustering of Fe304@PDA-labeled MSCs in this area.

emulsification, centrifuged, and re-dispersed in Tris buffer
(10 mm pH 8.5). Further, some DA monomers were added to
make the final concentration of DA 0.3 mg/mL. After stir-
ring at room temperature for 3 h, we obtained PDA-coated
Fe;O4 NPs. Finally, the product was centrifuged in sterile
deionized water to remove excess self-polymerizing DA.*

Hemolysis Test
After anesthesia, blood was collected from the abdominal
aorta of male Wistar rats into an anticoagulant tube. Fresh
blood (2 mL) was collected followed by the addition of
phosphate-buffered saline (PBS) to 10 mL. Subsequently,
it was centrifuged at 1000 g for 5 min thrice with the
supernatant being discarded until it became transparent.
Further, 15 mL of PBS was added to resuscitate the red
blood cells. Moreover, Fes04@PDA NPs were diluted
using PBS to different concentrations (25, 50, 75, 100,
200 pg/mL, weight of NPs/mL). Deionized water and
PBS were used as positive and negative controls, respec-
tively. The cell suspension (0.2 mL) was mixed with the
working solution (0.8 mL) and incubated at 37 °C for 4 h;
subsequently, it was centrifuged at 1000 g. The superna-
tant absorbance was measured at 577 nm using
a microplate reader (Hercules Bio-Rad Laboratories,
California, USA). The hemolysis rate was calculated
based on the following test formula:

Hemolysis rate (%) = [(ODy-ODg)/(OD;-ODy)]
x 100%

where OD,, is the value of each detected concentration
on the microplate reader. OD; is the positive control and
ODy is the negative control.

MSCs Isolation and Expansion

The use of the human umbilical cord in this study was
approved by the Ethics Committee of the China-Japan
Union Hospital of Jilin University with the patient providing
written informed consent. The umbilical cord was washed
using penicillin-streptomycin (Gibco, Gaithersburg, MD,
USA) in a pre-cooled 0.01 mmol/L petri dish; further, the
arteries and veins were removed. Next, it was cut into tissue
blocks (approximately 5 mm X 5 mm X 5 mm) with each
3 mm spacer being inoculated into a 10 cm petri dish.
we added Dulbecco’s Modified Eagle
Medium (2~3mL) containing 20% fetal bovine serum
(Thermo Fisher Scientific, Waltham, MA, USA) followed
by culturing the tissue at 37 °C in 5% CO,. The culture
medium was changed twice a week. After treatment for 2
min with 0.05% trypsin and 0.02% EDTA (Sigma-Aldrich
Co., St Louis, MO, USA) at 37 °C, the MSCs were sub-
cultured under 80% fusion conditions.

Subsequently,

Intracellular NPs and Transmission

Electron Microscopy

MSCs were cultured to achieve an 80% fusion rate.
Different Fe;04@PDA NP concentrations were added to
MSC culture plates followed by incubation for 24 h. Next,
the cells were washed thrice with PBS and fixed using 4%
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paraformaldehyde for 10 min. Subsequently, MSCs were
treated based on the instructions of the Prussian blue
staining kit (Beijing Solarbio Science & Technology Co.,
Ltd.). After staining, the NP density in the cells was
observed using an inverted optical microscope (Olympus,
Tokyo, Japan).

MSCs were co-cultured with Fe;O4@PDA NPs at
50ug/mL for 24 h. Next, the cells were digested with
trypsin, washed with PBS, and re-suspended thrice. This
was followed by centrifuging the cells for 10 minutes at
1000r, discarding the supernatant, adding electron micro-
scope fixative solution, and fixing at 4°C for 24 hours. We
determined the ultrastructural characteristics of Fe;O,
@PDA NPs in cells using transmission electron micro-
scopy (FEI Czech Republic s.r.o, Netherlands).

Flow Cytometry of MSCs Characteristics
To evaluate surface marker expression, we detached MSCs
from passage 3 and stained them according to the protocol
of the Human MSC Analysis Kit (562245, BD
Biosciences, USA). Flow cytometry data (FACSAriall,
BD, USA) were analyzed using FlowJo V10 software.

MSCs Differentiation Potential

To evaluate the differentiation potential, MSCs were
inoculated into 12-well plates at a density of 5 x 103/
cm?® based on the manufacturer’s protocol for the differ-
entiation-inducing medium. Based on the human stem cell
osteogenesis and adipogenesis differentiation kits (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), MSCs
were cultured for 28 and 21 days, respectively. Finally,
we used the Alizarin Red and Oil Red O Staining Kit
(Shanghai Yuanye Bio-Technology Co., Ltd, China) to
detect the osteogenesis and adipogenesis differentiation
ability of MSCs loaded with and without Fe;Oy4
@PDA NPs.

Viability Study and Proliferation

Assessment

We inoculated 5x10* MSCs into 96-well plates and cul-
tured them with different concentrations of Fe;O4@PDA
NPs (0, 25, 50, 75, 100, 200 pg/mL) for 24 h. We added 10
ul CCK-8 solution (Beyotime Biotechnology, China) to
each well and incubated it at 37 °C for 2 h. The absor-
bance at 450 nm was detected using a microplate reader.
The test was repeated thrice at each concentration.

We inoculate 5x10* MSCs and 5x10* Fe;04@PDA-
labeled MSCs (50 pg/mL) into 96-well plates, respec-
tively. They were subsequently cultured at 37 °C for 1,
3, 5, and 7 days. Next, 10 ul CCK-8 solution (Beyotime
Biotechnology, China) was added to each well and incu-
bated at 37 °C for 2 h. Finally, the absorbance at 450 nm
was detected using a microplate reader with triplicate
experiments being conducted for each group.

Sciatic Nerve Chronic Compression
Injury Model in Rats

We applied the classical model of chronic compression
sciatic nerve injury (CCI), which was first described by
Bennett and Xie in 1988.°' Experimental rats were
anesthetized by intraperitoneal injection of 3 mg/mL pen-
tobarbital sodium solution (1mL/100g). After shaving and
disinfecting the right thigh, the skin was cut and the sciatic
nerve was exposed in the middle of the thigh by dissociat-
ing the adhesive fascia between the gluteus muscle and
biceps femoris. A 4-0 silk thread was loosely ligated four
times above the trigeminal section of the sciatic nerve at
1-mm intervals, which caused small and brief convulsions
in the muscles around the exposed site. Similar to the CCI
group, the sham operation group underwent sciatic nerve
exposure but not ligation. Finally, the muscle and skin
were sutured using 4-0 and 3-0 silk thread. One person
performed all ligation operations.

Animals and Experimental Groups

We randomly divided 60 male Wistar rats (200-220 g) into
5 groups (each group, n = 12). The model was established
after one week of animal adaptive breeding; moreover,
after 7 days, each treatment group received tail vein injec-
tions as follows: the sham operation group (SHAM), saline
1 mL; CCI group (CCI), saline 1 mL; MSC treatment
group (MSCs), MSC suspension 1 mL (1 x 10%mL);
MSCs+Fe;04@PDA treatment group (MSCs+NPs), MSC-
loaded Fe;04@PDA NP suspension 1 mL (1 x 10%mL);
MSCs+Fe;04@PDA+Magnet treatment group (MSCs +
NPs + M), MSC-loaded Fe;O4@PDA NP suspension
(1 mL, 1x10%mL), with a medical tape being used to fix
the magnet (20 mm x 20 mm x 5 mm) at the L4-L6
position of the spinal cord for 24 h. This study was
approved by the Animal Welfare and Research Ethics
Committee (Experiment number: 20200725-1) and was
conducted in accordance with the ethical guidelines of
Jilin University. All animal experiments were performed
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under the condition of no specific pathogen (SPF) in the
animal laboratory.

Fluorescence Imaging of Animals

To trace the localization of MSCs and Fe;O4@PDA-
labeled MSCs in rats, the cells were collected and stained
using CM-Dil cell membrane staining reagent (BestBio,
Shanghai, China) in a 15 mL centrifuge tube. After stain-
ing, the cells were re-suspended in normal saline at a 1 X
10°/mL density and injected into rats. After treatment
completion, the rats were decapitated under anesthesia
followed by the collection of the heart, liver, spleen,
lung, kidney, and spinal cord for fluorescence imaging
using an animal fluorescence imager (Caliper Life
Science, USA). The excitation and maximum emission
wavelengths were 535 nm and 580 nm, respectively.

Behavior Evaluation

A von Frey Hair (North Coast, USA, NC12775-99) was
used to evaluate mechanical hyperalgesia. For acclimatiza-
tion, each rat was separately placed in a customized trans-
parent acrylic chamber (15 x 22x15 c¢cm) with a wire grid
at the bottom for 15 min. Subsequently, the “Up and
Down” method was used to stimulate the right foot from
2.0 g, with the observation of paw contraction or licking
reaction by the rats. Finally, we calculated the mechanical
pain threshold as the paw withdrawal threshold (PWT) of
each rat.*?

To evaluate thermal hyperalgesia, a thermal pain meter
(BME-410C, China) was used to stimulate the right foot of
the rats. The time of foot withdrawal or licking reaction
was recorded. Each rat was repeated thrice, with the aver-
age time being considered as the thermal withdrawal
latency (TWL). To prevent claw tissue damage, we main-
tained a protective condition with a maximum truncation
time of 20 s.

Tissue Preparation and Histological
Staining

After treatment, the rats were anesthetized followed by
blood sample collection from the abdominal aorta.
Subsequently, the rats were decapitated and the spinal
cord was retrieved from L4 to L6. A portion of the tissue
was quickly frozen in liquid nitrogen for subsequent PCR
detection. The remaining tissue was fixed using 4% paraf-
ormaldehyde, embedded in paraffin, and cut into 5 pm
cross-sections microtome.  After

using a xylene

deparaffinization, reconstituting using graded ethanol,
and washing using distilled water, we performed HE and
immunohistochemical staining for histological observa-
tion. To observe changes in the myelin sheath in the
tissues obtained in each rat group, fast blue staining was
performed on the spinal cord slices using a Luxol Fast
Blue staining kit (Beijing Solarbio Science & Technology
Co., Ltd.). The staining results were analyzed using an
inverted optical microscope (Olympus, Tokyo, Japan).
For immunofluorescence staining, the spinal cord tis-
sue (L4-L6) was fixed using 4% paraformaldehyde for 24
h; subsequently, it was transferred to 30% sucrose solution
for dehydration. Subsequently, the tissue was cut into
8-um cross-sections using a cryostat, followed by immu-
nofluorescence chemical staining. The staining results
were analyzed using an inverted fluorescence microscope

(Olympus, Tokyo, Japan).

Quantitative Reverse Transcription PCR

and ELISA
The L4-L6 spinal cord was extracted followed by grindings

of the tissue. The tissue was digested using TRIzol reagent
(Takara Bionics, Kusatsu, Japan) followed by total RNA
extraction. The cDNA was synthesized as per the instruc-
tions of the PrimeScript'™ RT reagent Kit (Takara Biolnc,
Kusatsu, Japan). Real-time quantitative polymerase chain

reaction was performed using TB Green® Premix Ex

Taq"

M I for relative quantification of glial fibrillary acidic
protein (GFAP), C-FOS, and ionized calcium binding adap-
ter molecule-1 (IBA-1) mRNA transcription. The primer
sequences used for the above genes are listed in Table 1.
We obtained serum from all rats to measure interleu-
kin-6 (IL-6), interleukin-10 (IL-10), and transforming
growth factor-B (TGF-B) levels according to the manufac-
turer’s instructions (MEIMIAN, China). Each sample was
tested in triplicate. The absorbance at 450 nm was mea-

sured using a microplate reader.

Statistical Analysis

Data analysis and image production were performed using
GraphPad Prism 8. The data were expressed as the average
and standard error. Between-group comparisons of beha-
vioral data were performed using two-way ANOVA, fol-
lowed by Tukey’s multiple comparisons test. Other data
were analyzed using a one-way analysis of variance.

Statistical significance was set at p < 0.05.
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Table | Primer Sequences and Product Sizes

Symbol Primer Sequence Product Size
(bp)

IBA-1 F-GCTGGAGAAACTTGGGGTTCCC 84
R-AACGTCTCCTCGGAGCCACTG

GFAP F-GCGAGCGTGCGGAGATGATG 134
R-CAGTTTGGTGGGCTCCTTGGC

c-Fos F-GCAGCCCACTCTGGTCTCCTC 124
R-GCCGCCTGACATGGTCTTCAC

p-actin F-TCCCTGTATGCCTCTGGTCG 188
R-GTGGTGGTGAAGCTGTAGCC

Results and Discussion
Preparation of FesO4@PDA and Fe;O4
@PDA-Labeled MSCs

We synthesized Fe;O4@PDA using the aforementioned
method. In our previous study, we carried out a detailed
physical and chemical characterization of the particle.”’
First, the NP morphology was characterized through trans-
mission electron microscopy, as shown in Figure 2C. The
NPs were spherical (diameter: 55 nm—60 nm); moreover,
the PDA was uniformly wrapped on the surface of the
naked Fe;O,4 core. Previous studies confirmed that Fe;O,

nanoparticles are superparamagnetic, and the self-
ey
e - .
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[
ke e
» L — ~ » .
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assembly and PDA coating process of NPs did not affect
the original superparamagnetic behavior.”” Contrastingly,
the formation of a spherical self-assembly structure
improved the performance of inorganic NPs based on the
collective effect.*** To reconfirm the Fe;0,@PDA mag-
netism, Fe;O4@PDA NPs were uniformly dispersed in
saline with magnets being placed on one side
(Figure 2A). After 24 h, the NPs were attracted to the
magnet side with the saline returning to being clear.

Given the excellent biocompatibility and biodegrad-
ability of PDA, Fe;O4@PDA could be easily swallowed
into cells. After culturing MSCs in the medium containing
Fe30@PDA NPs for 24 h, we obtained Fe;O04@PDA-
labelled MSCs. Transmission electron microscopy
(Figure 2D) revealed the presence of Fe;04@PDA in the
endocytosis vesicles of MSCs. As shown in Figure 2B,
Fe;04@PDA-labeled MSCs are brownish-black. Given
the partial NP aggregation in the cells and the large cell
diameter, the cells can be attracted to one side by magnets
after 15 min. This further indicated the good magnetic
properties of Fe;O4@PDA-labeled cells.

The Optimal Concentration of Fe;O,4
@PDA for Labeling MSCs is 50 pug/mL

Toxicity accounts for 20% of all drug failures in clinical
trials; specifically, the effect on the blood system accounts

Cc

mmPRRERR
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MG MG
MR

Figure 2 Morphological and magnetic characteristics of Fe304@PDA NPs and Fe304@PDA-labelled MSCs. (A) In the physiological saline suspension of Fe;O4@PDA, the
materials were attracted to the magnet side after 24 hours. (B) Saline suspension of MSCs and Fe;04@PDA-labeled MSCs, the Fe304@PDA labeled MSCs was attracted to
the magnet side at |5 min after placing the magnet. (C) Transmission electron microscope image of Fe304@PDA. (D) Transmission electron microscope image of Fe304
@PDA-labeled MSCs (scale: 5 pm) and Fe;O4@PDA in endocytosis vesicles (scale: 200 nm).
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for 11% of all drug abstinence reported by the FDA.*>¢ We
performed a hemolysis test in vitro, which is considered
a reliable and effective method for confirming the blood
compatibility of nanomaterials (Figure 3A). Even after 4
hours of incubation, Fe;0,4@PDA NPs did not induce sig-
nificant hemolysis at a concentration of 25, 50, and 75 pg/
mL, with respective hemolysis rates being 1.02%, 1.06%,
and 4.51%, respectively, which was within the acceptable
5% hemolysis threshold (Figure 3B). The results showed
that within a certain range, Fe;O4@PDA did not result in
hemolysis in vitro and that it had certain blood compatibility.
We explored the efficiency of NPs entering MSCs
through Prussian blue staining. As shown in Figure 3C,
cytoplasmic Fe;O4@PDA was seen as typical blue. The
five different concentrations tested could produce good
markers for stem cells; moreover, stem cell uptake of the
material was positively correlated with its concentration.
To achieve a satisfactory labeling rate and avoid the effect
of phagocytosing extra materials on cell activity, the sui-
table material concentration is 50 and 75 pg/mL.
Additionally, we used the CCK8 method to detect
the effect of different Fe;O4@PDA concentrations on
MSC activity. Figure 3D shows the experimental results
of survivability 24 hours after 25, 50, 75, 100, and 200

pg/mL Fe;O4@PDA-labeled MSCs. Compared with the
blank control group, there was no significant change in
cell viability when the Fe;O4@PDA concentration was
< 50 pg/mL. NPs for MSC labeling based on cell
therapy should not impair MSC survival and prolifera-
tion. Based on the aforementioned experimental results,
we finally selected a concentration of 50 pg/mL, which
achieved a satisfactory labeling rate, good blood com-
patibility, and retained > 95% cell vitality for further
experiments.

Fe;O4@PDA Does Not Affect MSC
Characteristics, Differentiation, and

Proliferation

After determining the best labeling concentration for
MSCs, we further studied whether the material affected
the MSC characteristics. First, the cultured adherent cells
presented the morphological characteristics of MSC fibro-
blasts. We analyzed the typical surface markers of stem
cells through flow cytometry. In 2006, the International
Society of Cell Therapy proposed that MSCs were positive
for CD73, CD90, and CD105; however, they were nega-
tive for CD34, CD45, CD11b, CD14, CD19, CD79 a, and
HLA-DR. Further, it is known that MSCs express
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Figure 3 Determination of the optimal labeling concentration of Fe304@PDA NPs. (A) The supernatant was obtained by incubating different concentrations of Fe;O4
@PDA NPs in diluted fresh red blood cells. (B) Hemolysis rate resulting from different concentrations of Fe;O4@PDA NPs. (C) MSC staining results using Prussian blue
iron staining kit, scale 100 pm. (D) The cell proliferation activity of different concentrations of NPs (0,25,50,75,100,200 pg/mL).
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numerous cell surface markers, including CD44, CD29,
CD200, CD166, CD146, and CD271.***” Figure 4A pre-
sents our results. Both MSCs and NP-labeled MSCs
strongly express typical surface antigens (CD73, CD90,
CD105, and CDA44); moreover, they are negative for sur-
face antigens not found in stem cells (negative MSC cock-
tail: CD45, CD34, CDI11b, CD19, and HLA-DR). There
was no significant between-group difference, which indi-
cated that using Fe;O4@PDA did not alter the expression
of characteristic surface markers of MSCs.

Next, we cultured MSCs and Fe304@PDA-labelled
MSCs in a medium for promoting adipogenesis and osteo-
genic lineage. As shown in Figure 4B, both MSC groups
showed similar differentiation into two lineages with the
marked formation of adipoblasts and osteoblasts. There were
no differences in Fe;04@PDA-labeled MSCs between

osteogenic and adipogenic controls; specifically, Fe;O4
@PDA did not affect the differentiation potential of stem cells.

Finally, we applied the CCK-8 method to detect Fe;O,
@PDA-labeled MSC proliferation for 7 d (50 pg/mL).
Fe;04@PDA not only did not inhibit MSC proliferation,
but also showed a slight promoting effect on cell prolifera-
tion on the 3rd, 5th, and 7th day (Figure 4C). This finding
exceeded our expectations. Numerous studies have reported
that different nanomaterials can promote cell proliferation,
which may involve intracellular signal transduction, altering
protein expression, and regulating cell function.*®*°

Taken together, the Fe;O4@PDA-labeled MSCs we
obtained retained distinctive stem cell characteristics; more-
over, Fe;04@PDA did not alter their differentiation potential
and proliferation ability and were suitable for the next cell

therapy.

A 4007 200 )
1 ChOda4 MNegative cocktail
591 0.15
300 150 —_—
A |
8 2007 100
= |
100 __ 50
0 I T e Ly S hl ¢
IR T AT ¢ w ot o
200 Negative cocktall
0] 0.074
% 180 —
+
7]
&) 100
w
= 507
o] e
2 3 4 5
a 10 10 10 10
B Control Osteogenesis Adipogenesis C
. s R — - - -
& 204 mm MSCs =3 MSCs+NPs
2 «
= 15+ =
2
'% *
S 104 .
3 -
IZ(E ' o 5
e
. 15
Q il ]
oD 0 T T T T
= 1 3 5 7

Time/d

Figure 4 The effect of 50 pug/mL NPs on the MSC characteristics. (A) Fluorescence-activated cell sorting analysis of labeled MSCs revealed strong expression of typical
surface antigens of stem cells, including CD90, CD 105, CD73, and CD44; contrastingly, it was negative for surface antigens not contained in stem cells (negative cocktail:
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Fe304@PDA NPs proliferated for |, 3, 5, and 7 days.*P<0.05.
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Fe;O4@PDA-Labeled MSCs Attenuate
CCl-Induced Hyperalgesia and Allodynia in
Rats

Our rats showed thermal hyperalgesia and mechanical abnor-
mal pain within 1 post-CCI week (PWT and TWL were
significantly lower than those in the sham operation group)
(Figure 5A and B), with this phenomenon continuing
throughout the experiment. The sham group did not show

abnormal pain or thermal

hyperalgesia.

mechanical

A 80

Paw Withdrawal Thresholds (g)
-
o
1

Moreover, there was no significant difference in body weight
gain in each group during the whole experiment (Figure 5C).

We administered the corresponding cell therapy on the
eighth post-CCI day. As shown in Figure 5A, the PWT of
the three treatment groups slightly increased on the post-
treatment day 1; however, there was no significant differ-
ence between the three MSC + NP + M group and the CCI
group. On post-treatment day 7, the PWT was significantly
higher in the MSC + NP +M group than in the CCI group
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Figure 5 Treatment effects on behavior and body weight in each group. (A) Changes of mechanical paw withdrawal threshold of rats; (B) Changes in the thermal withdrawal
latency of rats; (C) Changes in the body weight of rats. Compared with SHAM group, *P < 0.05, *P < 0.01, "#p < 0.001; compared with CCI group, *P < 0.05, **P < 0.01,

*kP < 0.001.
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(P = 0.0056). On the 14th treatment day, there was no
significant difference between the MSC + NP + M and
SHAM groups. After 21 treatment days, there were good
therapeutic effects in the MSC, MSC + NP, and MSC +
NP +M groups; however, there was no significant differ-
ence in the PWT between the MSCs+ NP +M and SHAM
groups. Based on these results, we believe that the com-
bined action of an external magnetic field and intracellular
Fe;04@PDA accelerates MSC homing, which facilitates
more effective MSC gathering in the L4-L6 spinal cord
region; moreover, it plays a better role in advance.
However, our findings are inconsistent with the
expected results. As shown in Figure 5B, there was
a significant increase in the TWL of the three treatment
groups (Pyscs = 0.021, Pyscsines = 0.003, Pyvs csinpsm
= 0.014) at one post-treatment day; however, there was no
significant among-group differences in the following time.
There was no significant among-group difference in the
therapeutic effect. TWL is a good indicator of heat allo-
dynia and hyperalgesia. Thermal hyperalgesia is especially
prominent in inflammatory diseases; further, its mechan-
ism is mainly C fiber sensitization and A o fiber block in
neuropathic pain. Thermal hyperalgesia is mainly caused
by peripheral mechanisms; however, it exists in 10% of
patients with central involvement.***' In this study, since
we injected cells into the tail vein, some of the MSCs
without magnetic targeting were homed to the injured

Sham

MSCs

sciatic nerve and exerted the anti-inflammatory effect of
stem cells in the peripheral circulation. Consequently, it
equalized the therapeutic effect of the three groups on
thermal hyperalgesia.

Fe;O4@PDA-Labeled MSCs Reached the
Spinal Cord Earlier Under Magnetic
Targeting

To confirm that the cells targeted the spinal cord, we
performed fluorescence tissue imaging of the rats. Before
the cell injection, all the cells were labeled using
a fluorescent dye; moreover, the labeled cells showed
stable red fluorescence. Moreover, the main organs under-
went fluorescence imaging on the 1st and 7th post-
injection day. Previous studies have reported that stem
cell injection into the caudal vein leads to most of the
cells being trapped in the lungs.>' Figure 6A presents the
main stem cell distribution in organs on the day after cell
injection. In the MSC group and MSC + NP group, some
MSCs were targeted to the spinal cord while others
remained in the lung. Contrastingly, in the MSC + NP +
M group, MSCs had almost been completely excreted
from the lung. Seven days after cell injection, all MSCs
were excreted from the lungs in all three treatment groups;
however, the MSC + NP +M group showed a wider fluor-
escence range, which indicated that more MSCs were
gathered (Figure 6B). Simultaneously, the corresponding
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Figure 6 Fluorescence imaging of the animal organs. (A) Fluorescence distribution in the organs at 24 post-injection hours. (B) Fluorescence distribution in the organs at
seven post-injection days. Organs order: Left, from top to bottom: the heart, liver, and spleen; right, from top to bottom: the lung, kidney, and spinal cord.

3284 https:

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Liu et al

frozen spinal cord sections were examined; however, there

were no positive red cells (Supplementary Figure S1).

Some studies have shown that stem cells can reach the
brain-injury site through the blood-brain barrier. However,
the extent and mechanism of the bone marrow MSCs
actively crossing the blood-brain barrier are not clear. In
the study of Park et al, a small number of radiolabeled
stem cells were found in the brain of animal models of
Alzheimer’s disease by intravenous injection of MSCs.*?
However, in the study of stem cell homing conducted by
Sackstein et al, bone marrow MSCs had the least binding
to endothelial cells and could only moderately infiltrate
into the bone marrow.* This contradicts the possible
mechanism of stem cells penetrating the blood-brain
barrier.* In this study, we are not certain whether the
MSCs did not penetrate the spinal cord parenchyma
through the blood-brain barrier, or whether the process of
penetrating the blood-brain barrier led to the loss of cell
membrane fluorescence. The fluorescence obtained may be
due to the stem cell enhancement on the surface of the
spinal cord. Similar results in studies of stem cells such as
Teng in the treatment of neuralgia were achieved. Teng
et al believe that the MSCs do not act locally or directly
penetrate the spinal cord neurons, and there should be an
intermediary step in the mechanism of relieving neuro-
pathic pain, which could be achieved by releasing the
intracellular contents of the MSCs.*’

MSCs Reduces Demyelination and c-Fos

Expression in the Spinal Cord

Nerve injuries, including excitotoxicity, oxidative stress, and
inflammation, induce nerve fiber degeneration and myelin
loss.***” This study used LFB staining to evaluate the struc-
tural integrity of myelin in the spinal cord after three treat-
ment weeks. As shown in Figure 7A, myelin shows a blue
substrate reaction in the transverse spinal cord section. In the
SHAM group, there was a dense and regularly arranged blue
color. Contrastingly, in the CCI group, the LFB staining
decreased with a sparse arrangement. Compared with the
CCI group, there was increased LFB staining in the MSC,
MSC + NP, and MSC + NP +M groups. The MSC + NP +M
group showed the best reduction in spinal cord demyelina-
tion, which was similar to that in the SHAM group. The
results showed that magnetic action facilitated the accumu-
lation of the Fe;O4@PDA-labeled MSCs in the spinal cord,
which allowed better treatment using MSCs.

We performed immunohistochemical staining for c-Fos
in the spinal dorsal horn. C-Fos, which is a protein product
of the immediate-early gene c-Fos, is a marker for noci-
ceptive neuron activation in the spinal cord and medulla
oblongata dorsal horn.***’ C-Fos may be a molecular
marker for evaluating neuropathic pain. As shown in
Figure 7B, compared with the SHAM group, there was
a significant increase in c-Fos expression in the CCI group
and a decrease in the MSC, MSC + NP, and MSC + NP
+M groups. The MSC + NP + M group showed the most
significant inhibition of c-Fos expression. PCR analysis of
the L4-L6 spinal cord confirmed the significant inhibition
of c-Fos expression in the MSCs+ NP +M group (Figure
7C). These findings are further indicative of the role of
magnets and Fe;O04@PDA in improving MSC homing.

Changes in Serum Inflammatory Factors
IL-6, IL-10, and TGF-

Several studies have reported that stem cells can reduce
the levels of pro-inflammatory factor IL-6 and increase
the anti-inflammatory factor IL-10 for exerting an analge-
sic effect on NP.’*>? TGF B is an important regulator of
central sensitization, which attenuates glutamate-induced
damage in a concentration-

excitotoxic neuronal

dependent manner.>® Intrathecally injected stem cells
release TGF-B in the cerebrospinal fluid, which reduces
the increase in neuronal excitability after nerve injury,
and thus exerts an analgesic effect.”’ We detected the
changes of IL-6, IL-10, and TGF- B in serum of rats in
each group following three weeks of treatment with
ELISA kit. (Figure 7F-H,) We found that compared
with the SHAM group, serum IL-6 increased and IL-10
and TGF-p decreased in the CCI group, and the difference
was statistically significant (P11.6=0.022,Py 1o
=0.008,Prgp.p = 0.034). The MSCs group decreased
with the increase of serum IL-6 caused by CCI, Purge
0.022, while in the MSCs+NPs group and the MSCs+NPs
+M group, the IL-6 also decreased compared with the
CCI group.(Figure 7F); however, we did not calculate
the statistical difference. The serum IL-10 of the three
treatment groups seemed to be higher than that of the CCI
group, but there was no statistically significant difference
between the MSCs group and the CCI group; however, it
is noteworthy that there was no significant difference in
the IL-10 level between the MSCs group.(Figure 7G), the
MSCs+NPs group, and the SHAM group. There was no
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Figure 7 Effect of each group on protein and factor expression in the spinal cord and serum. (A) The transverse spinal cord section was stained through LFB staining;
moreover, the image was shown in the right dorsal horn of the spinal cord. Myelin showed a blue substrate reaction in the section. (B) Immunohistochemical staining of
c-Fos in the transverse section of the spinal cord revealed that the image site was the right dorsal horn of the spinal cord. Positive cells were stained dark brown. (C-E) We
used qRT PCR to detect spinal cord expression of c-Fos, GFAP, and IBA-I mRNA. Compared with CCl group,*P < 0.05, **P < 0.01, ***P < 0.001. (F-H) Detection of serum
IL-6, IL-10, and TGF- P using an ELISA kit. Compared with SHAM group, *P < 0.05, P < 0.01; compared with CCl group, *P < 0.05.

significant change in the serum TGF- B in each group. factor IL-10 in the serum of the three treatment groups
(Figure 7H). seemed to be higher than that of the CCI group, but there

Here we speculate that since the cells in this study were =~ was no statistical difference between the MSCs group and
injected through the tail vein, the MSCs had an anti- the CCI group; however, there was still a difference
inflammatory effect on the CCI and reduced the level of  between the MSCs+NPs+M group and the SHAM group,
IL-6 in serum. At the same time, the anti-inflammatory  indicating that the peripheral role of the MSCs+NPs+M
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group was the weakest. This also demonstrates that since
the cells are targeted to the spinal cord in the MSCs+NPs
+M group, the treatment of neuropathic pain is achieved
through a central mechanism, and there is no significant
change in the inflammatory factors in peripheral blood.
TGF-B is an important regulatory factor against central
sensitization, which plays an analgesic role through the
regulation of the central mechanism. This is also consis-
tent with our results.

Accelerating MSC Homing to the Spinal
Cord Can Allow Earlier Inhibition of
IBA-1 and GFAP Expression

After nerve injury, microglia are activated within 24 h;
moreover, astrocytes are activated soon after nerve
injury, lasting for 12 weeks. Subsequently, astrocytes
and microglia release cytokines and induce a series of
cellular responses, resulting in spinal cord excitement
and neuroplastic changes, which are closely associated
with neuropathic pain occurrence.’*>> Several studies
have reported that stem cells can effectively inhibit
glial cell activation.'***>® Therefore, we used PCR
to detect mRNA expression of the microglial marker
(IBA1) and astrocyte marker (GFAP) in the spinal cord
after three treatment weeks. As shown in Figure 7D
and E, the MSC, MSC + NP, and MSC + NP +M
groups showed a significant decrease in the CCI-
induced expression of IBA-1 and GFAP. There was
no significant among-group difference in IBA-1 expres-
sion; however, there was a more significant decrease in
GFAP in the MSC + NP + M group (P < 0.001).
Consistent with previous findings, the synergistic effect
of the magnetic field and Fe;0,@PDA allowed MSCs
to reach the spinal cord faster and exert a better ther-
apeutic effect. We collected the spinal cord of rats
one day after cell injection and performed immuno-
fluorescence staining. Figure 8 shows the early changes
in GFAP and IBA-1 levels in the spinal dorsal horn
after 24 h of treatment. After 24 h of treatment, there
was no significant difference in the fluorescence inten-
sity and the number of GFAP positive cells among the
MSC, MSC + NP, and CCI groups; however, there was
a significant decrease in the fluorescence intensity and
number of positive cells in the MSC + NP + M group
(Figure 8A and C). However, there were among-group
differences in the post-treatment IBA-1 alterations after

24 h. Compared with the CCI group, the MSC and
MSC + NP groups showed inhibited microglia expres-
sion in just one day; further, there was a more signifi-
cant inhibitory effect in the MSC + NP + M group
(Figure 8B and D). Fe;04@PDA-labeled MSCs could
prematurely inhibit IBA-1 and GFAP expression under
the action of a magnetic field and quickly play a role in

the therapeutic effect.

FesO4@PDA NPs Have No Significant
Toxicity to the Main Organs of Rats

We collected the main organs of the rats after three
treatment weeks and performed HE staining to evaluate
the potential toxicity of Fe;O4@PDA. As shown in
Figure 9A, compared with the control group, the treat-
ment groups showed no significant morphological
changes in the heart, liver, spleen, lungs, and kidneys.
Further, we weighed the main organs and obtained the
corresponding organ coefficient compared with the
bodyweight; there was no significant among-group dif-
ference in the organ-to-body ratio (Figure 9B). These
results further indicate the low toxicity of Fe;O04@PDA

NPs in vivo.

Conclusion
In this study, we successfully obtained Fe;O,@PDA
and internalized it with MSCs. The resulting

Fe304@PDA-labelled MSCs showed no change in the
stem cell characteristics; moreover, it was magnetic
and its movement could be affected by the external
magnetic field. Currently, the low efficiency of stem
cell recruitment to the spinal cord is a significant impe-
diment to stem cell application in neuropathic pain. We
injected Fe;04@PDA-labelled MSCs
through the tail vein. Attracted by the magnetic field,
Fe;04@PDA-labelled MSCs further and rapidly gath-
ered to the spinal cord. This improved the use of the

into animals

MSC repair function, which enhanced the treatment
efficiency and effect. Our findings are indicative of
the safety and feasibility of injecting labeled MSCs
into clinically related animal models for treating neu-
ropathic pain. Moreover, they provide a reference for
the future application of stem cells in patients with

clinical neuropathic pain.
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Figure 8 Immunofluorescence showing the changes in activation of spinal cord astrocytes and microglia from different treatment groups after one day of treatment. (A)
Changes in astrocyte marker GFAP; (B) Changes in microglial marker IBA-1. The picture shows the right dorsal horn of the spinal cord on a scale of 50 um. (C) Number of
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