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ARTICLE INFO ABSTRACT

Keywords: Diabetic peripheral neuropathy (DPN) is a long-term complication associated with nerve dysfunction and un-

Exosomes controlled hyperglycemia. In spite of new drug discoveries, development of effective therapy is much needed to

Soile mar'l'ow mesenchymal stromal cells cure DPN. Here, we have developed a combinatorial approach to provide biochemical and electrical cues,
olypyrrole

considered to be important for nerve regeneration. Exosomes derived from bone marrow mesenchymal stromal
cells (BMSCs) were fused with polypyrrole nanoparticles (PpyNps) containing liposomes to deliver both the cues
in a single delivery vehicle. We developed DPN rat model and injected intramuscularly the fused exosomal
system to understand its long-term therapeutic effect. We found that the fused system along with electrical
stimulation normalized the nerve conduction velocity (57.60 + 0.45 m/s) and compound muscle action potential
(16.96 + 0.73 mV) similar to healthy control (58.53 + 1.10 m/s; 18.19 + 1.45 mV). Gastrocnemius muscle
morphology, muscle mass, and integrity were recovered after treatment. Interestingly, we also observed para-
crine effect of delivered exosomes in controlling hyperglycemia and loss in body weight and also showed
attenuation of damage to the tissues such as the pancreas, kidney, and liver. This work provides a promising
effective treatment and also contribute cutting edge therapeutic approach for the treatment of DPN.

Diabetes mellitus
Diabetic peripheral neuropathy

1. Introduction the polyol pathway, hexosamine pathway, advanced glycation

end-product pathway, protein-kinase C pathway, and oxidative stress

Diabetic neuropathies (DN) are predominant and prevalent compli-
cations of diabetes mellitus (DM). This heterogeneous class presents
diverse clinical manifestations affecting the nervous system. The
increasing number of patients of both type 1 (T1DM) and type 2 (T2DM)
diabetes mellitus is likely to contribute towards an increased number of
diabetes-associated complications. Diabetic peripheral neuropathy
(DPN) is a common disorder with prevalence rates of 10-26% in the
adult population with DM [1]. DPN is associated with
hyperglycemia-induced damage to nerve cells per se and neuronal
ischemia due to decreased neurovascular flow resulting from hyper-
glycemia. Pathophysiology of DPN reveals the degeneration of nerve
fibers, axonal loss, endoneurial microangiopathy, and myelin proteins
degradation as key components [2]. Hyperglycemia exacerbates pe-
ripheral nerve damage by several biochemical mechanisms, including
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[2]. DPN is also characterized by a reduction in nerve conduction ve-
locity (NCV) with abnormal arterioles vasodilation [3]. At present, there
is no effective treatment strategy for DPN. Even glycemic control post
pancreas transplantation has shown a moderate effect in regenerating
the injured nerves in DPN. It is challenging to regenerate the nerve fibers
and achieve functionality after neuropathy. Different therapeutic and
regenerative cues such as biochemical, electrical, topographical, and
cell-based cues play an important role in supporting nerve regeneration
after injury [4,5]. Previously, cell-based therapy attracted much atten-
tion in DPN. Bone marrow-derived mesenchymal stromal cells (BMSCs)
have shown an essential role in supporting angiogenesis and myelina-
tion of the nerves affected due to diabetes [6]. But the stem cell-based
therapy comes across many practical issues such as
immune-modulations, cell viability, cell apoptosis, inflammation, and
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limited bioavailability, encouraging the search for a new alternate
cell-free therapy. It has recently been shown that BMSCs exert their
regenerative and therapeutic effect by releasing various extracellular
vesicles (EVs), which transfer the genetic information and exercise their
biological effect on the neighboring and distant, damaged cells or tissues
through paracrine signaling [7,8].

Exosomes, a subclass of EVs, are membranous secretory nanovesicles
containing biologically active proteins, lipids, nucleic acids, mRNA,
miRNA, and non-coding RNAs, meant for intercellular communication
with a role in various biological processes [9,10]. These nanovesicles of
endocytic origin are formed in endosomal multivesicular vicinity with a
diameter of 50-200 nm and secreted after fusion with the cell membrane
[11]. Earlier thought to be merely cellular trash, these nano entities have
been extensively explored in the last decade. It has been shown that
these nano entities imitate the phenotype of the parent cell and, thus,
can be analyzed for promising cell-free therapy [12]. Exosomes have
been exploited as novel nanocarriers enveloped with unique attractions
of abundant and non-invasive liquid biopsies. Exosomes have prag-
matically delivered intercellular messages in various physiological and
pathological states. Further, due to their biocompatibility, bioavail-
ability, ability to cross the blood-brain barrier, exosomes exhibit sig-
nificant carrier properties. Versatile characteristics of these nanovesicles
enable researchers to load a desired cargo of interest and to produce
designer engineered exosomes using surface modification methods.

BMSCs derived exosomes contain more than 150 different miRNAs
and several proteins showing paracrine effects on target cells [13].
BMSCs exosomes derived from humans and rodents also showed ther-
apeutic potential in injury models, regeneration, and neuroprotection by
cargo mediated paracrine effects [14,15]. As a biochemical cue, these
exosomes have shown repair and regeneration of injured nerve, bone,
cardiac, and liver tissues [16,17]. Previously, we have demonstrated the
role of exosomes laden wound dressing OxOBand, in alleviating diabetic
wound healing [18]. OxOBand, oxygen releasing antioxidant poly-
urethane cryogels based dressing supplemented with Adipose-derived
stem cells (ADSCs) exosomes promoted diabetic and infectious wound
healing. Due to hyperglycemia, oxidative stress, and reactive oxygen
species (ROS) are generated. The exosomes are nanovesicles with
enriched cargo that can combat the oxidative stress and ROS [18,19].
The therapeutic and regenerative potential of exosomes is seemingly
boundless, opening hope in DPN. Earlier, MSCs derived exosomes have
shown a therapeutic effect in the treatment of T1DM and T2DM [20-22].
In TIDM rats, the treatment of BMSCs derived exosomes showed
improvement in the blood glucose and plasma insulin levels. BMSC
exosomes treatment also increased pancreatic beta islets in number and
size and enhanced upregulation of pancreatic tissue genes such as Pdx1,
Smad2, Smad3, and TGF-p, demonstrating the regenerative effect of the
exosomes as compared to the BMSCs and diabetic control [22]. Intra-
peritoneal delivery of ADSC derived exosomes regenerated the pancre-
atic beta islets producing insulin in the T1DM mice model [20].
Mesenchymal stem cells derived exosomes alleviated T2DM by
decreasing the blood glucose levels, controlling beta-cell apoptosis, and
increasing insulin sensitivity [23].

For alleviating neuropathy, another cue which could play an essen-
tial role in nerve repair and regeneration is the electrical conductivity
[24,25]. Nerves, as already known, are conducting entities carrying vital
signals. Besides repairing at a cellular level, it is also mandatory to
restore the conduction property of nerves lost due to DPN. Electrically
conducting material and electrical stimulation (ES) will provide a
guidance cue in enhancing the myelination and regeneration of the
damaged axons after injury. Electrical stimulation relieves neuropathic
pain and enhances nerve regeneration after DPN by increasing the
expression of growth factors like VEGF and NGF, thus improving
angiogenesis and reducing inflammatory markers [26]. Electrical stim-
ulation has been used as a therapeutic strategy; however, no system has
successfully provided high selectivity and efficacy. Therefore, for effi-
cient delivery of current at the targeted site, conductive polymers are
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used along with electrical stimulation (ES). Thus lower stimulus is
required for generating the same or more regenerative outcome [27].
Therefore, it will also be interesting to look into the effect of conducting
system in combination with ES in DPN. Under ES, the conducting
polymers enhance cell adhesion, differentiation, and DNA synthesis in
electrically responsive cells [28]. Polypyrrole is an electrically con-
ducting polymer that is enormously explored for both in-vitro and
in-vivo nerve regeneration [29-31]. Along with its excellent redox ac-
tivity, it is biocompatible and possesses antioxidant properties [32]. ES
through polypyrrole based biomaterials has increased neurite outgrowth
in the nerve cells [33,34]. For combining both the cues into a single
entity, a delivery vehicle or a carrier is required. As an advanced nano
delivery vehicle, liposomes are well established for carrying biologically
active compounds for various applications. Previously, liposomes were
fused with exosomes to deliver large size DNA plasmids [35]. Thus, to
fabricate a designer conducting exosomal system (DCES), an imperative
approach will be to fuse exosomes with polypyrrole nanoparticles
(PpyNps) containing liposomes.

Therefore, for the treatment and management of DPN, in the current
study, we envisaged developing a multifaceted approach where
biochemical cues in the form of exosomes and biophysical cues in the
form of electrically conducting PpyNps along with exogenous electrical
stimulation will lead to nerve repair and regeneration. We hypothesized
that biochemical cues would ameliorate nerve regeneration after DPN,
and the electrical cues would work synergistically to enhance the
regenerative outcome. To serve this purpose, we engineered the
required system by following these sequential steps; (1) exosome
biogenesis from BMSCs, (2) synthesis of PpyNps, (3) packaging of
PpyNps into liposomes, and (4) fusion of exosomes and packed lipo-
somes. The conducting cargo containing exosomes along with ES was
delivered to the damaged nerves and evaluated for providing thera-
peutic effects in DPN. The developed DCES was characterized for its
physicochemical properties, investigated in in-vitro studies, and finally
challenged its therapeutic potential in an in-vivo DPN model.

2. Results and discussion
2.1. Isolation and characterization of BMSCs exosomes

The exosomes were isolated from mesenchymal stromal cells derived
from bone marrow as represented in the scheme in Fig. 1A and quan-
tified for total protein by bicinchoninic acid (BCA) assay. As determined,
the total protein concentration was 900 + 142.24 pg/mL. The isolated
exosomes analyzed in field emission scanning electron microscopy (FE-
SEM) revealed non-agglomerated and spherical morphology (Fig. 1
(B1)). The transmission electron microscopy (TEM) image revealed that
the BMSCs exosomes have characteristic lipid bilayer membrane and
cup-shaped morphology (Fig. 1 (B2)). The Cryo-EM imaging of the
exosomes revealed the distinctive round shape (Fig. 1 (B3)). The size of
the exosomes in the TEM image (Fig. 1 (B2) was less than the Cryo-EM
image (Fig. 1 (B3)), which could happen due to the drying effect of the
exosomes in TEM imaging. However, in Cryo-EM, the exosomes were
visualized without drying or desiccation. The exosomes were detected
and visualized using confocal fluorescence microscopy. As exosomes are
lipid vesicles, therefore they showed labeling with PKH-26 dye, which
incorporates through its long aliphatic tails into the lipid membranes.
The PKH-26 (red color) labeled exosomes were observed in the confocal
fluorescence image (Fig. 1 (B4)). To further analyze the hydrodynamic
diameter and concentration of the exosomes, nanoparticle tracking
analysis (NTA) was performed. The size of the isolated BMSCs exosomes,
according to NTA, was 211.8 + 76.5 nm (Fig. 1 (B5)) with a predicted
concentration of the exosome particles as 4.72 x 10% particles/mL.
Concerning protein concentration, the exosome concentration was 1.88
x 10® particles/pg of protein. The presence of the exosomes was also
analyzed by immunogold labeling for the CD-9 surface marker. The TEM
micrograph shows the presence of the immunogold labeled exosomes
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Fig. 1. (A) Scheme represents the isolation
of exosomes from rat bone marrow-derived
mesenchymal stromal cells. BMSCs exo-
some characterization (B1) FESEM micro-
graph of BMSCs derived exosomes showing
uniformly distributed and non-agglomerated
particles, (B2) TEM image of exosomes
showing bilayered lipid vesicles, (B3) Cryo-
EM image of the exosomes, (B4) confocal
fluorescence microscopic image representing
exosomes labeled with PKH-26 dye, (B5)
Nanoparticle tracking analysis, (B6) TEM
micrograph illustrating immunogold label-
ing of CD9 marker on exosomes, and (B7)
western blotting analysis of exosomes for
CD-81, CD-9, and actin expression. (C1)
FESEM micrograph of polypyrrole nano-
particles (PpyNps) formed by chemical
oxidation and reduction method (inset
showing particles with fine zoom), (C2) TEM
micrograph of liposomes, (C3) Nanoparticle
tracking analysis of polypyrrole nano-
particles  containing liposomes, (C4)
confocal fluorescence microscopic image
representing polypyrrole nanoparticles con-
taining liposomes labeled with PKH-67 dye,
and (C5) measurement of the electrical
conductance of PpyNps at different concen-
trations ranging from 10 to 100 pg/mL.

e

v
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with anti-CD-9 antibody (Fig. 1 (B6)).

Further, the exosomes were characterized by western blotting for the
specific exosomal markers. The presence of endosomal expression of
CD81 and CD?9 in the western blotting confirmed the presence of exo-
somes (Fig. 1 (B7)). As expected, these markers were not expressed in
the cell lysate, where actin expression was observed.

2.2. Preparation and characterization of PpyNps, liposomes, and fused
exosomal system

Polypyrrole nanoparticles (PpyNps) were synthesized by a chemical
oxidation polymerization reaction [36]. Cationic iron present in the
ferric chloride acted as the oxidizing agent to initiate the polypyrrole
monomer’s chemical oxidation reaction to form PpyNps. As observed in
the FE-SEM image, the synthesized PpyNps were spherical in

60
Concentration (pg/ml)
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morphology (Fig. 1 (C1)). As determined by DLS, the average size of the
PpyNps was 88.40 + 3.46 nm. As a vehicle for incorporating PpyNps,
liposomes were prepared using the thin-film hydration method. Cationic
liposomes are associated with certain drawbacks related to in-vitro and
in-vivo cytotoxicity and may not be used for the delivery approach [37].
Therefore, in the present study, anionic liposomes were prepared that
may be preferred for the delivery of the nanoparticle’s cargo into cells
[38]. TEM images of the synthesized liposomes indicated the
near-circular type morphology and nano dimensions (Fig. 1 (C2)).
Anionic liposomes showed slower release kinetics of clearance. They
helped to extravagate the cargo inside, better serve our purpose of
delivering the cargo effectively and efficiently to the cells for performing
therapeutic action [38]. Anionic liposomes have a better association
with the cell membrane that allows its fusion and also overcome the
barriers of cytotoxicity and instability associated with cationic
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liposomes. However, the mechanism behind their effectiveness in
cellular delivery is unclear. The liposome to cell interaction depends on
various factors, including the cell type, charge density, and lipid head
group. Their uptake may occur when the cell to liposome charge ratio
achieves a certain fixed threshold [39,40].

The size of the liposomes, as measured in NTA, was 189 + 51.9 nm
(Fig. 1 (C3)). The liposomes were also detected and visualized by
fluorescence microscopy. The lipid membrane of the liposomes showed
binding to the PKH-67 dye (green color), as observed in the confocal
fluorescence image (Fig. 1 (C4)). Before the incorporation of the PpyNps
into liposomes, the PpyNps were characterized for the electrical
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conductivity. Polypyrrole (Ppy) has suitable conduction property and
environmental stability [41]. The electrical conductance of PpyNps was
measured at different concentrations (Fig. 1 (C5)). The smaller PpyNps
contribute to high surface area attracting higher electron charge density
at the surface, thereby allowing higher electron motion. We observed an
increase in the conductance with subsequent increase in the concen-
tration of the PpyNps.

To incorporate the biochemical cues and electrical cues in a single
entity to develop the designer conducting exosomal system, the BMSCs
derived exosomes were fused with the PpyNps containing liposomes
using a freeze-thaw method as represented in Fig. 2A [42]. The fusion of

Fig. 2. (A) Scheme representing membrane

A fusion of exosomes and PpyNps containing
liposomes by the freeze-thawing mechanism.
Analysis and characterization of the fusion
between liposomes and exosomes, (B1) TEM
micrograph of fused exosomes and lipo-
somes, where the yellow arrow indicates
exosome, black arrow shows liposome, and
o g the red arrow indicates gold nanoparticles
Uam e g bound to CD-9 exosomal marker, (B2)
. » Nanoparticle tracking analysis of exosomes
e B2 Exo-Lipo+PpyI\lps’ fused with polypyrrole containing lipo-
. ® - somes. (C) Venn diagram representing
3.0-10 numbers of mass peaks detected in LC-MS
E data of the freeze-thawed exosomes and
o
° £ 20.10 normal exosomes. Confocal fluorescence
<l E microscopic analysis representing (D1) exo-
) - 1.0x10 somes labeled with PKH-26 dye, (D2) Poly-
pyrrole nanoparticles containing liposomes
labeled with PKH-67 dye, (D3) fusion of li-
:_’ler'_‘br ane 5 posomes and exosomes, (D4) Infrared
usion s spectra of PpyNps showing vibrations at
C — 1543 cm-1 after incorporation into lipo-
Freeze thawed EXCOIas . . . .
P somes thereby confirming its presence into
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membranes containing lipid-rich niches (i.e., liposomes and exosomes)
involves the transition of multi-lamellar liposomes into single hefty
uni-lamellar liposomes with the incorporation of water-soluble content
within the water phase of liposomes, suggestive of membrane disruption
and ice-crystal formation [42]. The extent of fusion between the exo-
somes and liposomes vesicles was determined by fluorescence
self-quenching R18 assay. The R18 binds to the liposomes lipid mem-
brane, and at a particular concentration, it shows self-quenching of the
fluorescence due to dye-dye interaction. We observed that for the la-
beling of liposomes membrane, 3.5 pl of the dye was sufficient and
showed maximum self-quenching. After fusion, the distance between the
dye molecules increases, leading to an increase in fluorescence. We
quantified the increase in fluorescence and obtained a fusion efficiency
of 28% between the liposomes and exosomes. Our results are in
corroboration with the earlier study on the fusion between the extra-
cellular vesicles and liposomes [43]. The unfused exosomes and poly-
pyrrole nanoparticles containing liposomes were not separated from the
fused product after the fusion process. Both are functional entities to
deliver cues to the cells. Liposomes carry conducting particle, which
they could deliver to the cells and enhance conductivity. It was
attempted to separate the unfused particles using a gel filtration tech-
nique and density gradient centrifugation; however, it did not work due
to technical limitations like similar size ranges and loss of the yield. The
TEM micrograph also demonstrated the fusion of the exosomes with li-
posomes after freeze-thawing (Fig. 2 (B1)). The exosomes lipid mem-
brane fuses with the liposomes membrane in the membrane deformation
and reformation process during the freeze-thawing process. The pres-
ence of the exosomes in the fused product was further analyzed by the
immunogold labeling for the CD-9 exosomal marker, which confirmed
the fusion of liposomes with exosomes. The size and concentration of the
fused-Exo particles were 247 + 120.3 nm and 2.48 X 108 particles/mlL,
according to NTA (Fig. 2 (B2)).

To analyze that the freeze-thawing process has not ruptured the
exosomal membrane, we did LC-MS analysis of the normal exosomes
and freeze-thawed exosomes. The MS spectra of the exosomes before
and after freeze-thawing are represented in Fig. S1. The freeze-thawed
exosomes didn’t show significant changes in m/z peaks compared to
normal exosomes. The Venn diagram (Fig. 2C) showed typical peaks
present at the intersection, indicating that the freeze-thaw technique of
modifying exosomes didn’t significantly contribute to any changes in the
protein contents. The immunogold labeling of the freeze-thawed exo-
somes also revealed that the vesicles have intact membrane and pre-
served surface markers, as observed in the TEM micrograph (Fig. S2
(A)), which is important for being functionally active. Further, Calcein-
AM fluorescence imaging, which depends on the esterase activity of the
exosome contents, also confirmed that the freeze-thawed exosomes are
functional and not ruptured (Fig. S2 (B)). Thus, the freeze-thaw
approach has not affected the integrity and peptide content of the exo-
somes used in DPN therapy. The fusion of exosomes and PpyNps con-
taining liposomes was also observed through fluorescence microscopy
imaging (Fig. 2 (D1-D3).

The lipid membranes of the exosomes and liposomes were labeled
with PKH dyes, i.e., PKH-26 (red color) and PKH-67 (green color),
respectively, and were observed in the confocal fluorescence microscope
after fusion. The merged image showed the co-localization of the red and
green fluorescence indicating the fusion of exosomes and liposomes lipid
vesicles, respectively (Fig. 2 (D3)). Here, the liposomes and exosomes
shown in the confocal fluorescence images do not represent the vesicles
actual sizes. Fourier-transform infrared spectroscopy (FTIR) analysis
was done to confirm the incorporation of the PpyNps in the liposomes
and fused-exosomes. FTIR analysis of the PpyNps showed the charac-
teristic peak at 1543 cm ™! that corresponds to the polypyrrole ring vi-
brations (Fig. 2 (D4). A similar peak was observed for PpyNps
containing liposomes and Fused-Exo, showing the incorporation of the
PpyNps [44]. The UV-Visible spectroscopy also confirmed the incor-
poration of the PpyNps in the PpyNps containing liposomes fused with
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exosomes (Fused-Exo) (Fig. 2 (D5)). The absorption band at 430 nm was
attributed to the n-n* transition of polypyrrole chains with different
oxidation levels, while the absorption at 460 nm corresponds to the
pyrrole oligomer. Moreover, the n-n* transition of polypyrrole ring
presents “shoulder effect” at A~448 nm, further not altered after
incorporation into liposomes and fusion with exosomes [36]. The band
with broad-spectrum characteristics at 750 nm denotes transitions from
the valence band into the bipolaron band, which indicates polypyrrole
doping [45]. To estimate the cellular metabolic activity in the presence
of PpyNps, liposomes, and PpyNps containing liposomes, MTT assay was
performed. The data showed that metabolic activity increased with time
in the presence of the synthesized material (Fig. S2 (C-E)). In the pre-
sent study, DCES offers a novel strategy for using it as a nanocarrier
delivery system carrying conducting polymer with therapeutic and
regenerative potential.

2.3. Exosomes internalization in neural cell lines and evaluation of
protective effect against oxidative stress

To exert any cellular effect, the exosomes should be internalized
inside the cells. There are various mechanisms described in the literature
to internalize exosomes to elicit a cellular response, including endocy-
tosis, phagocytosis, and micropinocytosis [46-48]. We investigated the
internalization of PKH-26 labeled exosomes inside two different neural
cell lines, SH-SY5Y and Neuro2a cells. We observed that the labeled
exosomes started internalizing in SH-SY5Y cells after 1 h of incubation in
the live-cell confocal fluorescence microscopy (Fig. 3 (A1)). Further, we
detected an increased uptake of exosomes in the cells with time observed
for a period of 12 h (Fig. 3 (A2-A3)). To analyze that the isolated exo-
somes have intact vesicles and are not lysed or permeabilized,
Calcein-AM staining was performed. Calcein-AM dye is hydrophobic,
non-fluorescent, and permeable to the cell membrane. Upon interacting
with the esterases present within the vesicles, the dye is hydrolyzed to
give Calcein-AM, which shows fluorescence and is impermeable [49].
We observed the internalization of Calcein-AM labeled exosomes inside
the SH-SY5Y cells (Fig. 3 (A4)). The results showed that the isolated
exosomes from BMSCs are true intact vesicles, which is important for
being functionally active. The orthogonal confocal microscopic image
shows that the Calcein-AM labeled exosomes are internalized in the cells
and are not attached to the cell surface (Fig. 3 (A5)). We also observed
the internalization of PKH-26 labeled exosomes in Neuro2a cells (Fig. 3
(B1-B3). Cells were efficiently internalized by Neuro2a cells similar to
that of SH-SY5Y cells. Also, the Calcein-AM labeled intact exosomes
were internalized inside the Neuro2a cells after incubation, as observed
in the live-cell imaging (SV1). Freeze thawing can change the structural
morphology to affect exosome internalization. So, we also studied the
internalization of the fused exosomes and liposomes developed by the
freeze-thawing process in SH-SY5Y cells. The fused exosomes were also
internalized inside the SH-SY5Y cells similarly to naive exosomes as
represented in the confocal microscopic images (Fig. 3 (C1-C3)).
Further, we quantified the fluorescence intensity of the internalized
exosomes and fused-exosomes inside the SH-SY5Y cells (Fig. 3 (D)). The
total fluorescence intensity measured per unit area was similar before
and after fusion, which demonstrates that the fusion process has not
affected the internalization of the exosomes inside the cells.

To investigate the protective effect of exosomes against oxidative
stress, we used two different in-vitro models. SH-SY5Y cells were
cultured in high-glucose media (150 mM) to induce glucose toxicity. The
SH-SY5Y cells were used for the toxicity analysis as it is the most
extensively used neuroblastoma cell line to study diabetic neuropathy in
in-vitro conditions. These cells show similar results to primary dorsal
root ganglion neurons and Schwann cells in high glucose conditions, as
reported earlier [50]. High glucose toxicity leads to the generation of
reactive oxygen species (ROS) via multiple mitochondrial and
non-mitochondrial pathways. High glucose toxicity also causes damage
to DNA, lipids, proteins and confers neurotoxicity. ADSC exosomes have
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Fig. 3. Internalization of BMSCs-Exo and fused-Exo in neural cell lines. (A1) PKH-26 labeled exosomes (red) internalized into SH-SY5Y cells after 1 h of incubation as
represented in fluorescence and bright field merged image, (A2-A3) The internalization enhanced with time and observed maximum after 12 h of incubation as
illustrated in the FITC/DAPI (green/blue) labeled cells representing exosomes (red), (A4) Calcein-AM labeled BMSCs-Exo representing intact exosomal vesicles
internalized inside SH-SY5Y cells, (A5) the orthogonal view of the internalized exosomes represents its internalization inside the cell. Confocal fluorescence images
representing internalization of exosomes in Neuro2a cells (B1) PKH26 labeled exosomes (red) inside Neuro2a cells, (B2) FITC/DAPI (green/blue) labeled cells
representing exosomes (red) internalization, (B3) High resolution magnified image of (B2) representing exosomes internalized inside Neuro2a cells. Confocal
fluorescence image representing internalization of fused exosomes and liposomes (C1) 3D fluorescence image of fused particles internalization inside the SH-SY5Y
cells. (C2-C3) Fused exosomes synthesized by fusion of PKH26 labeled exosomes (red) and PKH67 labeled liposomes (red) were internalized inside SH-SY5Y cells. (D)
Measurement of the total fluorescence intensity of the exosomes and fused-exosomes internalized in the SH-SY5Y cells.

shown anti-hyperglycemic effect in SH-SY5Y cells, when supplemented
to the cells at 20 pg/ml concentration [18]. Initially, we optimized two
concentrations of 20 pg/ml and 30 pg/ml for the BMSCs derived exo-
somes. However, we did not observe any significant increase in cell
viability under the hyperglycemic condition at 20 pg/ml of BMSCs
exosomes (data not shown), whereas significant improvement was
observed at 30 pg/ml concentration. For the toxicity studies, 30 pg/ml of
exosome concentration was used. In MTT assay and live/dead imaging,
we observed that exosomes treated SH-SY5Y cells were protected
against cellular death as compared to non-treated cells (Fig. 4 (A1-A2)).
Cellular viability measured in terms of live cells (%) was significantly
higher in the exosomes treated group than the non-treated cells (Fig. S3
(A)). The BMSCs derived exosomes have some antioxidant components
that might have protected the cells in the oxidative stress environment.
Recently it has been shown that mesenchymal stem cells derived exo-
somes have neuroprotective and antioxidant effects on neural cells
against oxidative stress generated by different molecules such as
hydrogen peroxide and amyloid p-peptide [51,52]. MSCs derived exo-
somes contain active catalase for combating oxidative stress having
profound therapeutic effect on neurodegenerative diseases [52].
Further, we evaluated the effect of exosomes in attenuating oxidative
stress in Neuro2a cells using menadione, which is a neurotoxin and
causes oxidative stress by the generation of ROS through redox cycling
in the cells [53]. We investigated the effect of exosomes against mena-
dione generated oxidative stress on the cellular viability and prolifera-
tion of Neuro2a cells.

Under oxidative stress, Neuro2a cells survived better in the presence
of the exosomes as compared to non-treated cells. In the live/dead im-
aging, we observed more viability in exosomes treated cells as compared
to non-treated cells after 12 h (Fig. 4 (B1). Similar results were observed
in the MTT assay, where the cellular metabolic activity was more in
exosomes treated cells than non-treated cells (Fig. 4 (B2). These results
showed that BMSCs derived exosomes have neuroprotective and anti-
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oxidant properties to reduce the effect of the ROS. To ascertain that
the protective effects of the exosomes are maintained in the fused
product of exosomes and liposomes after freeze-thawing, we also eval-
uated the prosurvival effect of fused exosomes in attenuating cell death
under hyperglycemia. The MTT assay and live/dead imaging showed
that fused exosomes treated SH-SYSY cells were protected against
cellular death as compared to non-treated cells (Fig. 4 (C1-C2)). Also,
the percentage of the live cells was higher in the fused exosomes treated
group than the non-treated group (Fig. S3 (B)). This affirmed that the
fused product (DCES) has maintained its neuroprotective and antioxi-
dant potential. DCES will inhibit the generated oxidative stress which is
one of the major causes of nerve degeneration in diabetic neuropathy.
We further evaluated the therapeutic effect of DCES in an in-vivo DPN
model.

2.4. Fused conducting exosomal system enhanced electrophysiological
parameters

To investigate the therapeutic effect of DCES, we established a rat
DPN model by intraperitoneal injection of streptozotocin. Electrophys-
iological parameters such as motor nerve conduction velocity (MNCV)
and compound muscle action potential (CMAP) decreased in STZ-
induced DPN animals compared to the healthy group, recorded at
sciatic-tibial nerve region. There was a 40% reduction in electrophysi-
ological parameters indicating the development of severe DPN, 8 weeks
post STZ injection. The experimental design of the in-vivo DPN study is
represented in Fig. 5A. Stem cells have been investigated for the treat-
ment of DPN, however, the translation of the therapy from bench to bed
side has been difficult due to certain underlying disadvantages such as
ideal route and dose of administration, concern of tumor development
and low cell retention capacity [54]. Moreover, there are growing evi-
dences that the therapeutic effect of these stem cells is due to secretion of
paracrine factors such as exosomes.
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Fig. 4. BMSCs-Exo and fused-Exo enhanced
neural cell viability against oxidative stress
environment. BMSCs-Exo protected SH-
SY5Y cells against high-glucose toxicity as
represented by (A1) MTT assay, and (A2)
Live/dead staining using Calcein-AM and PI,
which shows more viable cells in high
glucose toxic environment in the presence of
exosomes. BMSCs-Exo protected Neuro2a
cells against oxidative stress generated by
menadione (20 pM) as represented in (B1)
live/dead assay using Calcein-AM/PI and
(B2) MTT assay. Fused exosomes protected
SH-SY5Y cells against high-glucose toxicity
as represented by (C1) MTT assay, and (C2)
Live/dead staining, which shows that the
freezing-thawing process during fusion of
exosomes and liposomes has not ruptured
the exosomes and maintained their func-
tionality. *p<0.05, **p<0.01, ***p<0.001,
*#xp<0.0001.
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For the amelioration of DPN, the exosomal therapy was given
intramuscularly in the gastrocnemius muscle. The intramuscular
administration of the exosomal therapy at the injured site is more effi-
cient than the systemic administration due to their increased half-life
index resulting in enhanced bioavailability [55]. Exosomes injected at
the gastrocnemius muscle are transported to the dorsal root ganglion,
and spinal cord via sciatic nerve through retrograde axoplasmic trans-
port [56]. We evaluated the potential of the developed therapy in
normalizing the nerve functionality by measuring MNCV and CMAP
after 4, 6, and 8 weeks of the treatment. After 4 weeks, there was a
significant improvement in electrophysiological parameters of the
treated animals as compared to the negative control. The MNCV is
indicative of the conductance of the nerve fibers. Our combined therapy
of designer conducting exosomal system (DCES) along with electrical
stimulation (ES), i.e., (Fused-Exo + ES) considerably improved the
MNCV (56.57 + 0.51 m/s vs 25.73 £+ 1.16 m/s) compared to negative
control group (Fig. 5 (B1)). We observed substantial improvement in
MNCV values in Fused-Exo (49.67 + 2.85 m/s) and Exo (48.63 + 1.21
m/s) group as compared to the negative control, however, the effect was
significantly less than the combined therapy. Also, the MNCV values in
Fused-Exo + ES group (56.57 + 0.51 m/s) were comparable to that of
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healthy control (60.25 + 1.56 m/s). These results demonstrated the
combined effect of the fused exosomes along with electrical stimulation
in enhancing MNCV, and thus nerve regeneration.

Earlier studies have shown individual effect of exosomes and elec-
trical stimulation in repair and regeneration of nerves [24,57-59].
Exosomes provides the necessary bioactive cues essential for nerve
regeneration, whereas electrical stimulation is widely used as an adjunct
therapy to enhance the therapeutic potential. BMSCs exosomes contain
miRNAs and proteins which improves the functional recovery of the
nerves by enhancing nerve remyelination, nerve fiber density, and nerve
conduction velocity. In our study, we observed that after 6 weeks and 8
weeks, the Fused-Exo + ES group maintained the restored MNCV alike
healthy control. After 6 weeks, the MNCV in the Fused-Exo + ES group
was 56.76 + 0.46 m/s, significantly higher than only Fused-Exo (49.03
+ 2.18 m/s) and Exo group (48.60 + 1.18 m/s). Further, at the end of 8
weeks, there was a further improvement in the MNCV value of the
Fused-Exo + ES (57.6 + 0.45 m/s) compared to Exo (49.60 + 0.95 m/s)
group. These results demonstrated the therapeutic potential of fused
exosomal therapy in improving the nerve conduction velocity, which
was further enhanced by electrical stimulation and thus contributed to
nerve regeneration. We also observed some improvement in MNCV in
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Fig. 5. The conducting exosomal therapy showed functional recovery, stabilized the blood glucose and body weight. (A) Scheme of the experimental protocol.
Electrophysiological parameters (B1) nerve conduction velocity, and (B2) compound muscle action potential were measured after 4, 6, and 8 weeks after treatment of
the treated (right) and non-treated (left) limb (B3) Blood glucose, and (B4) Bodyweight were measured every week throughout the experimental period. Behavioral
analysis was done in the open field test by the measurement of (B5) total distance moved, (B6) rearing frequency, and (B7) grooming frequency for all the
experimental groups after 8 weeks of treatment. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.

the contralateral left limb of the treated animals, but they were not
maintained with time. We next measured the amplitude of CMAP for all
the experimental groups, which demonstrates the electrical activity of
the muscle tissue. The amplitude values in all the three treated groups
were found higher compared to the negative control group and un-
treated contralateral left leg. After 4 weeks, the CMAP measured for the
Fused-Exo + ES group (18.29 + 1.74 mV) was significantly higher than
the negative control group (6.57 + 1.42 mV) (Fig. 5 (B2)). Also, the

obtained CMAP in Fused-Exo + ES group was significantly increased
than the Fused-Exo (14.68 + 1.08 mV) and Exo group (15.62 + 0.95
mV).

The increased amplitude in the Fused-Exo + ES group shows the
combined role of fused exosomal therapy and ES in enhancing the
regeneration of peripheral nerves. Application of ES is known to
enhance amplitude and muscle action potential area after sciatic nerve
injury in diabetic animals [24]. A similar trend was observed at the end
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of 6 weeks, where the CMAP value of the Fused-Exo + ES (16.65 4+ 1.02
mV) group was significantly higher than the Fused-Exo (12.16 + 0.65
mV) group. However, after 8 weeks, the CMAP values of the healthy
group (18.19 + 1.45 mV), Fused-Exo + ES (16.96 + 0.73 mV),
Fused-Exo (14.19 + 0.69 mV) and Exo (14.41 + 0.80 mV) group were
observed to be similar. The electrophysiological recordings of all the
experimental groups after 8 weeks of exosomal therapy are represented
in Fig. S4 (A). Taken together, the electrophysiology results revealed
that the designer exosomes significantly improved the electrophysio-
logical parameters of MNCV and CMAP in comparison to non-stimulated
groups, which was further enhanced by electrical stimulation. The
DCES, along with electrical stimulation, showed rapid functional re-
covery of damaged nerves indicating the synergistic effect of both exo-
somes and ES in enhancing nerve regeneration after DPN. For efficient
disease manifestation of DPN, it is also essential to mitigate this condi-
tion as early as possible to avoid further complications. We observed
enhanced and early improvement with the application of electrical
stimulation along with fused exosomal therapy. Earlier, BMSCs trans-
planted in a diabetic neuropathy mice model enhanced the NCV after the
treatment, however, the improvement lasted less than 4 weeks [60].
Also, intravenous injection of BMSCs derived exosomes for consecutive
8 weeks increased motor and sensory conduction velocities in DPN mice
model [61]. However, the improvement was not comparable to that of
non-diabetic mice. In comparison, our fused exosomal therapy was able
to maintain nerve functional parameters over 8 weeks similar to healthy
control, which is otherwise challenging. BMSCs derived exosomes have
depicted that miRNA or combination of miRNAs and proteins present in
them possesses neuroprotective response and play a vital role in gene
regulation and biochemical signal transport [15,62,63]. BMSCs derived
exosomes contain different miRNA’s including miRNA-133b, and
miRNA-17-92-cluster in the cargo that have shown enhanced nerve
repair and regeneration [64,65]. These exosomal miRNA’s enhance the
nerve growth and functional recovery by activating different signalling
pathways, such as activation of PTEN/mTOR signalling pathway,
P13K/protein kinase B, and mediating RhoA and ERK1/2/CREB signal
pathway [66]. These earlier studies have depicted role of MSCs derived
exosomes in the nerve repair and regeneration, and it is likely that the
observed effect in this study is partly due to these exosomal miRNA
content being transferred to the cells [66].

Electrical stimulation (ES) of the nerve tissue has been used in clinics
for the treatment of different neurological problems, including DPN. The
ES is known to enhance the expression of neurotrophic factors and
remyelination after nerve injury to support nerve repair and regenera-
tion [59,67]. The actual mechanism behind how ES promotes
improvement is still unclear. Different studies have evaluated the effect
of ES in ameliorating DPN, however, the results have been inconsistent.
Few studies demonstrated the role of ES in the improvement of NCV,
while others indicated control in neuropathic pain only with no effect on
electrophysiological parameters [68,69]. In the present study we have
shown that ES along with DCES showed enhanced sciatic nerve func-
tional improvements like NCV and CMAP than DCES and exosomes only.
Polypyrrole has been predominantly used as an electrically conductive
polymer in neural tissue regeneration [70]. The addition of conducting
PpyNps and exogenous ES enhanced the electrical properties in the
in-vivo system. Our results showed the role of ES in combination with
conducting material in enhancing nerve regeneration. Designer
exosomes-based therapy also offers a targeted delivery approach of the
regenerative molecules to the specific injury sites. Targeting to the
injury sites can be achieved by the expression of tissue specific target
moieties on the exosomes [71]. For example, in case of nerve tissue,
designer exosomes developed with neuron specific target peptide such
as rabies viral glycoprotein (RVG) demonstrated enhanced targeted
delivery of the cargo molecules to the neuronal cells when administered
systemically [72]. Thus, conducting materials along with exosomes can
be targeted better to the nerve injury sites by having targeted moieties
on the exosomal system. We understand that the synergistic effect of
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exosomes, conducting PpyNps, and electrical stimulation lead to
improved electrophysiological parameters after DPN. The therapeutic
potential of DCES was further augmented when delivered in combina-
tion with exogeneous electrical stimulation improving the nerve con-
duction velocity, compound muscle actional potential, thus contributing
to nerve regeneration.

2.5. Fused conducting exosomal system ameliorated hyperglycemia

Streptozotocin (STZ) is widely reported for the development of the
T2DM animal model. The chemical structure of STZ comprises of a
highly reactive nitrosourea moiety along with a glucose molecule that
showed cytotoxicity. Glucose-mediated binding of nitrosourea to
membrane receptor present on the p-cells commits structural damage.
The glucose levels increased in all the groups after the induction of
diabetes. Eight weeks after STZ administration, the diabetic rats showed
significant hyperglycemia with a glucose level of 187.40 + 20.54 mg/dL
(Fused-Exo + ES), 182.90 + 32.67 mg/dL (Fused-Exo), 185.80 + 21.61
mg/dL (Exo) and 181.90 + 20.48 mg/dL (negative control) as compared
to 118.10 + 16.26 mg/dL in healthy control group (Fig. 5 (B3)). After 5
weeks of a given therapy, a significant difference in glucose levels was
observed between all the three treated groups, Fused-Exo + ES (338.20
+ 12.83 mg/dL), Fused-Exo (341.60 + 11.98 mg/dL), and Exo (336.30
+ 12.37 mg/dL) as compared to the negative control group (363.90 +
12.49 mg/dL). Interestingly, these differences were maintained
throughout the study period after exosomal therapy. The results of the
present study also represent damage to the pancreatic p-cells, thereby
causing an increase in blood glucose level in STZ induced diabetic rats
compared to healthy rats. Intriguingly, after giving an injection of DCES
in diabetic animals induced with STZ, we observed that glucose level in
all animals except negative control was maintained at a certain level
with no significant further upsurge. However, it was higher as compared
to healthy control animals. Exosomes could alleviate hyperglycemia by
protecting pancreatic p-cells from apoptosis and promoting insulin
sensitivity [23]. BMSCs derived exosomes are rich in enzymes needed
for ATP synthesis of glycolysis such as glyceraldehydes 3-phosphate
dehydrogenase (GAPDH), phosphoglucomutase (PGM), phosphoglyc-
erate kinase (PGK), enolase along with a gene that encodes for 6-phos-
phofructo-2-kinase/fructose-2,6-biphosphatase [73]. The presence of
these glycolytic enzymes may contribute to glycemic control in DCES
and exosome treated animals. Although the local injection of the DCES
was given intramuscularly, these exosomes might have traversed into
the bloodstream, thereby contributed to glycemic control.

In the present study, diabetic rats exhibited a reduced body weight
gain post-STZ injection compared to healthy animals (Fig. 5 (B4)). The
reduction in body weight gain of STZ induced diabetic animals is due to
the inability to metabolize the carbohydrate fuel sources and the
wasting of the fat stores [74,75]. It was observed that after 4 weeks of
therapeutic treatment, there was a decrease in body weight in animals
with DPN as compared to the healthy groups. However, in the exosomal
therapy treated animals, the weight loss was relatively less than the DPN
control. After 9 weeks of the given treatment, there was a significant
difference between the treated groups such as Fused-Exo + ES (231.50
+ 15.47 g), Fused-Exo (233.67 + 11.10 g), and Exo (242.50 + 18.33 g)
as compared to the negative control group (207.00 + 11.17 g) in the
body weight. These differences were maintained until the end of the
study, indicating the role of the given exosomal therapy in controlling
instant loss in body weight and correlated with the hyperglycemic
control. These observations indicated the long-term therapeutic effects
of exosomal treatment.

2.6. Behavioral analysis: open field test
The effect of DCES on the DPN animal model in the open field test is

represented in Fig. 5 (B5-B7). Interestingly, post-therapy, we found that
the animals in the Fused-Exo + ES, Fused-Exo, and Exo group were more
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active and traveled more distance in the open field test compared to the
negative control group (Fig. 5 (B5)). The negative control group showed
the least distance moved due to damage to nerves affecting the sensory
and motor functions. Rearing frequency (RF) is the frequency with
which rats stand using the hind legs and indicates the locomotor activ-
ity. The frequency of rearing in all the treated groups was similar to the
healthy control group and significantly high as compared to the negative
control (Fig. 5 (B6)). It was demonstrated that exosomal therapy had
maintained the locomotor activity near the normal and lower level of
anxiety after DPN. Further, grooming is a behavior of rodents evident by
body care, self-calming activities, displacement, and comforts. No sig-
nificant difference in grooming frequency (GF) between the experi-
mental groups was seen (Fig. 5 (B7)). All these activities are
coordinated by the nervous system; however, in a diseased state of DPN,
loss, and damage to nerves contribute to reduced RF and GF. DCES
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Healthy Control Fused Exo + ES

Fused Exo
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therapy proves beneficial in restoring the normal behavior function of
animals. Taken together, these results of behavioral analysis, it was
concluded that designer exosomal therapy improves the behavior and
nerve function after DPN.

2.7. Histological and immunostaining analysis for peripheral nerve
regeneration

To examine the histological changes in the peripheral sciatic nerve,
toluidine blue staining of the middle segment of the sciatic nerve was
performed (Fig. 6A). The morphology and structure of sciatic nerve fi-
bers in all three treated groups, Fused-Exo + ES, Fused-Exo, and Exo was
found similar with partial restoration of nerve fiber morphology. This
restoration is due to the neuroprotective effect of delivered exosomal
therapy and ES which enhances the proliferation of Schwann cells,
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Fig. 6. (A) Histopathology (Toluidine blue staining) of isolated sciatic nerve samples showing improvement in the tissue organization and anatomy in the treated
groups compared to the negative control group after 8 weeks of exosomal therapy at 100x magnification. Nerve morphometric analysis of the toluidine blue-stained
images from all the experimental groups for (B1) nerve diameter, (B2) axon diameter, (B3) myelin thickness, and (B4) axon density. (C) Sciatic nerve transverse
sections from the different experimental groups were observed in immunofluorescence-stained images against the 8-OHDG oxidative stress marker at 40x magni-
fication. The yellow arrows indicate 8-OHDG expression (green) in the negative control group. Gene expression analysis in sciatic nerve samples after 8 weeks of
therapy (D1) Semi-quantitative gene expression analysis of the sciatic nerve samples in, (1) Negative control, (2) Healthy control, (3) Exo, (4) Fused-Exo + ES, (5)
Fused-Exo, (D2) quantification of the gene expression based on the semi-quantitative expression analysis. (D3) Graph representing relative gene expression based on

the gqRT-PCR analysis. *p<0.05, **p<0.01, ***p<0.001, ns: non-significant.
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remyelination, and axonal regeneration [76]. We observed significant
improvement in nerve diameter, axon diameter, myelin thickness, and
axon density in the treated groups as compared to the negative control
group (Fig. 6 (B1-B4)). Further, sustained glycemic control due to
exosomal delivery improved the nerve morphology affected due to DPN.
In the negative control, there was a prominent decrease in the axon
density along with expanded lamellar spaces as compared to treated
groups (p<0.01). The sciatic nerve fibers with expanded lamellar spaces
reflected the visible sign of axonal atrophy. After exosomal therapy,
prominent regenerative changes were observed due to the uptake of
cargo by neuronal cells, which produced the immediate effect. Posses-
sion of neuroprotective cues in BMSCs derived exosomes contribute to
this restoration of nerve morphology [13].

Hyperglycemia leads to altered protein structure of the mitochon-
drial electron transport chain leading to the development of oxidative
stress by the generation of ROS and peroxides [77,78]. It also suppresses
the mitochondrial antioxidants such as superoxide dismutase and
glutathione peroxidase. Therefore, we analyzed the presence of oxida-
tive stress in the sciatic nerve after DPN. 8-OHDG (8-hydrox-
y-2'-deoxyguanosine) is one such DNA oxidative stress marker, which
indicates the extent of oxidative damage in the nerve.

We did immunostaining for the 8-OHDG marker and the immuno-
fluorescence images showed less expression in all the groups receiving
exosomal therapy than the negative control group (Fig. 6C). Similar
results were obtained in the quantitative analysis showing significantly
more expression of the 8-OHDG stress marker in the DPN control than
the treated groups (Fig. S4 (B)). This indicates that the oxidative stress
generated after DPN has been controlled by our exosomal therapy,
whereas the stress is maintained in the untreated negative control group.
Exosomes transfer heat shock proteins (protective proteins), glycolytic
enzymes, genetic information in the form of RNA, proteins deciphering
antioxidant activities to reduce oxidative stress [79,80]. BMSCs derived
exosomes have antioxidants such as glutathione-S-transferases and
peroxiredoxins to supplement the cellular antioxidants [81]. The exo-
somal treatment has reduced the oxidative stress in the treated groups
because of their antioxidant activity.

2.8. Gene expression analysis

The generation of DPN leads to nerve damage which is mostly
associated with altered expression of myelin-specific proteins like MAG,
MBP, and MPZ, along with Schwann cells associated S100 protein [82].
Therefore, we analyzed whether there was any effect of exosomal
therapy on the expression of SCs and myelin-specific proteins. Expres-
sion of $100, myelin-associated glycoprotein (MAG), myelin basic pro-
tein (MBP), myelin protein zero (MPZ), and GAPDH genes, were
analyzed in all the groups by semi-quantitative gene expression analysis.
There was an increased gene expression of S100, MAG, MBP, and MPZ
after exosomal therapy compared to the negative control (Fig. 6
(D1-D2)). These observations indicate the role of exosomal therapy in
enhancing remyelination. We further analyzed the gene expression of
the Schwann cell marker, S100, and myelin-associated glycoprotein,
MAG by quantitative real-time RT-PCR (qRT-PCR). The given therapy
significantly upregulated S100 gene expression in the treated groups as
compared to the negative control (p<0.05). Increased S100 expression
indicates the proliferation of the Schwann cells after the exosomal
therapy. SCs play an essential role in nerve regeneration by secreting
growth factors, supporting remyelination and axonal regeneration after
injury [83]. SCs secrete myelin proteins such as MAG, which is impor-
tant to develop and maintain myelin in the nerve tissue [84]. DPN causes
damage to the SCs resulting in demyelination and down regulation of
myelin proteins. Also decrease in the nerve conduction velocity in-
dicates the damage in the myelin sheath in sciatic nerve after diabetic
neuropathy. We observed down regulation of MAG in the sciatic nerve
after DPN in the non-treated negative control (Fig. 6 (D3)). However, a
significant increase in MAG was observed in the sciatic nerve after
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exosomal therapy in comparison to the negative control (p<0.001)
(Fig. 6 (D3)). The increased expression of these markers indicates that
the given exosomal therapy has modulated SCs and myelination related
gene expression. This increased expression in Schwann cell and
myelin-associated proteins, which corresponds to the remyelination and
axonal regeneration, corroborates to the improvement in nerve func-
tionality (NCV) and nerve morphology as observed in earlier electro-
physiology results.

2.9. Fused conducting exosomal system augmented muscle regeneration

The gastrocnemius muscle (GM) is the class of skeletal muscle, which
is innervated by the sciatic nerve, and it degenerates after diabetic
neuropathy. Sciatic nerve regeneration and reinnervation of the GM,
attenuates the muscle atrophy. We assessed the muscle atrophy and
regeneration by GM weight analysis, and Masson’s trichrome staining
which indicates about the extracellular matrix (ECM) deposition in the
tissue. Exosomal therapy restored muscle morphology, muscle mass, and
integrity. The treated groups showed integrated muscle fiber
morphology similar to the healthy control group. In the negative control
group, extensive collagen deposition (blue color), reduced muscle mass,
and disintegrated muscle matrix due to a reduction in muscle fiber size
was observed compared to the treated group (Fig. 7A). Hyperglycemia
induced oxidative stress is one of the main players associated with
muscle atrophy. Earlier studies have shown that attenuation of oxidative
stress using antioxidant biomolecules have prevented muscle atrophy in
DPN [85,86]. Exosomes as demonstrated in our in-vitro studies attenu-
ated oxidative stress, which may have prevented GM atrophy. Further,
in earlier clinical and pre-clinical studies, electrical stimulation has
prevented diabetes associated muscle atrophy in diabetic patients as
well as preclinical animal studies [87,88]. Therefore, exosomes along
with electrical stimulation may be a more effective treatment in miti-
gating DPN along with muscle atrophy. However further mechanistic
understanding is required to reveal its true potential. We also studied the
effect of exosomal therapy in inducing the cellular proliferation of the
injured GM. Proliferating cell nuclear antigen (PCNA), a marker for
cellular proliferation, was analyzed in both the transverse and longitu-
dinal GM sections after neuropathy (Fig. 7 (B1)). We observed that
treated groups showed high cellular proliferation activity compared to
the negative control group in both the transverse (Fig. 7 (B2)) and
longitudinal sections (Fig. 7 (B3)). After muscle injury, satellite cells,
which are the stem cells, divide and differentiate to restore and regen-
erate the lost muscle fibers [89]. Because of the hyperglycemic condi-
tion, these satellite cells display reduced proliferative and regenerative
capability in the damaged muscle tissue. It has recently been shown that
exosomes enhanced the activation, proliferation, and differentiation of
the satellite cells by ERK phosphorylation [90]. The exosomal therapy
might have activated these satellite cells and enhanced their division
and differentiation into muscle cells, leading to muscle regeneration.
The digital images of the isolated gastrocnemius muscles from all the
experimental groups are represented in Fig. 7 (C1). We observed that our
exosomal therapy has attenuated the muscle atrophy and, recovered and
regenerated the muscle tissue after DPN. Conversely, we observed se-
vere muscle degeneration in the negative control group. This was further
supported by quantifying the GM weight ratio. As indicated in the
quantification data (Fig. 7 (C2)), there was a significant difference in
the GM weight of the treated groups; Fused-Exo + ES (1.430 + 0.136 g),
Fused-Exo (1.351 + 0.197 g), and Exo (1.432 + 0.144 g), as compared to
the untreated negative control group (0.704 + 0.179 g). Collectively,
these results indicated the effect of fused exosomal therapy and elec-
trical stimulation in ameliorating DPN, enhancing nerve regeneration
and recovering muscle tissue atrophy.
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Fig. 7. Exosomal therapy promoted gastrocnemius muscle regeneration after DPN. (A1) Masson’s trichrome stained images of the gastrocnemius muscle of the
treated limb (right) after 8 weeks of therapy at 20x and 40x magnification, (A2) Quantification of the mean diameter of the muscle fibers. PCNA marker expression in
the transverse and longitudinal gastrocnemius muscle sections from the different experimental groups, (B1) confocal immunofluorescence images representing PCNA
marker expression. Quantification of the PCNA marker expression in (B2) transverse sections, and (B3) longitudinal sections. (C1) Representative images of the
isolated gastrocnemius muscles from different experimental groups, T (treated) and NT (Non-treated), and (C2) quantification of the muscle weight from the treated

hind limb (right).

2.10. Fused conducting exosomal system enhanced the recovery of
pancreas, kidney, and liver after diabetic peripheral neuropathy

After STZ administration, hyperglycemia causes severe cellular
destruction in the pancreas, kidney, and liver tissues [91]. In pancreatic
tissue, the untreated negative control group showed a decrease in
pancreatic cell mass, disrupted tissue architecture, and severe inflam-
mation compared to the healthy pancreatic tissue (Fig. 8). After the
exosomal therapy, improvements in the pancreatic tissues were
observed in the Exo, Fused-Exo, and Fused-Exo + ES group, which was
evident by the maintenance of the integrity, and the presence of islets of
Langerhans. The exosomal therapy also enhanced pancreatic cell pro-
liferation after DPN as observed in PCNA immunostaining (Fig. S5). The
treated groups showed significant cellular proliferation as compared to
the non-treated group. Exosomes derived from mesenchymal stem cells
are known to have the potential to enhance cellular proliferation after
tissue injury [92]. BMSCs derived exosomes might have protected the
pancreatic tissue against degeneration by inducing f-cell proliferation
and inhibiting cellular apoptosis. The changes in kidney cortex histology
are shown in the H&E-stained images (Fig. 8). The healthy control group
showed the typical kidney architecture, glomerular augmentation, and
matrix arrangement compared to negative control animals that have
deformed renal tubular epithelial cells, vacuolated degeneration and
necrosis, and glycogen deposition. However, after treatment, tissue re-
covery was observed with normal glomeruli structure similar to healthy
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control. The exosomal therapy also enhanced the renal tissue recovery
by promoting cellular proliferation as observed in PCNA immunostain-
ing results of the kidney sections (Fig. S6). Stem cell-derived exosomes
have the potential to repress cellular apoptosis and promote renal cell
proliferation [93,94]. After the administration of STZ, degenerative
changes such as vacuolated spaces, inflammation, and hemorrhage were
observed in the hepatic cells in liver tissue of the negative control group.
However, in the treated groups, exosomal therapy partially recovered
the liver tissue with some inflammation in the Exo group (Fig. 8). These
results indicate a systemic protective effect of exosomal therapy in
various peripheral organs, which needs to be studied further.

In summary, we have successfully developed designer conducting
exosomal system (DCES) and demonstrated a combined effect of fused
exosomes and electrical stimulation in ameliorating diabetic peripheral
neuropathy (DPN). In electrophysiological studies, exosomes signifi-
cantly enhanced the electrophysiological parameters such as NCV and
CMAP, which were significantly better than the negative control.
However, fused exosomes in the form of DCES along with electrical
stimulation further improved these electrophysiological parameters.
The results demonstrated a significant effect of both exosomes and
electrical stimulation in nerve regeneration at electrophysiological
level. Interestingly, at the cellular/molecular level, we again observed a
prominent effect of exosomes on histopathology, but could not be
enhanced by additional electrical stimulation. Similar trend was also
observed in gene expression analysis, where exosomes promoted the
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Pancreas

Fused Exo Exo Negative Control Healthy Control

Fused Exo + ES

expression of S100 and MAG genes, but no further increased expression
was observed after electrical stimulation. These results demonstrated
that exosomes have prominent effect at cellular/molecular level by
modulating the gene expression and histopathology, while electrical
stimulation has more role to play in modulation of electrophysiological
parameters. Our results are the first step in the development of a
combinatorial therapeutic approach that can be translated to clinics. To
further establish this concept and to understand the overall potential of
the therapy, many future questions remain to be addressed. The mech-
anistic understanding and role of exosomes and electrical stimulation in
treating DPN needs to be elucidated. Although electrical stimulation
enhanced the effect of fused exosomes, the individual benefits of elec-
trical stimulation with and without conducting nanoparticles and exo-
somes needs to be elucidated. Further taking lead from these results, a
detailed investigation into the systemic effect of the developed therapy
is also being carried out.
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Fig. 8. Histological and morphological
analysis of the different tissues by H&E
staining after 8 weeks of therapy. In the
pancreas, normal tissue morphology was
observed in the healthy control, whereas
distorted tissue architecture with severe
inflammation and necrosis was observed in
the negative control. In Exo, Fused-Exo, and
Fused-Exo + ES group, islets of Langerhans
(black arrows) were observed with partial
tissue recovery, scale bar: 100 pm. In the
case of the kidney, normal tissue architec-
ture was observed for healthy control,
whereas vacuolar degeneration and necrosis
in renal tubular cells (thick arrows), and
glycogen deposition (thin arrows) were
observed in the negative control. In Exo,
Fused-Exo, and Fused-Exo + ES group,
normal glomeruli were observed (stars)
similar to healthy control, scale bar: 100 pm.
In liver tissue, normal liver morphology was
observed in the healthy control, whereas
severe inflammation (black arrows) was
observed in the negative control. Some
inflammation was observed in the Exo group
(black arrow), with partial tissue recovery in
the Fused-Exo and Fused-Exo + ES group,
scale bar: 50 pm.

3. Conclusion

Diabetic peripheral neuropathy leads to severe nerve damage and
can’t be recovered to a healthy state without effective therapy. Our re-
sults demonstrated that the developed designer conducting exosomal
treatment and the short duration of ES enhanced recovery of the
damaged nerves affected with diabetic peripheral neuropathy (DPN).
Delivering BMSCs derived exosomes and conducting system such as
polypyrrole nanoparticles and exogenous electrical stimulation have
been proving a new emerging treatment approach in therapeutic and
regenerative therapy. The DCES interplays in the reversal of nerve tissue
damage and DPN manifestations and also a proven anti-hyperglycemic
role. Our results also suggest an exosomal role in glycemic control,
which needs further investigation. Moreover, further clinical trials are
necessary to optimize their use in clinics.
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4. Experimental section
4.1. Materials

All chemicals and reagents used were purchased from Merck, USA, or
otherwise mentioned and detailed in supporting information.

4.2. Exosomes isolation and characterization

Exosomes were isolated from bone marrow mesenchymal stromal
cells (BMSCs) using differential centrifugation and micro-filtration [42].
BMSCs were isolated from Wistar rats as described in supporting infor-
mation. Once the BMSCs in passage 4 reached 70-80% confluency,
complete medium was replaced with serum-free medium supplemented
with 1% antibiotic, and cells were cultured for 48 h. After 48 h, the spent
media was collected to isolate exosomes. The spent media was centri-
fuged at 2000 x g for 10 min to remove the cell debris. The supernatant
was collected and centrifuged at 16,000 x g for 40 min to remove the
microvesicles. The collected supernatant was concentrated using Ami-
con® Ultra Centrifugal filters (100 kDa MWCO) at 2000g, and the final
protein concentration was determined using BCA protein assay (Pierce,
ThermoScientific, USA). Confocal microscopy, field emission scanning
electron microscopy (FESEM) and transmission electron microscopy
(TEM) and cryo-TEM were used to visualize the exosomes. Nanotracking
analysis (NTA) was performed to determine the size distribution and
concentration of exosomes with 488 laser. Triplicate measurements of
each sample (30 s) were recorded with a camera level of 14 and a
detection threshold of at 10. For analyzing the exosomal surface
markers, Western blot analysis for CD81, CD9, and p-actin was done as
described in supporting information. Exosomes were also analyzed by
immunogold labeling and analyzed by TEM as per the details in sup-
porting information.

4.3. Synthesis of liposomes and packaging of PpyNps

Polypyrrole nanoparticles (PpyNps) were synthesized by the chem-
ical oxidation polymerization reaction, as reported elsewhere [36] and
detailed in supporting information. Liposomes were synthesized using
the film hydration method, as reported elsewhere [36]. Briefly, the
lipids including DPPC, cholesterol, CHEMS (70:5:17.25 M ratio) were
dissolved in dichloromethane and methanol (5 mL, 4:1 v/v). The round
bottom flask containing the lipid components was placed under a rotary
evaporator (BUCHI™ Rotavapor™ R-210 Rotary Evaporator System,
Fischer Scientific, Thermo Scientific, USA). After removing the solvent, a
thin lipid film at the surface formed was hydrated with a 5% w/v
dextrose solution containing PpyNps at ratio 1:2 (w/w lipid: PpyNps),
followed by ultraprobe sonication for 2 h in ice. Furthermore, the
packaged liposomes loaded with PpyNps were passed through a 0.22 pm
(Millipore) syringe filter to remove the microparticle size components,
followed by the removal of free PpyNps with Sephadex G-25 column
(Sigma-Aldrich, St. Louis, MO, USA). The incorporation of PpyNps was
confirmed by UV spectroscopy within the wavelength range of 400-800
nm. Confocal microscopy (LSM780NLO, Carl Zeiss GmbH, Germany),
and FESEM was used to visualize the liposomes described earlier. These
particles are designated as polypyrrole nanoparticles containing lipo-
somes. Exosomes were also analyzed through liquid
chromatography-mass spectroscopic (LC-MS/MS) analysis as per the
methodology reported in supporting information.

4.4. Exosome labeling with PKH-26 and Calcein-AM dyes

The isolated BMSCs exosomes were labeled with PKH-26 (Red
Fluorescent Cell Linker, Sigma Aldrich) as per the manufacturer’s pro-
tocol. Briefly, the isolated EVs were incubated with 3 pM of fluorescent
PKH-26 dye in dilution buffer at room temperature, followed by density
gradient ultracentrifugation at 192000 g for 2 h at 4 °C. The supernatant
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was carefully removed, and the labeled exosomes pellet was resus-
pended in the 1X PBS buffer or culture media as per requirement. To
detect the intact exosomes vesicles, Calcein-AM staining was performed.
The EVs were labeled with Calcein-AM (10 pM) working concentration
in PBS and incubated at 37 °C for 20 min. The unlabeled dye was
removed by centrifuging in 100 KDa filters (Amicon). The cells were
incubated with Calcein-AM labeled exosomes at 37 °C. Further, the cells
were washed with 1X PBS (3X), and the images were taken using a
confocal microscope (Leica SPII, Germany).

4.5. Fusion of exosomes and packaged PpyNps containing liposomes

The exosome and liposome membranes were fused using the freeze-
thaw method [42]. For effective fusion, the exosomes were mixed with
liposomes in the ratio 2:1 (number of exosomes to the number of lipo-
somes). The mixtures were frozen in liquid nitrogen and thawed at 50 °C
in a water bath for 15 min/cycle. The freeze-thaw process was repeated
ten times. TEM (FEI Technai G2 12 Twin TEM 120 kV) analysis was
performed to visualize the exosomes fusion with liposomes. The fused
exosomes and liposomes were loaded on the holey carbon grid and
visualized for the immunogold labeling against the CD-9 marker in TEM.
The membrane fusion was also viewed with confocal microscopy.
Briefly, exosomes labeled with PKH26 (Red Fluorescent Cell Linker,
Sigma Aldrich) were fused with liposomes labeled with PKH67 (Green
Fluorescent Cell Linker, Sigma Aldrich) for visualization under a fluo-
rescence microscope. The fusion efficiency between the liposomes and
exosomes vesicles was measured using the R18 (Rhodamine B octadecyl
ester perchlorate) (Sigma Aldrich) fusion assay. The R18 stock solution
(1 mg/ml) was prepared in methanol. Briefly, 100 pl of liposomes (5 x
10°) were labeled with a range of R18 (0.5-4 pl) at RT for 1 h under
gentle shaking. The unlabeled dye was removed by ultracentrifugation
at 190000 g at 4 °C for 2 h. The labeled liposomes were dissolved in 100
pl PBS and mixed with 100 pl of exosomes (1 x 106) in PBS. The exo-
somes and liposomes were fused together under freeze-thawing. The
fluorescence of the fused vesicles was measured at an excitation of 554
nm and an emission of 575 nm. Finally, 20 pl Triton X-100 was added to
measure the fluorescence at infinite dilution. The fusion efficiency be-
tween the two vesicles was determined using equation (1).

Fusion efficiency = (Ft) — (F0)/(F) — (FO) (€8]

Where, Ft = Fluorescence after fusion, FO = Fluorescence before fusion
and F = Fluorescence at infinite dilution.

4.6. Exosomes internalization studies in SH-SY5Y cells and NeuroZ2a cells

The exosome internalization was studied in neuroblastoma cell lines,
SH-SY5Y (NCCS Pune, India), and Neuro2a cell lines. SH-SY5Y are
human neuroblastoma cells, cultured in Opti-MEM (Gibco, Thermo
Fisher Scientific) supplemented with 5% FBS and 1% penicillin-
streptomycin antibiotic solution, and Neuro2a cells were cultured in
DMEM culture media supplemented with 10% FBS and 1% antibiotic
solution. Both SH-SY5Y and Neuro2a cells were seeded in 35 mm
confocal dishes (ibidi) at a density of 5 x 102 cells and incubated for 24
h at 37 °C. Further, the cells were co-cultured with the labeled exosomes
and fused exosomes and incubated for 30 min at 37 °C. Finally, live-cell
imaging was performed using a confocal microscope (Leica SPII, Ger-
many) followed by staining of cells with the nuclear stain DAPI and
Phalloidin-FITC for actin visualization. The fluorescence intensity of the
internalized exosomes was calculated by using the confocal fluorescence
images of the exosomes and fused exosomes internalized by the SH-SY5Y
cells. Total fluorescence intensity of the internalized exosomes and fused
exosomes was measured by analyzing 5-6 images in the ImageJ
software.



A. Singh et al.

4.7. Oxidative stress studies through high glucose toxicity and menadione
treatment

For high glucose toxicity studies, SH-SY5Y cells were seeded in 96
well plate at a density of 5 x 10° cells/well. After 24 h of cell seeding,
the cells were incubated with exosomes (30 pg/ml). Similarly, SH-SY5Y
cells (2 x 10* cells/well) were seeded and incubated with fused exo-
somes (30 pg/ml). Further, after 24 h, the cells were treated with high
glucose (150 mM) in Opti-MEM media. As a control, cells were cultured
in high-glucose conditions without exosomes treatment. MTT assay was
done at different time intervals to measure metabolic activity. A live/
dead cell integrity assay was carried out using Calcein-AM/PI after 48 h
and 72 h, and the images were quantified using ImageJ software. For
oxidative stress study, Neuro2a cells were seeded at a density of 5 x 103
cells/well. After 24 h of cell seeding, the cells were incubated with
exosomes (30 pg/ml). Further, after 24 h of exosome treatment, the cells
were treated with menadione (20 pM) in DMEM media under serum-free
conditions. For cellular viability, MTT assay was carried out every 2 h
after 4 h of treatment consecutively till 12 h. Live/dead imaging was
performed after 12 h using Calcein-AM/PI staining.

4.8. Induction of diabetic peripheral neuropathy and animal treatment

Female Wistar rats (n = 50), 12-14 weeks old, having bodyweight of
200-250 g were selected and acclimatized as per ethical guidelines. DPN
was induced by intraperitoneal (IP) injection of STZ (65 mg/kg prepared
in 100 mmol/L sodium citrate buffer, pH = 4.5) at three subsequent
doses on alternate days. One-week post-STZ injection, weekly fasting
blood glucose (FBG) was measured by glucometer (Glucocare™, Ultima,
RMD Mediaids Limited, India) every week, ensuring the induction of
diabetes. For glucose measurements, the rats were kept in a restrainer,
and the prick tail snipping method was employed to check FBG (from a
drop of blood) (FBG>200 mg/dL). To confirm the development of DPN,
electrophysiological parameters were measured after induction of dia-
betes at every 15th day using electromyogram (EMG) (Nicolet® EDX,
Natus Medical Incorporated, Pleasanton, CA 94566 USA) [95]. Briefly,
the animals were anesthetized using isoflurane gas (2-4%), and the hind
limbs were shaved and cleaned. The sciatic nerve was stimulated using a
recording electrode through proximal stimulation close to the sciatic
notch and distal stimulations close to the knee using bipolar needle
electrodes. The recording electrode was placed at the gastrocnemius
muscle. A reference electrode was placed between the stimulating and
recording electrode, and the ground electrode was placed at the tail.
After confirming DPN, the animals were randomly assigned in equal
numbers to four experimental groups (n = 10, each group) and a healthy
control group. The five experimental groups were (1) Fused-Exo + ES,
(2) Fused-Exo, (3) Exo, (4) Negative control, and (5) Healthy control, as
mentioned in Table 1. After DPN, the group 1 (Fused-Exo + ES) and

Table 1
Experimental groups used in the animal study.

S. Animal Number of Description of the given therapy
No. Groups animals Right Limb Left Limb
1. Fused-Exo 10 Exosomes fused with Dextrose
+ ES polypyrrole NPs containing only
liposomes along with
exogenous electrical
stimulation
2. Fused-Exo 10 Exosomes fused with Dextrose
polypyrrole NPs containing only
liposomes
3. Exo 10 Exosomes only Dextrose
only
4. Negative 10 Dextrose only Dextrose
Control only
5. Healthy 10 Dextrose only Dextrose
Control only
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group 2 (Fused-Exo) animals were given an injection of 20 pg/ml of
fused exosomes in 5% w/v dextrose solution into the right hind limb
muscles with a sterilized syringe attached with the needle of 25-gauge at
three points dispensing 167 pl volume at each point. In group 3 (Exo),
exosomes (20 pg/ml), and in group 4 (Negative control), 5% dextrose
was injected. In group 5 (Healthy control), the non-diabetic animals
have also injected with 5% dextrose only. The left hind limb served as
contralateral control and injected with 5% dextrose only in all the
experimental groups. To keep exosome amount similar in all groups, we
used an equal amount of exosomes to fuse with liposomes to develop the
fused product for the therapy. Weekly fasting blood glucose (FBG) and
body weight (BW) was recorded up to the termination of the experiment.
Post-injection in group 1 (Fused-Exo + ES), electrical stimulation (ES)
therapy (Nicolet® EDX, Natus Medical Incorporated, USA) was given
subsequently on alternate days for one month. Briefly, the positive and
negative electrodes were inserted near the hip joint and knee, respec-
tively. The electrical stimulation was given to the animals at 2 Hz fre-
quency and 1 mA current, producing visible muscle contraction for 15
min [96]. The electrophysiology parameters were measured every
15th-day post-treatment for eight weeks.

4.9. Behavioral studies- open field test

An open field test was performed to analyze the behavioral changes
in the animals after DPN. The animals were examined for anxiety,
locomotion, and exploring behavior. Horizontal and vertical activities of
the rats were recorded for a time period of 5 min through a high-
definition video recording camera. Then the video was analyzed for
behavioral analysis [97]. Briefly, the animals were placed in a glass box
area [56 x 56 x 20 cm], and its floor was divided into 16 small squares
that permit the definition of central and peripheral parts. The animals
were acclimatized to the apparatus before the actual recording. At the
start of the procedure, each animal was placed in the center of the box,
and its activity was recorded, and the following behavioral parameters
were scored, (1) total distance moved (cm), (2) grooming frequency, and
(3) rearing frequency. The procedure was repeated three times for each
animal of all the experimental groups.

4.10. Animal sacrifice and histological analysis

Eleven weeks after treatment, animals were sacrificed using an
overdose of pentobarbital (15 mg/100 g) followed by cervical disloca-
tion. The sciatic nerve, gastrocnemius muscle, liver, kidney, and
pancreas were collected and fixed in 10% formalin. The moist weight of
the isolated gastrocnemius muscle from the treated hindlimb (right) was
measured immediately after the animals were sacrificed. Histological
analysis was carried out through H and E staining as detailed in the
supporting information.

4.11. Immunofluorescence staining and gene expression analysis

Immunostaining was performed on the isolated sciatic nerve trans-
verse sections (4-5 pm thickness) for 8-OHDG (1:200, Santa Cruz), as
described in supporting information. The gastrocnemius muscle, kidney,
liver, and pancreas sections were immunostained for PCNA (1:50, Santa
Cruz) marker analysis. Gene expression analysis was carried out for
$100, MAG, MBP, and MPZ with GAPDH as internal control as per the
detailed methodology reported in supporting information.

4.12. Statistical analysis

All the in-vitro experiments were carried out in triplicates having a
minimum sample size of n = 3. All the quantitative analysis was carried
out using GraphPad Prism 8.0 using two-tailed student’s t-test and
ANOVA tests. For the multiple comparison test, One-way and Two-way
ANOVA tests were used in GraphPad prism. Each experimental group
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was compared to all other groups at each time point in case of electro-
physiology data by Two-way ANOVA test. One-way ANOVA test was
used for nerve morphometry and muscle analysis. The p-value of less
than 0.05 was considered statistically significant.

4.13. Animal ethics statement

Animal experiments were performed as per guideline laid down by
Committee for the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), and Institutional Animal Ethics Committee (IAEC)
using the approval numbers IITK/IAEC/2014/1025 and IITK/IAEC/
2017/1064 of the Indian Institute of Technology Kanpur, India.
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