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Cell transplantation is an effective strategy to improve the repair effect of nerve guide conduits (NGCs). However,
problems such as low loading efficiency and cell anoikis undermine the outcomes. Microcarriers are efficient 3D
cell culture scaffolds, which can also prevent cell anoikis by providing substrate for adhesion during trans-
plantation. Here, we demonstrate for the first time microcarrier-based cell transplantation in peripheral nerve
repair. We first prepared macroporous chitosan microcarriers (CSMCs) by the emulsion-phase separation

method, and then decorated the CSMCs with polylysine (pl-CSMCs) to improve cell affinity. We then loaded the
pl-CSMCs with adipose-derived stem cells (ADSCs) and injected them into electrospun polycaprolactone/chitosan
NGCs to repair rat sciatic nerve defects. The ADSCs-laden pl-CSMCs effectively improved nerve regeneration as
demonstrated by evaluation of histology, motor function recovery, electrophysiology, and gastrocnemius re-
covery. With efficient cell transplantation, convenient operation, and the multiple merits of ADSCs, the ADSCs-
laden pl-CSMCs hold good potential in peripheral nerve repair.

1. Introduction

Peripheral nerve injury is a frequently occurred disease that can
cause great trouble to the patients [1,2]. Successful repair of large nerve
peripheral defects has been an on-going clinical challenge. Among the
various solutions, repairing nerve defects with synthetic nerve guide
conduits (NGCs) is considered as a promising strategy to replace nerve
autograft, which is currently the “gold standard” for repairing large
nerve defects [3,4]. Synthetic NGCs have multiple merits, such as un-
limited sources, free of immunogenicity, customizable size and struc-
ture, and the potential for incorporating various functions. Therefore,
much effort has been dedicated to the development of synthetic NGCs
[5-10]. However, due to the lack of biological factors, satisfying re-
covery is seldomly achieved with synthetic NGCs alone.
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Cell transplantation is an effective method to create a favorable
environment for regeneration [11,12]. NGCs seeded with cells have
been shown to have better recovery results [13,14]. Therefore, many
studies have been dedicated to cell transplantation in nerve regenera-
tion. Different cells have been used in nerve repair, such as Schwann cell
[15] and bone mesenchymal stem cells [16]. However, the clinical
application of these cells is limited because they are difficult to obtain
and proliferate slowly in culture [17]. Recently, adipose-derived stem
cells (ADSCs) have attracted people’s attention as promising multipotent
cells for application in various medical fields, such as wound healing
[18-20], plastic surgery [21,22], and hair regrowth [23]. ADSCs
delivered to an injured site may contribute to regeneration by secreting
cytokines and growth factors [24], or by immunomodulatory effects [25,
26]. Especially, many studies have demonstrated the positive roles of
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ADSCs in nerve regeneration [13,27,28]. The advantages of ADSCs are
that they have abundant sources, can be harvested by less-invasive
procedures like liposuction, proliferate fast in culture, and can inte-
grate in host tissues with immunological tolerance [29-31]. Therefore,
ADSCs are regarded as an ideal cell source for transplantation in pe-
ripheral nerve regeneration [32].

As for the transplantation procedures, several methods have been
adopted, such as (1) directly injecting cell suspension into NGCs [33,
341, (2) injecting cell suspension into NGCs followed by in vitro culture
[35,36], and (3) mixing cells with Matrigel [14,29] or collagen [27,32]
and then injecting them into NGCs. However, each of these methods has
its own problems, such as cell leaking, low surviving rate due to lack of
substrate during transplantation [37], complicated loading procedures,
causing congestion of the NGCs, and risk of immunological reaction.
Therefore, an efficient and convenient method for cell transplantation
that is also compatible with existing commercial NGCs remains to be
developed.

Microcarriers have been widely used in cell culture and delivery [38,
39]. Microcarriers are microspheres that are in favor of cell adhesion.
With small size and large specific surface area, a small amount of
microcarriers can provide a remarkably large surface area for cell
loading [40]. More importantly, microcarriers can prevent cell anoikis
during transplantation by providing substrates for cell adhesion, thus
effectively improving cell survival [41]. Therefore, microcarriers have
been used for cell transplantation in various medical fields, such as bone
or osteochondral tissue engineering [42,43], muscle repair [44] and
liver therapy [45]. Microcarrier-based cell transplantation has been
applied in the treatment of central nervous system diseases. For
example, in treating Parkinson’s disease, microcarriers contribute to
long-term functions by improving cell survival after implantation [46,
47]. For peripheral nerve regeneration, microcarriers have been used to
deliver neurotrophic factors, such as glial cell line-derived neurotrophic
factor (GDNF) [48,49] and nerve growth factor (NGF) [50]. The loading
of neural cells on microcarriers have also been demonstrated in vitro
[51,52]. However, to our knowledge, no study has been carried out as
regards using microcarriers for cell transplantation in peripheral nerve
repair.

Here, we fabricated novel macroporous, polylysine-decorated chi-
tosan microcarriers (pl-CSMCs) for cell transplantation in nerve repair.
We first prepared macroporous chitosan microcarriers (CSMCs) by the
emulsion-phase separation method, and then decorated the CSMCs with
polylysine to improve their cell affinity. Chitosan was chosen as the
matrix material because it has good biocompatibility, biodegradability,
plasticity, and is widely used as scaffold materials. Polylysine is a
naturally occurring, biodegradable polypeptide with good biocompati-
bility [53]. Polylysine has been widely used to increase cell adhesion
[54-56]. More importantly, polylysine has no immunogenicity. There-
fore, we used polylysine to further increase the cell affinity of the
CSMCs. The pl-CSMCs were then loaded with ADSCs using a simple
centrifugation-based method. Finally, the ADSCs-laden pl-CSMCs were
injected in electrospun polycaprolactone/chitosan (PCL/CS) NGCs to
repair rat sciatic nerve defects. The effects of the cell-laden pl-CSMCs for
nerve regeneration were systematically studied by gait analysis, histo-
logical evaluation, electrophysiology tests and gastrocnemius recovery
evaluation.

2. Materials and methods
2.1. Materials

Chitosan (CAS:9012-76-4, >400 mPa s), glacial acetic acid (Cas:64-
19-7, MW 60.05, >99.9%), paraffin liquid (CAS: 8042-47-5, 99%) and
ethyl alcohol (CAS:64-17-5, MW 46.07, 99.7%) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Span-80 (CAS:1338-43-8, MW
428.6) and petroleum ether (CAS:8032-32-4, 60-90 °C) were purchased
from Sinopharm Chemical Reagent Co., Ltd. e-Polylysine (purified by
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dialysis, MW 3.5-5 kDa) was obtained from Nanjing Shineking
Biotechnology Co., Ltd.

2.2. Preparation of the CSMCs

The CSMCs were prepared by the emulsion-phase separation
method. First, chitosan powder was dissolved in 2% acetic acid to get 2
wt% chitosan solution, which served as the aqueous phase. Span-80 was
dropped in paraffin liquid and the mixture was stirred to be homoge-
nous, serving as the oil phase. The concentration of Span-80 was 1.8 wt
%. The aqueous phase was added into the oil phase and stirred vigor-
ously for 30 min to get the emulsion. The volume ratio of the aqueous
phase to the oil phase was 1:2.5. The obtained emulsion was immedi-
ately poured into liquid nitrogen for quenching. Then the paraffin liquid
in the emulsion was washed away with petroleum ether (precooled to
—20 °C), after which the microcarrier ice crystals were obtained. The ice
crystals were then filtered out with a filter sieve and stored at —20 °C for
12 h. Then the ice crystals were freeze-dried in a freeze-dryer for 24 h to
get the CSMCs. The CSMCs were washed with ethyl alcohol three times
to get rid of the remaining oil phase, followed by washing with deion-
ized water for another 3 times. The CSMCs was filtered out again and
stored at —20 °C for 12 h. Finally, the CSMCs were freeze-dried for
further use.

2.3. Decorating polylysine on the CSMCs

Polylysine was decorated on the CSMCs by hydrogen bonded self-
assembly. Briefly, CSMCs were immersed in polylysine solution (5 g/
L) and stored in refrigerator (4 °C) for 12 h. Then the polylysine solution
containing the CSMCs was stored at —20 °C for another 12 h. Finally, the
pl-CSMCs were obtained by drying in a freeze dryer (LGJ-12, Beijing
Songyuan).

2.4. Characterization of the pl-CSMCs

The microstructures were observed with a cold field emission scan-
ning electron microscope (SU8020, Hitachi); the samples were coated
with a layer of platinum to increase conductivity. The diameter and pore
size of the pl-CSMCs were measured using the NIH ImageJ software. The
FT-IR spectra of the microcarriers and polylysine were collected with an
infrared spectrometer (TENSOR II, Bruker) by the pressed-disk tech-
nique. Briefly, 2 mg of the samples were mixed with 100 mg of potas-
sium bromide, and grinded in an agate mortar until the mixture was
uniform. Then potassium bromide tablets were prepared with a tablet
press. Finally, the FT-IR spectra were collected with the infrared spec-
trometer in the range of 4000-400 cm ™! by the transmission mode.

2.5. Isolation and culture of ADSCs

In this study, animal experiments obtained written approval from the
Ethics Committee of the Chinese PLA General Hospital, Beijing, China
(approved number 2016-x9-07). ADSCs were isolated from 24 h-old SD
rats by the method described elsewhere [30]. Briefly, the rats were
sacrificed, and the inguinal adipose tissue was isolated, washed and cut
into chyliform. Then the adipose tissue was digested with 1 mg mL™!
collagenase II (BS164, biosharp) diluted in DMEM/F-12 (11320082,
ThermoFisher)) at 37 °C for 30 min. Next, the media was filtered with
70-pm filter screen and the digestion was stopped by adding equal
amount of culture media. The media was centrifuged, and the super-
natant discarded. Then PBS was added, and the centrifugation was
repeated again. Finally, the harvested cells were cultured in cell incu-
bator (37 °C, 5% CO,). Cells at passage 2-4 were used for subsequent
experiments.
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2.6. Cell viability on the pl-CSMCs

ADSCs were used to evaluate the cell viability on the pl-CSMCs;
CSMCs serve as the control group. The microcarriers were sterilized
by Cogp irradiation in Academy of Military Medical Sciences (Beijing,
China). The irradiation dose was about 10-25 kGy; the samples were
placed about 1 m away from the radiation source; the radiation time was
1000 min. The cultured cells were resuspended to a concentration of 5 x
10* cells mL~! in DMEM/F-12.10 mg of microcarriers were placed at the
bottom of a 15-mL centrifuge tube, and then 2 mL of the cell suspension
were added. The microcarriers were dispersed uniformly in the sus-
pension by blowing with a pipette, after which the suspension was
centrifuged at 1000 r min~' for 3 min. The centrifuge tube was then
placed in the incubator for 2 h to assure the adhesion of the cells on the
microcarriers. Afterwards, the suspension containing the microcarriers
were transferred to a cell culture plate and cultured in the incubator.

To determine the cell proliferation on the microcarriers, live-dead
cell staining was carried out. After 1 and 3 days of incubation respec-
tively, the cell medium in the culture plate was abandoned and the live
cells were stained with live-dead cell staining kit (Abbkine) according to
the specification. After staining, the cells on the microcarriers were
observed under a fluorescence microscope (BX-50, Olympus). The
quantity of the cells was semi-quantitatively determined according to
the fluorescence intensity. After fluorescence observation, the cells on
the microcarriers were fixed with 4% paraformaldehyde fix solution
(Beyotime), dehydrated, and observed by SEM.

2.7. Loading ADSCs on the pl-CSMCs

The method for loading ADSCs on the pl-CSMCs was the same as
described in the Cell viability section. To increase the loading efficiency,
the cell density was raised to 2 x 10° mL™!. The cells were cultured on
the pl-CSMCs for 2 days before use. To examine the cells on the pl-
CSMCs in a 3D view, the cells were stained with live-dead cell staining
kit and observed with a confocal laser scanning microscope (FV1000,
Olympus).

2.8. Animal surgery

30 female SD rats, weighing 200-220 g, were randomly divided into
three groups: hollow, microcarrier and autograft. PCL/chitosan nerve
conduits (12 mm long with inner diameter of 1.5 mm; the preparation
methods were described elsewhere [57]) were used to repair the nerve
defects in the hollow and microcarrier groups. The conduits were ster-
ilized by Cogg irradiation before use. Prior to surgery, the rats were
anaesthetized by intraperitoneal injection of sodium pentobarbital (3%,
30 mg kg™1). The right lower limb was sterilized with iodophor and a 20
mm incision was made. The sciatic nerve was isolated and a 10-mm
segment the sciatic nerve was removed. For the microcarrier group,
the distal nerve stump was first sutured 1 mm into the nerve conduit
with 9-0 nylon monofilament suture. 50 pL of cell culture medium
containing the ADSCs-laden pl-CSMCs (approximately 50 pg of
pl-CSMCs by dry weight) was injected into the nerve conduit with a
syringe. Then the proximal stump was sutured 1 mm into the conduit.
The skin wound was seamed with 4-0 nylon suture. For the hollow
group, 50 pL of pure cell culture medium without pl-CSMCs or cell was
injected into the conduit, while the other steps were the same as the
microcarrier group. For the autograft group, 10 mm of the sciatic nerve
was cut off, reversed, and sutured back to the nerve stumps. After sur-
gery, the rats were fed under standardized laboratory environment with
day/night cycle.

2.9. Gait analysis

At 4, 8 and 12 weeks postoperatively, gait analysis was carried out to
evaluate motor function recovery. The experiments were carried out
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with a CatWalk footprint system (XT 10.6, Noldus). The rats were placed
on a glass-bottomed walkway, and the gaits were recorded by a camera
below. The data were processed with the CatWalk XT 10.6 software. The
footprints were identified and measured manually. The sciatic func-
tional index (SFI) and the stand/swing time ratio (SSR) were calculated
by the software. Five rats in each group were evaluated.

2.10. Electrophysiological evaluation

At 12 weeks postoperatively, electrophysiologic testing was carried
out to evaluate the function of nerve conduction. The rats were anaes-
thetized by intraperitoneal injection of sodium pentobarbital (3%, 30
mg kg™ 1). The right lower limb was sterilized and prepared for incision.
The sciatic nerve and gastrocnemius muscle were exposed, and the
compound muscle action potentials (CMAPs) were measured with an
electromyogram recorder (Keypoint, Medtronic). Five rats in each group
were tested.

2.11. Histological evaluation

After the electrophysiology tests, the rats were sacrificed by overdose
of sodium pentobarbital. The whole nerve conduits were harvested and
fixed in Zamboni-Stefanini solution (4 °C) for 24 h. For hematoxylin-
eosin (HE) staining, the samples were embedded in optimal cutting
temperature (OCT) compound (Tissue-Tek 4583, Sakura). The mid-
portion of the samples were cut into transverse sections (7 pm thick)
with an ultramicrotome (EM UC7, Leica). The sections were stained with
HE staining kit (Solarbio) and observed under a microscope (BX51,
Olympus). For toluidine blue (TB) staining, the nerve conduits were cut
into 1 pm transverse sections and stained with TB solution (GP1052,
Servicebio). Five fields for each group were randomly picked. The
number of myelinated nerve fibers was counted with the NIH ImageJ
software. For TEM observation, the midportion of the samples were cut
into ultrathin sections (70 nm thick) and placed on copper slot grids with
carbon support films. The sections were stained with lead citrate and
uranyl acetate, and observed with a transmission electron microscope
(HT7700, Hitachi). Ten fields for each group were randomly picked. The
diameter of myelinated nerve fibers and thickness of the myelin sheath
were measured with the NIH ImageJ software.

2.12. Gastrocnemius wet weight and histological evaluation

After the sacrifice of the rats, the gastrocnemius muscles on both
sides of the rats were harvested. The wet weights of the gastrocnemius
muscles were measured by an electronic scale; five rats in each group
were measured. After that the gastrocnemius muscles were fixed in 4%
formaldehyde for 2 h. For histological evaluation, the muscles were
embedded in paraffin and cut into transverse sections (10 pm). After
deparaffinization, the muscle sections were stained with Masson’s tri-
chrome stain Kit (Solarbio). The muscle tissue images were captured
under a microscope and ten random fields were selected for each group.
The muscle fiber diameters were measured with the NIH ImageJ
software.

2.13. Statistics

Quantitative data were expressed as mean + standard deviation
(SD). Statistical analysis was performed with the SPSS software (version
25.0, IBM). The data were compared using one-way analysis of variance
(ANOVA), combined with Tukey’s post hoc test. P < 0.05 are considered
as statistically significant.
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3. Results

3.1. The preparation process of the ADSCs-laden pl-CSMCs and their
application in nerve repair

The preparation process of the ADSCs-laden pl-CSMCs and their
application in peripheral nerve repair are illustrated in Fig. 1. First,
macroporous CSMCs are prepared with chitosan by the emulsion-phase
separation method. The macroporous structure increases the specific
surface area and facilitates the loading of a large number of cells. To
further increase the loading efficiency, the CSMCs are coated with
polylysine, which has been widely used to increase cell adhesion. By
immersing the CSMCs in polylysine solution and the following freeze-
drying process, polylysine self-assembles on the surface of the CSMCs.
The driving force for the self-assembly is the hydrogen-bond interaction
between the amino groups in polylysine and the amino and hydroxyl
groups in chitosan. Then ADSCs are loaded onto the pl-CSMCs by a
sample centrifugation-based method. PCL/CS NGCs are prepared by
electrospinning. During surgery, the ADSCs-laden pl-CSMCs are injected
into the PCL/CS NGCs to repair rat sciatic nerve defects.
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3.2. Characterization of the pl-CSMCs

The prepared microcarriers were first observed by SEM. As shown in
Fig. 2a and b, the CSMCs have a spherical shape and a macroporous
structure. The porosity of the CSMCs was measured to be (85.4 + 2.6) %.
After decoration of polylysine, the obtained pl-CSMCs reserve the
spherical and porous morphology of the CSMCs (Fig. 2c). Further
enlarged SEM image shows that there is crumb-like stuff on the surface
of pl-CSMCs (Fig. 2d), which may be aggregated polylysine. The pres-
ence of polylysine is further confirmed by FT-IR spectra (Fig. 2e). As
shown in Fig. 2e, for the spectrum of CSMCs, the broad absorption band
at 3600-3100 cm ! is attributed to O-H and N-H stretching vibrations;
the two peaks at 2922 and 2860 cm™! are ascribed to anti-symmetric
and symmetric C-H stretching vibrations, respectively; the peak at
1647 cm ™! is due to the stretching vibrations of C=0 in the remaining
acetyl groups; the peak at 1565 cm ™! is attributed to N-H deformation
vibrations; finally, the two peaks at 1152 and 1082 cm ™! are ascribed to
the anti-symmetric stretching vibrations of C-O-C and stretching vi-
brations of C-O, respectively; these absorption peaks of CS correspond
well with literature [58,59]. For the spectrum of polylysine, there are

o
»{)\/\/\/NH}\ Polylysine
= n

i
| Hydrogen bond
1

OH

n

ADSCs-laden
pl-CSMCs

ADSCs

Fig. 1. Schematic of the preparation process of the ADSCs-laden pl-CSMCs and their application in nerve repair. Macroporous CSMCs are prepared with chitosan and
decorated with polylysine to improve cell affinity; ADSCs are loaded onto the pl-CSMCs; the ADSCs-laden pl-CSMCs are injected into electrospun PCL/CS NGCs for

nerve repair.
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Fig. 2. Characterization of the pl-CSMCs and their cell affinity. (a, b) SEM images of the CSMCs; (c, d) SEM images of the pl-CSMCs; (e) FT-IR spectra of CSMCs,
polylysine and pl-CSMCs; (f) Average diameter of the CSMCs; (g) Average pore diameter of the CSMCs; (h, i) Live cell staining of ADSCs grown on the CSMCs for 1
and 3 days; (k, 1) Live cell staining of ADSCs grown on the pl-CSMCs for 1 and 3 days; (j, m) SEM images of ADSCs grown on the CSMCs and pl-CSMCs.

also absorption band or peaks for O-H, N-H and C-H stretching vibra-
tions, and N-H deformation vibrations. However, compared with that of
CSMCs, these is a strong peak at 1676 cm™!, which is ascribed to C=0
(Amide I band) stretching vibrations [60,61]. The peak for C=O
stretching vibrations in the spectrum of polylysine is different from that
of CSMCs because they are in different chemical environment. The
spectrum of pl-CSMCs is basically the same with that of CSMCs. How-
ever, the absorption at 1676 cm™! is strengthened, which is in accor-
dance with the Amide I band in polylysine. These facts prove the
presence of polylysine in the pl-CSMCs. The average diameter of the
pl-CSMCs is 148 + 37 pm (Fig. 2f). This makes them injectable with
common injection syringes. The small size of the pl-CSMCs can also
avoid blockage of NGCs. The average pore diameter is 22 + 5 pm
(Fig. 2g), which is suitable for cell loading. The macroporous structure
greatly increases the specific surface area, facilitating the loading of a
large number of cells.

The cell affinity of the pl-CSMCs were studied by ADSC culture. As
shown in Fig. 2h and k, after 1 day’s culture, the cell densities on the
CSMCs and pl-CSMCs are relatively low, but more cells are observed on
the pl-CSMCs. After 3 days, more cells are observed on both CSMCs and
pl-CSMCs (Fig. 2i and 1), and the cell density on the pl-CSMCs is also
higher than that of the CSMCs, as indicated by the fluorescence in-
tensity. The cell adhesion on the MCs were also studied by SEM.
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Compared with CSMCs, the cells on the pl-CSMCs presented a more
spread form (Fig. 2j and m). These confirm the positive role of polylysine
in increasing cell affinity.

3.3. pl-CSMCs-aided ADSC transplantation in nerve repair

To increase the cell loading efficiency in nerve repair, the initial cell
density when culturing cells on the microcarriers was raised to 2 x 10°
mL7}, from 5 x 10* mL™! in the cell viability tests. The cells grown on
the microcarriers were observed with a confocal laser scanning micro-
scope. As shown in Fig. 3a—d (supplementary video), ADSCs are densely
and uniformly packed on the pl-CSMCs, forming “cell balls”. The high
cell loading density can be attributed to the three-dimensional, macro-
porous structure and the high cell affinity of polylysine. These further
confirm that the pl-CSMCs can serve as good vehicles for cell trans-
plantation. In rat sciatic nerve repair, the ADSCs-laden pl-CSMCs were
injected into the PCL/CS NGCs with an injection syringe (Fig. 3e and f).
The hollow group (pure cell culture medium without pl-CSMCs or cells
was injected into the NGCs) and the autograft group serve as the control
groups.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.03.029.
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Fig. 3. pl-CSMCs-aided ADSC transplantation in nerve repair. (a—c) Confocal images of live ADSCs on the pl-CSMCs; (d) 3D view of the ADSCs-laden pl-CSMCs; (e, f)
Injecting the ADSCs-laden pl-CSMCs into NGCs for rat sciatic nerve repair.

3.4. Histological evaluation of the regenerated nerves autograft; no obvious tissue adhesion around the NGCs was observed.

HE staining images show that the nerve tissue is scarce in the hollow

12 weeks after surgery, the rats were sacrificed, and the regenerated group, while the nerve tissue is obviously denser in the microcarrier

nerves were harvested and observed first by HE staining. Fig. 4a—c shows group, resembling that of the autograft (Fig. 4d—f). The HE images also

the images of the implanted and harvested (insets) NGCs and nerve show that there are more blood vessels in the microcarrier group than in
Hollow Microcarrier Autograft

Ay
Al
”?"ﬁg:g:

L

Fig. 4. Histological evaluation of the regenerated nerves. (a-c) NGCs and nerve autograft 12 weeks after implantation (insets: harvested NGCs and nerve autograft);
(d-i) HE staining images of transverse sections of the regenerated nerve tissue at the midportion of the NGCs or autograft (yellow arrows indicate blood vessels).
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the hollow group (Fig. 4g-i), which is also a sign of better recovery.

The regenerated nerves were further observed by TB staining and
TEM. The TB staining images show that the density of regenerated
myelinated nerve fibers is significantly higher in the microcarrier group
than that in the hollow group (Fig. 5a—c, g). There is no significant
difference between the microcarrier and the autograft groups as regards
nerve density, although the nerve fibers were more uniformly distrib-
uted in the autograft group. The myelinated nerve fiber diameter and
myelin sheath sickness were calculated according to the TEM results
(Fig. 5d-f). The average diameter of the myelinated nerve fibers of the
microcarrier group is 4.96 &+ 0.66 pm, which is significantly larger than
that of the hollow group (2.75 £ 0.62 pm), while not significantly
different from that of the autograft group (5.69 + 1.11 pm) (Fig. 5h).
The myelin sheath sickness of the microcarrier group is also significantly
larger than that of the hollow group, but lower than that of the autograft
group (Fig. 5i).

3.5. Motor function recovery

Gait analysis was carried out to evaluate motor function recovery of
the rats. The SFI of each group 4, 8 and 12 weeks after surgery are shown
in Fig. 6a (the footprint images after 12 weeks are shown in Fig. 6c).
After 4 weeks, the hollow, microcarrier and autograft groups all showed
poor performance, with SFI lower than —90. After 8 weeks, the SFI of the
microcarrier group is —77.4 £+ 5.5, which is significantly higher than the
hollow group (—89.1 + 4.8), but lower than the autograft group (—63.3
=+ 3.8). After 12 weeks, the SFI of the hollow, microcarrier and autograft
groups are —78.6 + 4.7, —61.7 + 4.9 and —49.6 + 3.5, respectively. The
SFI of the microcarrier group is more significantly higher than the hol-
low group, although still lower than the autograft group. The SSR is also
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an indicator for motor function. Fig. 6d shows the stand/swing time
curves of the three groups (only the results after 12 weeks are shown),
and the SSR values were shown in Fig. 6b. The SSR of the microcarrier
group began to be significantly higher than the hollow group after 8
weeks. After 12 weeks, the SSR of the microcarrier group is 76%, higher
than that of hollow group (65%) and close to the autograft group (83%).

3.6. Electrophysiology

The nerve conduction function was evaluated by electrophysiologic
tests 12 weeks after surgery. Representative CMAP curves of the hollow,
microcarrier and autograft groups are shown in Fig. 7a-c, respectively.
As can be seen, the peek potential of the hollow group is small, only 24%
of the normal side (Fig. 7d), indicating poor nerve conduction.
Comparatively, the peek potential of the microcarrier group is 53% of
the normal side, while that of the autograft group is 78%. The CAMP
latency ratio of the microcarrier group is 1.52 + 0.18, which is signifi-
cantly lower that of the hollow group (2.20 + 0.34), and not signifi-
cantly different from that of the autograft group (1.35 + 0.11) (Fig. 7e).

3.7. Gastrocnemius recovery

After the electrophysiologic tests, the gastrocnemius muscles on both
sides were separated, weighed, and compared. Gross images show that
the muscles of surgery side in the hollow group undergo severe atrophy
(Fig. 8a). Comparatively, the surgery side muscles in the microcarrier
group show much less atrophy, while those in the autograft group show
comparable size with the normal side (Fig. 8b and c). The weight ratio of
the microcarrier group (~45%) was significantly higher than that of the
hollow group (~18%), but lower than the autograft group (~69%)
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(Fig. 8g). Masson’s trichrome staining images (Fig. 8d—f) show that the
hollow group has obvious hyperplasia of collagen fibers, while the
microcarrier group shows much less. The mean cross-sectional area of
the muscle fibers in the hollow, microcarrier and autograft group are
162 + 30, 843 + 373 and 1227 + 253 pm?, respectively (Fig. 8h). The
muscle fibers of the microcarrier group are much thicker than the those
of the hollow group.

4. Discussion

In this study, we investigated whether transplanting ADSCs into
NGCs with microcarriers could be an effective strategy to improve nerve
regeneration. We prepared polylysine-decorated, macroporous CSMCs
and loaded them with ADSCs for rat sciatic nerve repair. Our results
show that the pl-CSMCs can serve as efficient cell culture and trans-
plantation vehicles, and that adding the ADSCs-laden pl-CSMCs into
NGCs can effectively improve the outcomes of nerve regeneration, as
demonstrated by histological and functional evaluation.

Nerve regeneration is a complicated process that requires various
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guidance cues and the synergistic regulation of multiple cytokines [62].
Sample use of one or two growth factors, such as NGF or brain-derived
neurotrophic factor (BDNF), can hardly mimic the naturally occurred
processes. Besides, the growth factors are prone to be inactivated, and
the release profile is hard to control. On the other hand, transplanted
cells can release a series of regeneration-related cytokines in a sustained
and controlled manner, creating a microenvironment suitable for
regeneration [11,30,63]. Therefore, compared with the delivery of
neurotrophic factors, cell transplantation may be a more promising
strategy to promote nerve regeneration.

ADSCs, with easy access and abundant sources, show great promise
in nerve regeneration. Further, ADSCs can be differentiated into
Schwann cell-like cells and express higher levels of neurotrophic factors
such as NGF and BDNF [27,34]. Both undifferentiated and differentiated
ADSCs have been used in nerve regeneration. The advantages of
differentiated ADSCs are that they can participate more actively in the
regeneration process and promote better recovery [64]. However, the
time-consuming differentiation process may lead to delayed treatment.
Comparatively, undifferentiated ADSCs are more readily accessible with
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a liposuction process, resulting in timelier treatment. Although there are
concerns that undifferentiated ADSCs may undergo unwanted differ-
entiation in vivo, the risk is low [17]. In this study, we try to investigate
the feasibility of microcarrier-based cell transplantation in nerve repair.
Therefore, we chose undifferentiated ADSCs for convenience. Never-
theless, differentiated ADSCs can still be used in this process. Further, in
the future, the differentiation of the ADSCs and be directly carried out on
the pl-CSMCs, leading to rapid expansion of cells, and saving an extra
loading process.

We first prepared macroporous, polylysine-decorated chitosan
microcarriers. Chitosan has been widely used for preparing micro-
spheres [65,66]. The good plasticity of chitosan allows for fine tuning of
the microstructure. To facilitate cell loading and injection, the diameter,
porosity, and pore size of the microcarriers had been carefully tuned by
controlling the parameters in the preparation process, such as the con-
centrations of the liquid and oil phase, the volume ratio of the oil phase
to the aqueous phase, and the stirring rate. After extensive trials, mac-
roporous microcarriers with suitable pore size for cell loading and
suitable diameter for injection were prepared. Polylysine effectively
improved the cell affinity of the CSMCs and hence the loading efficiency
(Fig. 2h-m). Polylysine is a hydrophilic, positively charged amino acid
polymer. The cell affinity of polylysine might be originated from its
hydrophilicity and the electrostatic interaction between its positively
charged amino groups and the negatively charged ions on cell mem-
brane [53]. Compared with other adhesion promoting materials such as
collagen and gelatin, polylysine has even lower immunogenicity and
relatively higher safety. In this study, we initially used two polylysine
solutions, with polylysine concentrations of 2 g/L and 5 g/L, respec-
tively, to treat the CSMCs. We found that the CSMCs treated with 5 g/L
of polylysine had better cell affinity. For convenience, we used pl-CSMCs
prepared with 5 g/L of polylysine in our following experiments.

We loaded ADSCs on the pl-CSMCs using a simple centrifugation-
based method. Compared with the rotating bioreactor-based method
[67], our method is sample, convenient, and not instrument-dependent.
ADSCs can grow uniformly on the pl-CSMCs with high density, indi-
cating that the pl-CSMCs are good 3D cell culture scaffolds (Fig. 3a—d).
The ADSCs-laden pl-CSMCs can be conveniently injected into NGCs with
an injection syringe (Fig. 3e). This makes it easy to apply them in clinical
practice. Compared with other methods, such as directly injecting cell
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suspension into NGCs, injecting cell suspension into NGCs followed by in
vitro culture, and mixing cells with Matrigel or collagen, our method
holds several advantages. First, the 3D and porous structure of the
microcarriers facilitates the cultivation of a large number of cells in
vitro. Second, thanks to the large surface area of the microcarriers, a
large number of cells can be transferred using a relatively small number
of materials, thus avoiding congestion of the NGCs. Thirdly, the
microcarriers can provide substrate for cell to adhere during trans-
plantation, which can effectively prevent cell anoikis and thus improve
cell survival.

We used multiple indicators to evaluate the effects of the ADSCs-
laden pl-CSMCs in nerve regeneration. The TB staining results indicate
that the ADSCs-laden pl-CSMCs improved the density of the regenerated
nerves (Fig. 5a-c, g). Nerve remyelination is a sign of mature regener-
ation, and larger diameter of myelinated axon and thicker myelin sheath
are related to better nerve conduction. The TEM results show that nerve
myelination was effectively improved by adding the ADSC-laden pl-
CSMCs (Fig. 5d—f, h and i). The gait results indicate that the ADSC-laden
pl-CSMCs effectively improved motor function recovery (Fig. 6). The
amplitude of CMAP reflects the number of reinnervated muscle fibers,
and the latency of CMAP reflects the degree of myelination [29]. Our
electrophysiologic results suggest that the ADSCs-laden pl-CSMCs pro-
moted nerve reinnervation (Fig. 7). The results also indicate improved
nerve myelination, which is consistent with the TEM results. Finally, the
gastrocnemius recovery results also suggest that the ADSCs-laden
pl-CSMCs contributed to nerve reinnervation and decreased muscle at-
rophy (Fig. 8). In conclusion, these results jointly suggest that loading
the ADSCs-laden pl-CSMCs into NGCs effectively improved nerve
regeneration.

The exact role of ADSCs in nerve regeneration remains vague. Some
studies have concluded that ADSCs contribute to regeneration by trophic
effects rather than in vivo differentiation [68]. Apart from this, ADSCs
may also function by their immunomodulatory effects [26]. Our results
further confirmed the positive effects of ADSCs in nerve regeneration,
although the results were still not as good as the autograft group. This is
probably due to the complexity of nerve regeneration. The trans-
plantation of cells is beneficial but not enough. Multiple components
should be added in order to imitate the features of natural nerve.

While we believe our results show the promising future of the ADSCs-
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laden pl-CSMCs in peripheral nerve repair, there are some limitations in
our study. First, we did not compare the effects of our microcarrier-
based cell transplantation method with other methods. The advan-
tages of our method lie not only in the cell delivery process, but also in
cell culture. In the cell delivery process, our method excludes a trypsin
digestion procedure, which can avoid damage to the cells, while the
microcarriers can also provide substrate for adhesion, avoiding cell
anoikis and further improving cell survival [46,47]. In the cell culture
process, our microcarrier-based method has the advantage of rapid cell
expansion. It is known that, for peripheral nerve injury, good functional
recovery depends on timely repair. Microcarriers are excellent tools for
rapid cell expansion. For autologous cell therapy, microcarriers can help
to rapidly expand the patient’s own ADSCs; while for allogeneic cell
therapy, off-the-shelf ADSCs-laden microcarriers can be directly used for
more timely nerve repair. In this study, we have demonstrated the
feasibility of microcarrier-based cell delivery. With advantages in both
the cell culture and delivery processes, we believe that our ADSCs-laden
pl-CSMCs are promising in peripheral nerve repair.

Secondly, the effects of the different dosage of the ADSCs-laden pl-
CSMCs to nerve regeneration were not investigated. Different dosage of
the pl-CSMCs results in different amount of the ADSCs transplanted.
Optimization of the dosage of the ADSCs-laden pl-CSMCs may help us
obtain better outcomes. Thirdly, the living situation of the ADSCs after
in vivo transplantation was not investigated. The improved regeneration
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in the microcarrier group indicates the positive role of the transplanted
ADSCs. However, the activities of the ADSCs in the NGCs are not clear.
More efforts need to be done to reveal the activities of the ADSCs in vivo.

5. Conclusions

In summary, in this work, we demonstrated for the first time
microcarrier-based ADSC transplantation in peripheral nerve repair. We
prepared novel, macroporous pl-CSMCs for efficient transplantation of
ADSCs. The pl-CSMCs have an average diameter of 148 + 37 ym and an
average pore diameter of 22 + 5 pm, which are suitable for cell loading
and application in NGCs. The pl-CSMCs also have good cytocompati-
bility, with ADSCs growing densely-packed on the pl-CSMCs, forming
3D “cell balls”. The ADSCs-laden pl-CSMCs can be conveniently injected
into NGCs with an injection syringe. The ADSCs-laden pl-CSMCs loaded
into NGCs effectively improved nerve regeneration in a rat sciatic nerve
defect model, in terms of axon growth, nerve myelination, nerve rein-
nervation, and motor function recovery. Our work demonstrates a new
strategy to transplant ADSCs into NGCs for cell therapy. It is worth
noting that this strategy is compatible with the NGCs available in mar-
ket. With efficient cell transplantation and convenient operation, the
ADSCs-laden pl-CSMCs hold good potential in peripheral nerve repair.
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