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Peripheral nerve injury is a common injury that can result in various dysfunctions, such as movement and
sensory disorders or permanent disabilities. Although the application of microsurgical techniques has been
able to achieve accurate anastomosis at the nerve stump, the effect of nerve repair is still unsatisfactory. In
recent years, the focus of research has become how to effectively improve the regeneration microenvironment
after nerve injury. At present, there are several methods for the administration of exogenous neurotrophic
factors, including systemic medication, local stratified puncture administration, and local application of a
micro-osmotic pump. However, due to the fact that the half-life of neurotrophic factors is only 2-5 min and
that these are easily inactivated in vivo, the clinical use of exogenous nerve growth factors has been limited. In
the present work, using poly (lactic acid glycolic acid) copolymer as a wrapping material, conjugated mouse
nerve growth factor to MNPs to prepare the magnetic mouse nerve growth factor-poly(lactic acid glycolic
acid) copolymer nanoparticles by the single emulsion solvent evaporation method and its physicochemical
properties were characterized. Subsequently, the drug distribution in vivo was observed by comparing
magnetic resonance imaging T2* intensity values under the guidance of an external magnetic field at
different time periods. Then, macroscopic, functional, electrophysiological, and histological assessments of
nerves were performed at eight weeks after surgery. The results showed that the use of magnetic targeting
therapy can accurately guide the aggregation of drugs, which induces the promoting of functional recovery.
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Peripheral nerve injury (PNI) is a common injury that
can result in various dysfunctions, such as movement
and sensory disorders or permanent disabilities!'-*.
Although the application of microsurgical techniques
has been able to achieve accurate anastomosis at
the nerve stump, the effect of nerve repair is still
unsatisfactory. With the further research on the
treatment of PNI, it was found that nerve regeneration
and recovery of nerve function after nerve anastomosis
are influenced by the microenvironment of the nerve
injury. Lundborg?®' reported the regeneration and repair
of PNI and described the local microenvironment of the
nerve regeneration chamber. The microenvironment
consists of intact nerve channels, energetic Schwann
cells, and a variety of neurotrophic factors (NFs)
involved in the local blood supply. Changes in
the microenvironment can affect the proliferation
of Schwann cells, the release of NFs, and neurite
outgrowth. In recent years, the focus of research has
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become how to effectively improve the regeneration
microenvironment after nerve injury™.

NFs have been extensively studied as a restorative
treatment option for peripheral neuropathies due to
their role in neuronal survival, growth, and synaptic
plasticity®l. After PNI, undergo Waller
degeneration and Schwann cell proliferation at the
stump, many kinds of NFs secrete, induce, stimulate,
and regulate the regeneration of axons and the
formation of the myelin sheath!®”.. These NFs include
nerve growth factor (NGF), brain-derived neurotrophic
factor, glial cell-derived neurotrophic factor (GNF),
and pancreatic neurotrophic factor (PNF). NGF was
the first of many ontogenetic signals that was identified
for the development of the nervous system™®. It plays
an indispensable role in maintaining the survival,
differentiation, and maturation of sympathetic and
sensory neurons and promoting axonal growth.

axons
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At present, there are several methods for the
administration of exogenous NFs, including systemic
medication, local stratified puncture administration,
and local application of a micro-osmotic pump.
However, due to the fact that the half-life of NFs is
only 2-5 min and these are easily inactivated in vivo,
hence the clinical use of exogenous NGFs have been
limited®. McCallister improved the efficacy of NGF
and PNF by slowly releasing using a micro pump into
the nerve endings; however, embedding the micro
pump in the body can easily lead to infection and the
operation is relatively complex, so it is difficult to
apply in the clinic!'%.

In vitro studies have shown that conjugation to iron
oxide magnetic nanoparticles (MNPs) can effectively
prolong the activity of several growth factors, such as
NGF and GNF!121, An additional advantage of MNPs
is that they can be remotely guided by a magnetic
field!"*!. The drug is directed to the site of injury under
the guidance of an external magnetic field and released
to reduce the effect on normal tissue in the non-
magnetic field. Due to multifunctional properties, such
as small size effect, super paramagnetic, inherently
biocompatible magnetic nanomaterial has shown
an increasing number of applications in some field
of medicine, such as magnetic resonance imaging
(MRDMB1 drug delivery!'®!"), and hyperthermia, and
achieved good clinical results.

In the present work, we synthesized and characterized
mouse nerve growth factor (mNGF)-conjugated
MNPs and the drug distribution in vivo was observed
by comparing MR imaging T2* intensity values
under the guidance of an external magnetic field at
different time periods. Then, macroscopic, functional,
electrophysiological and histological assessments of
nerves were performed 8 w after surgery.

MATERIALS AND METHODS

Sixty healthy Sprague Dawley (SD) rats, a
combination of males and females weighing 280+10 g,
were purchased from Tianjin Experimental Animal
Marketing Company. mNGF was bought from
Weiminghu  Bioengineering  Biopharmaceutical
Company, poly(lactic acid glycolic acid) copolymer
(PLGA) was obtained from Germany Wins Group
and the mNGF enzyme-linked immunosorbent assay
(ELISA) kit was acquired from Tianjin Furuixiang
Technology Company. All procedures performed in
studies involving animals were in accordance with the
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ethical standards of the institution or practice at which
the studies were conducted.

Preparation of MNPs:

Magnetic mNGF-PLGA NPs were synthesized by the
single emulsion (o/w) solvent evaporation method.
In brief, PLGA (200 pg) was dissolved in 500 ul
dichloromethane solution (organic phase), then 16 pl
ferromagnetic iron particles were added to form a brown
solution (test tube 1). We then added 18 pg mNGF to
500 pl distilled water (aqueous phase) under constant
stirring (test tube 2). Test tube 1 solution was slowly
added to test tube 2 in the cell disruptor. O/W emulsion
was prepared by dropwise addition of 5 ml 0.5 % CHA
solution as a stabilizing agent. After the evaporation
of organic solvent, NPs collected by centrifugation at
9000 rpm for 1 h at4 ° (cooling centrifuge, Beijing Pine
Source Huaxing, China), followed by lyophilisation
(Beijing Pine Source Huaxing, China).

Characterization of MNPs:

The MNP morphology was studied using transmission
electron microscopy (TEM). Samples were prepared
by placing one drop of a dilute suspension of MNPs
in water on a carbon-coated copper grid, which
was stained with phosphotungstic acid solution
(10.0 g/1) and allowed the solvents to evaporate at room
temperature. The MNP particle size and distribution
was studied using a laser particle sizer.

Freeze-dried nanoparticles (10 g) were dissolved in
10 ml of acetonitrile. After achieving the suitable
dilution, the weight of the MNPs was calculated with
the mNGF standard curve regression equation, and
entrapment efficiency (EE) and drug loading (DL)
rate of the drug were calculated with the following
Eqgns., EE (%) = (mass of drug in NPs/mass of drug
added)*100 and DL (%) = (drug weight in NPs/weight
of NPs)x100.

The drug release behaviour of the NPs was investigated
employing the ELISA method. The NPs were dispersed
in 5 ml of pH 7.4 phosphate buftfer and stored at 4° until
the measurements were performed over a period of
114 h. At specific time points, 0, 0.5, 1, 2, 4, 8, 18, 28,
42,52, 66, 76, 90, and 114 h, the dissolution samples
(200 ul) were collected and centrifuged at 9000 rpm
for 1 h. The supernatant was subsequently placed into
the ELISA plates according to the manufacturer’s
instructions. The resulting absorption was measured at
450 nm in a micro-ELISA reader. To investigate the
stability of the NPs during the in vitro release study,
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the released amount of magnetic mNGF-PLGA NPs
was calculated from the mNGF standard curve and a
cumulative release curve was plotted.

Preparation of rat sciatic nerve model:

The animals were anesthetized by intraperitoneal
injection of 10 % chloral hydrate (0.30 ml/100 g). After
satisfactory anaesthesia, fur in the surgical area was
shaved and the animal was fixed in the prone position.
The operative area was thoroughly disinfected, the
sciatic nerve in the left hind limb was exposed and at a
site approximately 1 cm apart from the lower edge of
the piriformis muscle, the sciatic nerve was transversely
cut. At the proximal and distal ends of the nerve, the
outer membrane was loop stripped the outer membrane
and the 1 mm long nerve bundle was excised. Eversion
suture of anastomotic stoma and inter-line breakage was
performed with 9-0 non-traumatic sutures, resulting in
an approximately 2.0 mm nerve defect. At the same
time, the lateral and proximal sides of the anastomosis
were sutured with 8-0 soft tissue sutures to reduce the
tension of the anastomosis.

MRI:

According to the fact that as contrast agents for
MRIU8, MNPs can shorten the T2* signals, providing
darker colour and decreasing T2* values as compared
to unlabelled tissues!'**!. After injuring the left sciatic
nerve in the rats, we used T2* MRI (Philips Achieva
3.0 T, TR 6369 ms, TE 108 ms) to scan the left and
right lower limbs at different time periods (before the
injection of drugs, after the injection of drugs, and
when the left lower limb was fixed on an external
magnetic field for 2 h). Drug distribution in vivo was
observed by comparing T2* values.

Functional and electrophysiological evaluations:

For the experiments to evaluate the functional
recovery of the sciatic nerve, 60 rats were divided
into three groups, group A, which received an
intravenous injection of 2 ml magnetic mNGF-PLGA
NP suspensiontleft lower limb fixed on an external
magnetic field (1T) for 2 h per week; group B, which
only received an intravenous injection of 2 ml magnetic
mNGF-PLGA NP suspension weekly and group C,
which received a weekly intravenous injection of 2 ml
mNGF water solution.

To evaluate the functional recovery of the injured
nerve, a walking track analysis was performed as
described in reference®. At 8 w after the surgery,
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the sciatic functional index (SFI) was estimated from
a walking track test?%l, Briefly, the animals walked
down on the floor paper impregnated with carbon
ink and we obtained the corresponding footprints.
The distance between the first and fifth toes (TS), the
distance between the second and fourth toes (IT), and
the print length (PL) were measured. The SFI was
calculated according to the Eqn., SFI=109.5 (ETS—
NTS)/NTS—38.3 (EPL-NPL)/NPL+13.3(EIT-NIT)/
NIT—-8.8. SFI=0 represents the normal nerve function
and SFI=100 represents complete dysfunction.

Functional outcome of nerve regeneration was measured
electrophysiologically on the left sciatic nerve at eight
weeks after surgery using the MEB-7102 instrument
(Nihon Koden, Osaka, Japan). Under anaesthesia,
the left sciatic nerve was exposed and the proximal
and distal regenerated nerves were stimulated. The
compound muscle action potentials were measured and
the velocity of the nerve conduction was calculated.

The rats were sacrificed, the bilateral sides of the triceps
surae were excised, the surface blood was washed
with physiological saline, dried on a filter paper, and
weighed and recorded their weights with an electronic
balance scale (BS124S, Sartorius AG, Germany). The
wet weight recovery ratio=the weight of the triceps
surea of the operational side/the weight of the triceps
surae of the non-operational side.

Histological analysis:

At eight weeks postoperatively, the sciatic nerves
were obtained from each group and fixed in 4 %
paraformaldehyde. After fixation, the samples were
washed with PBS, dehydrated in a graded sucrose
solution series, cleared in xylene, and embedded in
paraffin. The samples were then cut into 5-um sections
for hematoxylin and eosin (HE) staining and observed
on a microscope.

Statistical analysis:

All of the results are reported as mean+SD. Statistical
comparisons among groups involved the use of the
SPSS 13.0 software (SPSS, Chicago, Ill., USA).
Statistical significance was ascribed to the data when
p<0.05.

RESULTS AND DISCUSSION

Magnetic mNGF-conjugated NPs were synthesized
using the single emulsion (o/w) solvent evaporation
method, which appeared as brown suspension with no
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delamination (fig. 1). The particle size and distribution
of the MNPs was observed under a laser particle
sizer. MNPs were relatively uniform in size (fig. 2)
and the mean size of the MNPs was 205.9+8.63 nm.
The morphology and structure of the particles were
observed by TEM, and the images indicate that the
particles are quasi-spherical and contain numerous
well-dispersed magnetic iron particles (fig. 1). The
calculated drug-loading rate and the encapsulation
efficiency of the PLGA microspheres were 7.40 and
84.61 %, respectively.

As shown in fig. 3, burst release of magnetic mNGF-
conjugated MNPs was evident with approximately
30 % of mNGF was released within the initial 12 h
and the drug release was slow and continued till the
d 5. The initial burst release of mNGF was probably
due to the drug, which was adsorbed or associated with
the surface of the nanoparticles. The colour changes
can be seen in fig. 3; with the increase of release
concentration, the colour of would turn from the initial
white to pale brown.

After the rat left sciatic nerve injury model was
established, the in vivo aggregation of the drug was

Fig. 1: TEM images and appearance of magnetic nmNGF-PLGA
nanoparticles
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Fig. 3: (a) Colour changes of ELISA kit well and (b) cumulative
release curve in vitro
(—-m=—) Magnetic nanoparticles release in in vitro

observed under the MRI. As shown in fig. 4a, the left
and right lower limb T2* signals were high in group 1
(before the injection of the drug), while the T2*
intensity values were 312.68 and 314.74, respectively.
In group 2 (after the injection of the drug), T2* signals
were decreased; however, T2* intensity values of the
left and right lower limbs were 264.43 and 263.78,
respectively. The left lower limb T2* signals were
significantly weakened in group 3 (2 h fixation of the
left lower limb in the external magnetic field); the T2*
intensity value was 150.90, which was much lower than
the right lower limb, 233.54. The contrast histogram
of the left and right lower limbs of the rats (fig. 4b),
demonstrating that there was a significant difference
of T2* intensity values of the left and right lower
limbs in group 3 (p<0.05) and there was no significant
difference in groups 1 and 2. This indicated that the

100 = ~, magnetic nMNGF-PLGA NPs aggregated well under the
A external magnetic field.

m 3 g i
.-'Il Il". Preoperatively, the SFI in the rats in all groups, group A,
o0 ."I \ groupBandgroupC,wereapproximatelyzero,indicating
E [ \ the normal function. After injury, the SFI decreased to
E 04 / \ approximately —100, indicating the complete loss of
" .-'II Y function. Eight weeks after the surgery, the SFI was
20 - { h calculated according to the corresponding footprints
J,.f \‘\ (figs. 5a, b and c). As shown in fig. 6, in group A,
. H o0 00 00 pa 00 the SFI was (—34.91+7.86); in group B, the SFI was
Dimeter (nm) (—56.97+10.29) and in group C, it was (—61.68+9.56).
Fig. 2: Size distribution The recovery of SFI in group A showed a significant
33 Indian Journal of Pharmaceutical Sciences Special Issue 1, 2020
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Fig. 4: Comparative T2* intensity and contrast histograms of the rat left and right lower limbs

(a) Comparison of T2* intensity values, (b) contrast histogram of the left and right lower limbs of the rats demonstrating that there
was a significant difference in T2* intensity values of the left and right lower limbs in group 3 (p<0.05) and there was no significant
difference in groups 1 and 2. Blue colour indicates left lower limb, pink colour indicates right lower limb
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Fig. 5: Footprint analysis

Footprint analysis of (a) group A (intravenous injection of 2 ml magnetic mNGF-PLGA NP suspension left lower limb fixed on
external magnetic field, (b) group B (intravenous injection of 2 ml magnetic mNGF-PLGA nanoparticles suspension) and (c) group
C (intravenous injection of 2 ml mNGF water solution)

difference compared with groups B and C (p<0.05),
8 weeks and there was no significant difference between groups

Group A GroupB  Group C B and C.

0 The motor nerve conduction velocity (MCV)

-10 measurements at 8 w after surgery are listed in fig. 7.

§ 20 The MCV was 31.00+3.30 m/s for group A, which

£ was greater than 21.30+4.79 m/s for group B, and

.§ -30 23.15+4.53 m/s for group C. Group A was significantly

§ different from the other groups (p<0.05), and there was
° -40 no significant difference between groups B and C.

§ -50 Eight weeks after surgery, the triceps surae of the injured

60 side had different degrees of atrophy and the recovery

ratio of muscle wet weight in group A was the highest

-70 (0.51+0.09) as groups B and C were (0.41+0.06) and

Fig. 6: Mean function recovery of each group after sciaticnerve  (0.39+0.06), respectively. Group A was significantly
transection and repair different from the other groups (p<0.05), and there was

Comparison of the mean function recovery of each group after L. .
sciatic nerve transection and repair through functional analysis 10 significant difference between groups B and C.

of neural regeneration at 8 w after surgery using walking track Eight weeks after surgery, the injured sciatic nerve
analysis. Measurements made from walking track prints were >

submitted to an SFI tissues were extracted and observed under a microscope.
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As shown in fig. 8, the most injured sciatic nerves were
observed in group A. A large number of regenerated
nerve fibres were seen, which demonstrated the most
significantly promoted recovery (fig. 8a). Group B
samples showed significantly promoted recovery of
injured nerves, and more regular nerve fibres can be
observed (fig. 8b). Group C samples showed irregular
nerve fibres and there was a lot of scar tissue between
the ends (fig. 8c¢).

Peripheral nerve regeneration is still a challenge in the
clinic. NGF is often viewed as the prototype for all
neurotrophins and considered to be a trophic molecule
that is critical for the survival of sympathetic and
sensory neurons?. However, growth factors have
limited effectiveness when applied externally due to
a short biological half-life and rapid degradation in
vivol??, Here, we described an approach to increase
the stability and aggregation of mNGF using MNPs
under the guidance of external magnetic field.

0|
2 -[ I

Group A GroupB GroupC

8 weeks
Fig. 7: Comparison of the MCYV at 8 weeks after surgery
Motor nerve conduction velocity (MCV) was significantly
higher in group A compared to that of groups B and C (p<0.05)
and there was no significant difference between groups B and
C. Data expressed as mean+SEM

The emulsification solvent evaporation method has
attracted increasing interest in biomedical and clinical
research. It has been applied in the field of drug delivery,
tissue engineering, and MRI??. The advantage of
this technique is that the particles are of small size, the
proper size range with a broad distribution, relatively
high magnetization, and good spherical morphology
and they have a simplified preparation process?®’l. The
release rate of the particles was determined in vitro,
and the release rate of mNGF reached 92 % on the d 5.
PLGA wrapped in mNGF as a coating material plays a
protective role in NGF to avoid premature inactivation
in the external environment. PLGA nanoparticles have
certain advantages, such as the probability to prolong
drug release, control drug release, decrease drug
degradation, and increase drug bioavailabilityB®%3,
Drugs were injected and the MR imaging T2* intensity
values of the left and right lower limbs in each group
were compared to confirm the aggregation of the drugs
in vivo. The results showed that the magnetic mNGF-
PLGA NPs have promising aggregation in vivo under
the external magnetic field.

A functional evaluation was preferred to determine
the effectiveness of the NGF treatment in each group.

2
E

>

;

2 20 The SFI provides general information about nerve
"§ 15 regeneration and functional recovery because it
2 represents the outcome of the repair process. It has been
§ 10 proven to be reliable, repeatable, and highly useful for
§ 5 determining motor function following compression
s & i and stretch injury®¥, nerve graft or conduit™®!, and

surgical repair®. The degree of recovery of sciatic
nerve function was assessed by measuring the SFI.
The data obtained showed that at 8 w after surgery,
an increasing ability to walk became evident. A better
and faster functional recovery was shown in group A.
In contrast, the functional recovery progressed more
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Fig. 8: Histological analysis

Histological analysis of (a) HE staining of the sciatic nerves in group A rats ((intravenous injection of 2 ml magnetic nNGF-PLGA
NP suspension left lower limb fixed on external magnetic field), (b) the gap between the ends of the nerve fibers in group B rats
(intravenous injection of 2 ml magnetic mNGF-PLGA nanoparticles suspension) and (¢) HE staining of the sciatic nerves in group
C rats (intravenous injection of 2 ml mNGF water solution)
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