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Peripheral nerve injury (PNI) is a common clinical challenge, requir-
ing timely and orderly initiation of synergistic anti-inflammatory
and reparative therapy. Although the existing cascade drug delivery
system can realize sequential drug release through regulation of
the chemical structure of drug carriers, it is difficult to adjust the
release kinetics of each drug based on the patient’s condition.
Therefore, there is an urgent need to develop a cascade drug
delivery system that can dynamically adjust drug release and realize
personalized treatment. Herein, we developed a responsive cascade
drug delivery scaffold (RCDDS) which can adapt to the therapeutic
time window, in which Vitamin B12 is used in early controllable
release to suppress inflammation and nerve growth factor pro-
motes regeneration by cascade loading. The RCDDS exhibited the
ability to modulate the drug release kinetics by hierarchically open-
ing polymer chains triggered by ultrasound, enabling real-time
adjustment of the anti-inflammatory and neuroregenerative thera-
peutic time window depending on the patient’s status. In the rat
sciatic nerve injury model, the RCDDS group was able to achieve
neural repair effects comparable to the autograft group in terms of
tissue structure and motor function recovery. The development of
the RCDDS provides a useful route toward an intelligent cascade
drug delivery system for personalized therapy.

1. Introduction

Peripheral nerve injury (PNI) is a complex and challenging
clinical condition that affects at least 2 million individuals

New concepts

In traditional drug cascade delivery systems, the release kinetics of the
loaded drug are programmed and difficult to adjust in response to
the patient’s disease process. However, due to individual differences,
the repair process in patients after nerve injury differs widely, and in
particular the inflammatory stage experienced by each person is different.
Therefore, an ideal cascade drug delivery system not only requires orderly
and sustained release of drugs, but also needs to be able to adjust
the release kinetics of multiple drugs according to the real-time
inflammation situation of each patient, thereby flexibly adapting to the
patient’s therapeutic time window and achieving the best repair effect.
Herein, we developed a responsive cascade drug delivery scaffold
(RCDDS) adapted to the therapeutic time window for peripheral nerve
injury repair through multiple-level encapsulation of VB,, and NGF. The
RCDDS system can adjust the release kinetics of the two drugs through
ultrasound stimulation according to the patient’s disease-related
indicators to meet the different requirements of the anti-inflammatory
and nerve regeneration stages, facilitating the implementation of
personalized treatment.

worldwide. It can be caused by a variety of factors, including
trauma, surgical complications or congenital defects. These inju-
ries can lead to severe disabilities, pain, and sensory and motor
defects, which can seriously impact the life quality of patients.’
Despite tremendous strides in neuroscience over the past few
decades, nerve injury remains one of the most challenging clinical
conditions to cure due to the complex structure and function of
the nervous system. The process of PNI includes a series of
cascading processes that occur at the microscopic level. The first
stage involves Wallerian degeneration and a local inflammatory
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response that persists for approximately 5-7 days after the injury
occurs.” During this stage, phagocytic neutrophils and macro-
phages are recruited to the injury site to remove cell debris, which
lays the foundation for subsequent regeneration. However, if the
inflammation is poorly controlled at this stage, glial scars will
form, which impede axonal outgrowth and cause further damage
to surrounding tissues.>* Therefore, in the early stage of injury,
administering a certain amount of anti-inflammatory drugs can
help the following regeneration. The next stages involve cell
proliferation, migration, and tissue remodeling. Axon regeneration
begins at the proximal site and is characterized by the proliferation
of Schwann cells (SCs) forming Biingner bands that guide the
assembly and elongation of growth cones.” However, nerve cells
have a limited ability to regenerate after injury, making it difficult
for axons to grow through gaps in damaged nerves. In particular,
when the gap between nerve injuries is significant, it will lead to
insufficient nutrition inside the nerve, making it difficult to
complete nerve regeneration. The sustained release of growth
factors during this phase can effectively promote nerve repair.°®
In order to promote the process of nerve regeneration, neural
scaffold implantation strategies have been proposed to effectively
bridge the gap in damaged nerve tissue, which not only provide
physical support but also can load therapeutic agents, creating an
optimal three-dimensional environment for nerve repair.”® Among
all the scaffold materials, hydrogels exhibit some characteristics
similar to native extracellular matrix (ECM), such as high water
content, providing a suitable environment for cell growth and
extension, a capacity for loading hydrophilic drugs or biological
factors, and the ability to respond to external stimuli.”'® Currently
the developed drug delivery neural scaffolds mainly focus on the
delivery of a single type of drug."' But the regeneration process
after nerve tissue injury is very complex, from the initial inflam-
matory response, cell recruitment, cell differentiation to tissue
regeneration, usually involving multiple signalling molecules.'>
A single drug treatment cannot simultaneously regulate multiple
different stages of nerve repair, thus resulting in suboptimal
therapeutic effects. To improve the therapeutic effect of drug
delivery neural scaffolds, it is necessary to design a cascading
multi-drug combined delivery system that can release drugs in
chronological order based on the repair process. It is worth
mentioning that the drug release kinetics of traditional drug
cascade delivery systems are uncontrollable. However, individual
differences in patients mean the duration of repair processes after
nerve injuries varies, especially the inflammatory stage. For
patients with short inflammatory periods, using traditional drug
cascade release systems may miss the optimal treatment opportu-
nity due to failure in timely promoting the repair process. There-
fore, an ideal cascade drug delivery system not only requires
orderly and sustained release of drugs, but must also be able to
adjust the release kinetics of multiple drugs through exogenous
physical stimulation according to the real-time inflammatory
conditions of each patient in order to accommodate the thera-
peutic time window of nerve repair.

In light of this consideration, we developed a responsive
cascade drug delivery scaffold (RCDDS) adapted to the therapeutic
time window for peripheral nerve injury repair (Scheme 1(A)).

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of the structure and drug release
process of the responsive cascade drug delivery scaffold (RCDDS) for
peripheral nerve injury repair. (A) A brief illustration of the structure of the
RCDDS implanted in SD rat. (B) Drug release process of the RCDDS and the
corresponding repair stage. Vitamin B, loaded in the hydrogel system can
be adjustably released in the early stage by ultrasound to alleviate inflam-
mation, while NGF loaded in alginate microspheres and PLGA nano-
particles can be gradually released from the RCDDS to promote axon
regeneration one month after implantation.

The main structure of the RCDDS was an ultrasound-responsive
2.5% calcium double-crosslinked alginate hydrogel (AH) network,
whose hierarchical polymer networks could be sequentially
opened under ultrasound stimulation (US). The RCDDS directly
encapsulated with Vitamin B,, (VBy,, an indispensable nutrient to
reduce neuroinflammation),">** thereby alleviating inflammation
in the early stage; at the same time, it also loads nerve growth
factor (NGF, a thoroughly studied neurotrophin'®) in a triple-
encapsulated manner, ie. NGF was first loaded into poly(lactic-
co-glycolic acid nanoparticles) (PLGA NPs) then encapsulated into
5% alginate microspheres (MSs) and finally integrated within the
RCDDS, for the long-term process of promoting nerve regeneration
and reconstruction. It is worth mentioning that the RCDDS system
can flexibly adjust the release kinetics of the two drugs through
ultrasound stimulation according to the therapeutic time window
for different individuals, so as to meet the different requirements
of the anti-inflammatory and nerve regeneration stage, and facil-
itate the implementation of personalized treatment. In the RCDDS
system, the loose structure of low concentration AH (2.5%) could
respond rapidly to ultrasound, thereby realizing the burst release
of VB;, regulated by ultrasonic power; the triple-encapsulation
system and the dense structure of the high concentration MSs
(5%) made the release of NGF slower than that of VB,,, and
ultrasonic stimulation can regulate the drug release of NGF in a
wider time period (Scheme 1(B)). The RCDDS were further
implanted into the defected sciatic nerve rat model, and the two
drugs were controlled on demand by ultrasonic stimulation with
an adjustable power density according to the pathological condi-
tions of the rats. The in vivo results proved the RCDDS combined
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with tunable ultrasound stimulation promoted neural repair after
PNIJ, both histologically and functionally. In general, we designed
an ultrasound-responsive cascaded drug delivery system adapted
to the therapeutic time window, ushering in a new era of perso-
nalized therapy for complex diseases with a multi-stage therapeu-
tic process.

2. Results and discussion
2.1 Fabrication and characterization of the RCDDS

The fabrication of the RCDDS is a cascaded encapsulation
process and is briefly illustrated in Fig. 1(A). The PLGA NPs
were produced using an emulsifying-solvent evaporation tech-
nique and their regular structure was confirmed using trans-
mission electron microscopy (TEM) imaging (Fig. 1(B)). The
diameter of the NPs was estimated to be approximately
109.49 + 2.46 nm using dynamic light scattering (Fig. 1(C)
and Fig. S1, ESIT). Notably, the polymer dispersity index (PDI)
value was found to be as low as 0.022, indicating a relatively
narrow size distribution. Next, PLGA NPs with NGF molecules
adsorbed on the surface were further loaded into alginate MSs
using an electrospray system. The resultant MSs showed a
monodispersed spherical morphology under a metallographic
microscope and the average diameter was about 260.34 £ 21.25 um
(Fig. 1(D)). Successful encapsulation of the PLGA NPs was
confirmed using scanning electron microscopy (SEM) (Fig. 1(E)).
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Fig. 1 Preparation and characterization of RCDDS. (A) Illustration of the
preparation process of the RCDDS system. (B) Morphology of the NGF-
loaded PLGA nanoparticles determined using TEM. The scale bar repre-
sents 500 nm. (C) DLS results of the size of NGF-loaded PLGA nano-
particles. (D) The photograph of alginate hydrogel microspheres taken
using a metallurgical microscope. The scale bar represents 200 um. (E) The
sectional view of the prepared microspheres and the larger version of the
internal structure of the encapsulated PLGA nanoparticles. The scale bar
represents 200 um at low magnification and 300 nm at high magnification.
(F) EDS results of one of the microspheres loaded in the calcium cross-
linked alginate hydrogel. The elements of N, S, Co, and Ca and a merged
image are shown. The scale bar represents 100 um. (G) A picture of the
RCDDS in which the hydrogel is filled into the preformed PLA porous shell.
The scale bar represents 500 um. (H) A side view picture of the RCDDS
obtained using SEM. The scale bar represents 500 pm.

1034 | Mater. Horiz., 2024, 11,1032-1045

View Article Online

Communication

VB,;, and NGF-loaded MSs were further mixed in calcium cross-
linked alginate hydrogel to form the RCDDS (Fig. S2, ESIt). The
energy dispersive spectrometer (EDS) results showed the RCDDS
was successfully loaded with two drugs, as shown in Fig. 1(F). The
elements N and S were distributed mainly in the spherical MSs
which indicated the existence of the protein drug - NGF. Since
VB,, is a polycyclic compound containing trivalent cobalt, the
uniformly dispersed Co element represented the successful doping
of VB, in AH. The calcium signal confirmed the successful
construction of the ionically cross-linked structure in the AH. With
the aim of stabilizing the structure of the drug-loaded hydrogel to
form an implantable neural scaffold, AH loaded with VB,, and
NGF was further encapsulated in the preformed PLLA porous shell
to form RCDDS (Fig. 1(G)). The encapsulated core-shell structure
was verified using cross-sectional SEM (Fig. 1(H)).

2.2 RCDDS possessed tunable drug release kinetics under
different power ultrasound stimulation

The main component of the RCDDS is AH, a network structure
formed by cross-linking of calcium ion and sodium alginate.
For implantable biomaterials, stress matching is an important
parameter to consider. Before exploring the ultrasound respon-
siveness of the RCDDS, we first tested the influence of different
ratios of alginate and calcium on the modules and rheological
characterizations of hydrogels (Fig. S3, ESIT). With the increase
of sodium alginate concentration, the values of storage mod-
ulus (G') and loss modulus (G”) increased, indicating that the
degree of crosslinking between hydrogel networks increased
and the hydrogel becomes harder. Through the compression
test of the hydrogels, the Young’s modulus of 2.5% alginate was
similar to that of nerve tissue, which is more suitable for nerve
repair.'® Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis-differential scanning calorimetry
(TG-DSC) was further adopted to analyse the composition of
the scaffold, and the results are shown in Fig. S4 (ESIt). In the
FTIR results, we found that the RCDDS had a characteristic
absorption peak at ~1490 cm™ "', which was mainly attributed
to the stretching vibration of the carbonyl group (C=0) in the
protein, indicating the successful loading of NGF. Furthermore,
we also found that the RCDDS possessed characteristic absorp-
tion peaks near 1360 cm ', which were assigned to the coupled
vibrations in the corrin ring of VB,,, proving the existence of
VB;,. Thermogravimetric analysis showed that the first weight
loss occurred at 100 °C, which was mainly due to the sharp drop
in the weight of the system caused by the evaporation of water
in the alginate hydrogel. Next, the decomposition of alginate
resulted in a slow decrease in the weight of the system. We also
evaluated the cell compatibility of different concentrations of
alginate hydrogel. L929 cells were seeded on the hydrogels and
confocal images of phalloidine and 4',6-diamidino-2-phenyl-
indole (DAPI) were taken after co-culture for a period of time
(Fig. S5, ESIt). The three-dimensional images showed that the
depth of cell infiltration on the 1% and 2.5% AH were higher
than that on a common tissue cell plate (TCP). Although deeper
cellular migration could be observed on 5% alginate hydrogel,
the cells could not stretch and grow which indicated poor cell

This journal is © The Royal Society of Chemistry 2024
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viability. Taking into account both the modulus and co-culture
condition of cells, we chose the 2.5% alginate hydrogel for the
subsequent experiment.

The RCDDS possessed an ultrasound-tunable micro/nano
structure. The calcium-dependent cross-linked network in the
alginate hydrogels, as the main component of the RCDDS,
would be opened under ultrasound stimulation, thereby form-
ing a porous structure and accelerating the release of drugs
encapsulated in the hydrogels (Fig. 2(A) and Fig. S6, ESIY).
We applied a series of ultrasound intensities to the RCDDSs
and froze them immediately to maintain their morphologies
and determine the influence of ultrasound stimulation on the
RCDDS structure (Fig. 2(B)). In the absence of ultrasound, the
hydrogel showed a complete structure; and as the intensity of
the ultrasound increased, the pores of the hydrogel became
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larger and more numerous. In addition, the multilevel encap-
sulation structure of the RCDDS also provides it with the
potential for cascading drug release, as shown in Fig. 2(C).
As a drug regulating the inflammation and immune micro-
environment, VB;, was directly loaded into the AH network of
the RCDDS for early release in nerve injury to control excessive
inflammation and prevent glial scar formation. NGF, as a pro-
regenerative molecule, should be released during the repair
process to accelerate regeneration. Therefore, NGF-loaded
PLGA NPs were first encapsulated in MS microspheres and
then embedded into the RCDDS. This multilevel encapsulation
strategy enabled NGF to be released later than VB;,, and this
slow delivery could be maintained for nearly a month.

In view of the combination of ultrasonic responsiveness
and cascading drug release ability, the RCDDS can regulate
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Fig. 2 Drug release in vitro. (A) Schematic diagram of the mechanism of ultrasound-responsive calcium cross-linked alginate hydrogel.
(B) Morphological changes of the hydrogels under different ultrasonic intensities. The scale bar represents 50 um. (C) Timeline and drug release
behavior of the RCDDS. (D) The cumulative release curves of VB;, from the RCDDS under different intensities of ultrasound stimulation. (E) The
cumulative release curves of NGF tested using an Elisa kit under different intensities of ultrasound stimulation. (F) Three different release kinetics of VBj,
and NGF that can correspond to different durations of inflammation under different intensities of US.
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the release kinetics of both drugs by applying exogenous
ultrasonic stimulation, thereby adapting the therapeutic time
window of anti-inflammation and nerve regeneration. When
different intensities of ultrasound were applied to RCDDS,
the in vitro drug release kinetics of VB;, and NGF were system-
atically evaluated. Compared with the sample without ultrasound
stimulation, the VB;, release rates were greatly accelerated after
application of US. The release of VB;, under 0.8 W cm 2 US
for 1 min per day was so rapid that 85% of loaded VB;, was
depleted within 3 days, realizing a short course of anti-
inflammatory therapy. However, under 0.1 W ¢cm™> US, the
release of VB,, could last for 12 days to achieve long-term anti-
inflammatory treatment. The administration of 0.5 W em™> US
achieved a moderate course of anti-inflammatory treatment,
with stable release of VB, within 7 days (Fig. 2(D)). Similar to
VB;,, the release kinetics of NGF was also modulated by using
different ultrasound power density (Fig. 2(E)). Short (20 days)
and long (more than 35 days) courses of nerve repair treatment
with US at 0.8 W cm™ 2 and 0.1 W cm 2, respectively, were
carried out. The RCDDS could release NGF continuously and
smoothly for 35 days under US at 0.5 W cm . In order to more
intuitively demonstrate the responsiveness of the system to
different ultrasound intensities, we statistically analyzed the
average single drug release rates from the first three days, and
the results showed that the release rates of both VB;, and NGF
increased with the increase of ultrasound intensities (Fig. S7,
ESIt). The RCDDS, unlike in the traditional cascade drug
delivery system that releases drugs invariably, can instead
adapt to the therapeutic time window with ultrasound to better
target patients with different disease progress (Fig. 2(F)). For
example, in the case of long-lasting inflammation, 0.1 W ¢cm >
ultrasound can be used to slowly open the polymer chain of the
RCDDS, and achieve long-term anti-inflammation by prolong-
ing the release time of VB;,. For patients with a shorter
inflammatory period, higher power ultrasound stimulation
(such as 0.8 W em™?) can be used to shorten the anti-inflam-
matory treatment and quickly enter the next stage of nerve
regeneration. In addition, different ultrasound intensity patterns
can also adjust the treatment time of nerve repair to achieve a
better personalized treatment effect.

2.3 Invitro assessment of the neuroregenerative potential of
RCDDS

Before using the RCDDS in animal experiments, we evaluated
the biocompatibility of RCDDS and the potential side effects of
ultrasound stimulation on cells via live/dead cell staining. PC12
cells were chosen due to their easy availability and similar
morphology to neurons. After cultivating with RCDDS and
applying a certain intensity of US every day for 3 days, different
visual fields were randomly selected to calculate the number
of live and dead cells (Fig. 3(A)). The cell viability on TCP and
the RCDDS were 98.2% and 98.9%, respectively; in addition,
the cell viability of the RCDDS combined with 0.1 W cm ™2,
0.5 W cm ™2, and 0.8 W em™> US groups were also not signifi-
cantly different from that of the RCDDS group. However, a
higher ultrasound intensity (e.g.,, 1 W c¢m™?) resulted in a
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decrease in cell activity (Fig. S8, ESIt). The results suggest that
the RCDDS has good biocompatibility and a moderate intensity
of US does not affect cell viability.

PC12 cells can be induced by nerve growth factor to differ-
entiate into neuronal like cells, growing axons that are similar
in structure and function to neuronal cells.'”” We tested the
potential of the RCDDS to induce axon growth in PC12 cells
in vitro. The cells were divided into four groups including the
TCP (control), RCDDS group, ultrasound stimulation-only
group (US) and RCDDS combined with 0.5 W em > US groups,
respectively. After five days of co-culture, fluorescent images of
the cytoskeleton and nucleus staining showed that compared
with the control group, cells in the RCDDS + 0.5 W cm >
US group exhibited obvious axonal sprouts with a length of
44.463 + 12.967 pm (Fig. 3(B)). In the absence of ultrasonic
stimulation, the RCDDS was not able to release a sufficient dose
of NGF, and the axon length of the RCDDS has no significant
difference with the control group. For the experimental group
with only ultrasound stimulation and no drug loading, ultra-
sound stimulation can also promote the growth of axons to a
certain extent, because ultrasound can regulate the neuroplas-
ticity and promote the secretion of neurotrophin. The ability of
the RCDDS to induce PC12 cells to differentiate into neuron-
like cells under ultrasound stimulation at different power
densities was further investigated (Fig. S9, ESIt). In the RCDDS
combined with 0.1 W cm ™2 or 0.8 W cm™ > US groups, the axon
lengths grown by the PC12 cells were 43.371 £ 5.126 um and
43.828 + 7.907 pm, respectively, which were not significantly
different from that of the RCDDS + 0.5 W cm > US group. This
is due to the fact that although ultrasound changed the dura-
tion of NGF release, the difference in NGF concentration at
different power densities was not significant and was within the
effective range of the drug, so it would not cause an obvious
difference in curative effect. However, under 1 W cm™? ultra-
sonic stimulation, the cells presented an abnormal aggregation
state, because the high intensity of ultrasonic power intensity
affected the cell viability.

2.4 The RCDDS presented a powerful anti-inflammatory
ability both in vitro and in vivo

VBi,, as an indispensable nutrient for maintaining the physio-
logical function of the nervous system, participates in the
synthesis of lipoproteins in nerve tissue, and protects the
physiological metabolism and function of the nerve myelin
sheath. It has been proved that VB,, is able to scavenge reactive
oxygen species (ROS) at the injury site,14 thereby reducing
the expression of proinflammatory cytokines and increasing
anti-inflammatory cytokines, which ultimately contributes to
the alleviation of Wallerian degeneration and neuroinflam-
mation.”®>' Compared to classic anti-inflammatory drugs, such
as steroidal anti-inflammatory drugs (dexamethasone) and non-
steroidal anti-inflammatory drugs (aspirin), VB,, is an endogen-
ous nutrient with mild anti-inflammatory effects, which has fewer
side effects and a wider range of safe dosages.”’* To validated
whether the drug release system of the RCDDS can alleviate
excessive ROS in vitro, we established an LPS-induced

This journal is © The Royal Society of Chemistry 2024
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PC12 cells of the different groups (n = 15). (C) The flow cytometry results of the effect of the RCDDS on cellular ROS levels. (D) Schematic diagram of the
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RCDDS + 0.5 W cm~2 US group on days 7 in mice (n = 4). (F) Representative immunostaining and statistical data of CD86 and CD163 macrophages 3 days
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25

inflammatory model in RAW 264.7 cells. The results showed that within hours after injury.”” Macrophages not only remove

the ROS level decreased significantly in the group of RCDDS +
0.5 W em > US compared with the LPS-induced inflammation
group. Compared with the blank group without LPS induction,
there was no statistical difference in the average fluorescence
intensity statistics of ROS in cells in the RCDDS + 0.5 W cm™ > US
group, confirming that the VB;, released by the RCDDS effectively
suppressed inflammation (Fig. 3(C)).

Macrophages play a crucial role in the inflammatory
response process which are recruited to the nerve injury site

This journal is © The Royal Society of Chemistry 2024

myelin fragments through phagocytosis, but also secrete many
biologically active cytokines, which play a key role in regula-
ting nerve regeneration. Macrophages can be divided into M1
(pro-inflammatory) and M2 (anti-inflammatory) phenotypes
(Fig. 3(D)). M1 macrophages can secrete inflammatory cytokines
like iNOS and TNF-o and their typical markers are CD11c and
CD86; while M2 macrophages reduce inflammation and promote
regeneration by secreting anti-inflammatory cytokines like IL-10
and TGF-B, and their typical markers are CD206 and CD163.>%*”
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Modulating the polarization of macrophages towards the M2
phenotype is critical for nerve injury repair as it improves the
inflammatory immune microenvironment and accelerates tis-
sue repair. To further verify the anti-inflammatory effect of
RCDDS in vivo, we established a mouse model of nerve injury
to observe the phenotype conversion of macrophages in
different periods. After the transection of sciatic nerve and
the implantation of RCDDS in mice, we conducted US stimu-
lation every day on the mice in the RCDDS + 0.5 W ¢cm > US
group while the control group underwent transection surgery
only. The tissues surrounding the implant site were isolated
for flow cytometry at 7 days after treatment. The data in
Fig. 3(E) indicated that the macrophage level (CD11b") in
the RCDDS + US group was similar to that in the control
group, but there were more M2 type macrophages (CD206",
CD11c") (18.4%) in the RCDDS + 0.5 W cm ™2 US group than in
the control group (11.7%). This level is comparable to the
significant reduction in inflammation observed in a study by
Zhang’s group.”® As shown by the immunofluorescence staining
of tissue sections, both the treatment group and the control group
exhibited high levels of M1 type macrophages (CD86" signal) at
three days, mainly due to the nerve injury. After seven days,
although the levels of M1 type cells in both groups were close
and very low, the macrophages in the treatment group mainly
shifted to the M2 type, as evidenced by higher levels of CD163" in
the treatment group compared to the control group (Fig. 3(F)).
These findings suggest that the RCDDS has inflammation regu-
lating effects at the early stage of nerve injury.

2.5 The RCDDS promoted remyelination and axon outgrowth

Different kinds of nerve scaffolds were implanted into the site
of a 10-mm defect in the static nerve of the right leg of SD rats
for evaluation of the treatment effect of the RCDDS and a
schematic of the timeline for the animal experiment is shown
in Fig. 4(A). The animals were randomly divided into six different
groups: autograft (positive control), AH scaffold loaded with single
drug VB,, combined with 0.5 W em > US stimulation (AHyg, +
US), NP-MS-AH triple encapsulated NGF scaffold combined with
0.5 W cm ™ US stimulation (NP-MS-AHygr + US), a cascade drug
delivery system loaded with VB,, and NGF simultaneously without
an ultrasound-controlled drug therapy window (RCDDS), RCDDS
combined with fixed US stimulation (0.5 W cm™?) (RCDDS + US)
and RCDDS combined with tunable US stimulation (RCDDS +
tun-US). In the RCDDS + tun-US group, we dynamically adjusted
the ultrasound intensity according to the changes in the physio-
logical indicators of the rats, thereby altering the release kinetics
of the anti-inflammatory/nerve regenerative drugs so as to facili-
tate the timely entry into different treatment stages according to
the disease conditions. For example, for the anti-inflammatory
treatment stage, we assessed the level of inflammation after nerve
injury in rats by detecting the level of inflammatory cells in the
blood, especially focusing on the number of monocytes and
neutrophils (Fig. S10, ESIt). Neutrophils, a marker of acute
inflammation, are rapidly mobilized and able to function
rapidly after injury; while monocytes, as a marker of chronic
inflammation, often appear 48 hours after injury and develop in
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the next few days or even play a major role within a few weeks.>
During the inflammatory phase, moderate-intensity ultrasound
stimulation was used to prolong the release of VB,, and achieve
sustained anti-inflammatory therapy. When the detection of
blood biochemical indicators (neutrophil and monocyte levels)
confirmed that the inflammation level of the rats tended to be
normal, we increased the ultrasound intensity to promote the
rapid release of VB;,, and then entered the next stage of repair
treatment in time.

At 12 weeks post-transplantation, the sciatic nerves of all the
groups were isolated for morphology assessment. Longitudinal
sections of the regenerated nerves were stained with neuronal
marker NF200, Schwann cell marker S100 and DAPI (Fig. 4(B)).
The new-grown nerve fibers and the Schwann cell encapsula-
tion indicate the successful regeneration of nerve morphologi-
cally. Among all groups, RCDDS + tun-US presented the densest
nerve fibers (NF200" 27.07 4= 0.92%) and the greatest amount of
Schwann cell encapsulation (S100" 28.75 + 0.94%) which
showed no significant difference in the autograft group
(NF200" 27.53 + 0.58%, S100" 29.82 =+ 0.22%). Moreover,
nerves in the (RCDDS + tun-US) group displayed more contin-
uous morphology and a higher density than the other groups.
These results demonstrate the unique advantages of the cas-
cade drug delivery scaffold in the anti-inflammatory and repair
stages (Fig. 4(B)-(D)).

In addition, based on the characterization of regenerated
nerve myelin sheath using TEM, we further discovered the
therapeutic effects of different drug delivery paradigms on
the morphological recovery of the injured nerve. TEM images
of the cross sections of regenerated sciatic nerves, shown in
Fig. 4(E), exhibit more details of nerve fiber myelination and
axonal maturity. The fact that the thickness of the myelin
sheath of the nerves in the RCDDS + US group (665.68 =+
69.83 nm) is higher than those in the AHyg;, + US (394.08 +
71.24 nm) and NP-MS-AHygr + US (519.71 £ 90.05 nm) groups
suggests that the dual-drug cascade administration was more
effective. Although the RCDDS group was also loaded with two
drugs, the polymer chains could not be effectively opened due
to the lack of ultrasonic stimulation, which reduced the local
concentration of the drug and was not conducive to the
formation of myelin (417.90 & 104.23 nm) and the maturation
of axons. The thickness of myelin in the RCDDS + US group was
less than that of the RCDDS + tun-US group (771.47 +
104.69 nm) due to the fact that the RCDDS + US group used
ultrasonic stimulation at a fixed power density, and therefore
the drug release behaviour was invariable, and these pro-
grammed anti-inflammatory and restorative treatments may
not necessarily meet the optimal timing of the treatment.
Among all groups, the RCDDS + tun-US group showed the
densest nerve fibers and the largest amount of Schwann cells
encapsulation. Altogether, the morphological assessment of the
RCDDS + tun-US group was comparable to that of the autograft
group (Fig. 4(B)-(G)), which is the gold standard of PNI repair.
The above results confirm that the responsive cascade drug
delivery system achieved excellent efficacy through on-demand
drug delivery.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Nerve repair morphology assessment after the RCDDS treatment. (A) Timeline of the animal experiment. (B) Fluorescence photographs of the longitudinal
section of the sciatic nerve of the autograft, AHygo, NP-MS-AHygr + US, RCDDS, RCDDS + US and RCDDS + tun-US groups after 12 weeks post-implantation.

The red is astrocyte marker S100 and the green is neuronal marker NF200. The

scale bar represents 500 um. (C) and (D) Analysis of the S100* and NF200" area in

the six groups (n = 3). (E) Representative TEM images of the myelinated axonal regrowth in the six groups. The scale bar represents 4 pm at low magnification and

400 nm at high magnification. (F) Quantitative analysis of the thickness of the

2.6 The RCDDS achieves post-injury neurological recovery
comparable to autografts

In addition to anatomical evidence, recovery of neural and
muscle function is a direct indicator of PNI repair. The evalua-
tion of functional recovery was conducted through an electro-
myography test, gastrocnemius muscle evaluation, and walking

This journal is © The Royal Society of Chemistry 2024

myelin sheath (n = 20). (G) Quantitative analysis of the G-ratio (n = 8).

track analysis at the 12th week post-implantation. By electri-
cally stimulating the nerves, the electrical signals are trans-
mitted to the innervated muscle tissue to generate compound
motor action potentials (CMAP) to reflect the condition of nerve
damage and repair. The representative CMAP waveforms of all
six groups and the statistical analysis of the CMAP amplitude
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are shown in Fig. 5(A) and Fig. S11 (ESIt). Though the RCDDS +
US group showed a higher amplitude of CMAP (3.35 &+ 0.14 mV)
compared to the middle three groups, there were still differ-
ences compared to the active control group (Autograft, 4.19 +
0.18 mV). The amplitude of CMAP in the (RCDDS + tun-US)
group was 3.84 + 0.11 mV, which had no significant difference
compared to that of the autograft group (4.19 + 0.18 mV).
In addition, we recorded the footprints of rats at the 6th, 8th,
10th, and 12th week after implantation to determine the static
function index (SFI) of all groups (Fig. 5(B) and (C)). The SFI
indexes of all the groups dropped dramatically after nerve
injury. At each time point, the SFI of the (RCDDS + tun-US)
group was very close to that of the autograft group which
indicated that RCDDS with tunable US stimulation could better
promote the functional recovery after nerve injury.

View Article Online
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PNI can cause atrophy of the innervated muscles, while
nerve repair can promote gradual muscle recovery. Muscle
recovery was evaluated through analysis of the gastrocnemius
muscles in each group. Briefly, at the 12th week post-implan-
tation, the left and right gastrocnemius muscles of the rats in
each group were dissected and weighted (Fig. 5(C)). The muscle
weight recovery rate in the (RCDDS + tun-US) group was higher
(89.12 + 1.25%) than in the (AHygp;, + US) group (43.06 +
5.97%), (NP-MS-AHygr + US) group (66.45 £ 2.85%), RCDDS
group (43.70 + 6.65%) and (RCDDS + US) group (79.84 +
3.57%), and had no significant difference to the autograft
group (92.64 + 2.55%) (Fig. 5(D)). Masson staining of the right
gastrocnemius muscles was also conducted to analyse the
collagen fiber deposition and muscle fibrosis to evaluate the
condition of muscle atrophy (Fig. 5(E) and (F)). The average
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Fig. 5 Evaluation of the functional recovery with RCDDS treatment. (A) Representative CMAP at 12 weeks after implantation of the autograft and
RCDDS + tun-US groups. The statistical data showed the average CMAP amplitude of the autograft, AHyg1> + US, NP-MS-AHNgr + US, RCDDS, RCDDS +
US and RCDDS + tun-US groups (n = 3). (B) The changing curve of the SFl index at 6, 8, 10 and 12 weeks of the six groups (n = 3). (C) Representative
footprints, gastrocnemius muscles of the rats in six groups and Masson staining results of the right gastrocnemius muscle of each group. The scale bar
represents 2 cm for the muscle pictures and 200 pum for the Masson staining images. (D) Statistical results of the muscle weight recovery rate (weight of
the right gastrocnemius muscle/weight of the left gastrocnemius muscle) of each group (n = 3). (E) Quantitative analysis of the average percentage of
collagen fiber area of Masson staining (n = 3). (F) Quantitative analysis of the muscle fiber diameter of Masson staining of each group (n = 3).
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percentage of the collagen fiber area was calculated using
Image] to assess the degree of muscle fibrosis. Compared to
other treatment groups, significant decreased fibrosis in the
(RCDDS + tun-US) group was observed, which was closest to the
autograft group. Taken together, treatment with RCDDS and
tunable US stimulation is very effective to alleviate denervation-
induced muscle atrophy and restore nerve function.

3. Discussion

To address the complexity of neural repair processes, it is
necessary to develop a multi-level and cascade drug delivery
system in accordance with the repair process. Different drugs
can work at different stages to achieve better regenerative effects.
In this study, we mainly focus on the two main processes of nerve
repair, inflammation and regeneration. Inflammation occurs at
the beginning of nerve injury, lasts around 7 days, and features
Wallenrian degeneration and a local inflammatory response.
If the inflammation is poorly controlled at this stage, glial scars
will form and inhibit nerve regeneration. The subsequent
phase of neural regeneration is marked by cell proliferation,
migration, and tissue remodeling, often lasting from three
weeks up to months.’ Neurotrophins, including brain-derived
neurotrophic factor (BDNF), glial cell line-derived neurotrophic
factor (GDNF) and NGF are widely used to promote axonal
sprouting and functional recovery at the injury site.>**

In our study, VB;, and NGF were chosen as the anti-
inflammatory and pro-regeneration drugs. To enable the early
release of VB;, to attenuate the post-injury inflammatory
response, they were directly loaded into AH. As the inflamma-
tory phase after nerve injury varies from patient to patient,
we utilized ultrasound stimulation to modulate the kinetics
of delivered drugs for on-demand dosing. By monitoring the
patient’s inflammatory indicators, different ultrasound power
densities were used to adapt to the therapeutic time window by
opening the cross-linked network of the hydrogel. The experi-
mental results indicate that the controllable released VB,
reduced the degree of inflammation in the PNI site by reducing
the local ROS level and inducing macrophages to transform
into anti-inflammatory M2 type cells. In order to better achieve
nerve repair after the anti-inflammatory stage, NGF was loaded
in a triple-encapsulated manner, which ensured that the
release of NGF was later than that of VB,,. The release kinetics
of NGF was also controlled by ultrasound, and the NGF treat-
ment period can be adjusted according to the patient’s nerve
repair condition.

Ultrasound can play a beneficial role in two aspects in our
designed system. The first effect is ultrasound-responsive drug
delivery. Ultrasound can open the double crosslinked network
of hydrogels, leading to the gradual release of drugs in the
calcium crosslinked network.** By adjusting appropriate ultra-
sound intensity, ultrasound-controlled drug release can avoid
excessive local drug concentration or failure to reach an effec-
tive dose. Another function of ultrasound is its neuromodula-
tion effect toward injured nerves.** Studies have shown that

This journal is © The Royal Society of Chemistry 2024
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ultrasonic stimulation can promote the branching and growth
of injured neurite, and protect the neurons from cell death,
thereby accelerating nerve regeneration and slowing down
denervated muscle atrophy and degeneration.®® In addition,
ultrasound stimulation can enhance the secretion of endogen-
ous neurotrophin and improve the function of the factor.**?”
Therefore, we can predict that the ultrasound we imposed can
not only directly promote the regeneration of damaged neurons
but also further accelerates nerve regeneration by promoting
the release of exogenous NGF and the secretion of endogenous
neurotrophins.

In the field of tissue engineering, the repair process of many
tissue injuries is complex and requires phased and persona-
lized treatment. We anticipate that this simple and effective
drug delivery system can be further expanded and applied to
the treatment of various diseases. For example, bone repair
undergoes the initial inflammatory stage, proliferative stage,
and remodeling stage.*® A cascade drug delivery system for
each bone repair stage can better promote the process of bone
regeneration. Additionally, the RCDDS can also flexibly regulate
the drug delivery rate to achieve on-demand personalized
medication, thereby improving drug efficacy while reducing
toxic side effects. In the future, this responsive cascade drug
delivery scaffold can be further combined with ultrasound
imaging drugs to achieve integrated diagnosis and treatment
by dynamically monitoring drug release.

It is worth mentioning that all the materials we use in the
RCDDS have good biocompatibility and are FDA approved mate-
rials, and these materials, especially alginate hydrogels, can
degrade slowly with the treatment cycle.>**° These basic character-
istics lay the foundation for the clinical transformation of RCDDSs.

4. Conclusions

In summary, we constructed a responsive cascaded drug delivery
hydrogel scaffold (RCDDS) adapted to the therapeutic time win-
dow, whose cross-linked network could be opened to different
degrees under different ultrasonic power densities, thereby reg-
ulating the release kinetics of VB;, and NGF. In animal models,
we preliminarily verified the superiority of the RCDDS combined
with tunable ultrasound stimulation in the treatment of nerve
injury, which achieved excellent results comparable to autografts
in terms of histology and functional recovery. Different from the
traditional cascade drug delivery system, RCDDS can well adapt to
the therapeutic time window of the drug according to the patient’s
pathological indicators and realize on-demand drug delivery,
which will have great application potential in the personalized
treatment of complex diseases in the future.

5. Materials and methods
Materials

Alginate, PVA (0588 low-viscosity), hexafluoroisopropanol, azo
dimethylformamide and calcium sulfate (CaSO,) were pur-
chased from Aladdin (China). PLGA (acid terminated, lactide:
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glycolide 50:50, M, 40000) was obtained from Meilunbio
(China). PLLA (M,, 260000) was purchased from Daigang
Biomaterial (China). Calcein-AM/PI double-labeled kit, Dulbec-
co’s Modified Eagle’s Medium (DMEM), PBS, DAPI, human
B-NGF Elisa kit, fluorescent probe DCFH-DA, lipopolysacchar-
ide (LPS), Vitamin B12 and Masson’s trichrome staining kit
were purchased from Solarbio (China). Collagenase type I,
horse serum and fetal bovine serum were obtained from Gibco
(USA), recombinant human B-NGF from Peprotech (USA),
O.C.T. compound from Sakura (USA), mouse CD11c, CD206
and CD11b antibody from BioLegend (USA), mouse CD86
(sc52448) antibody from Santa Cruz (USA), rabbit CD163
(ab182422), NF200 (ab7794), S100 (ab52642) antibody, Goat
Anti-Rabbit IgG H&L (Alexa Fluor®™ 488, ab150077), and Goat
Anti-Mouse IgG H&L (Alexa Fluor®™ 647, ab150115) from Abcam
(UK) and osmium tetroxide, epoxy resin, uranyl acetate and
lead citrate from Sigma-Aldrich (USA). The SD rats and BALB/C
mice were purchased from Beijing Vital River Laboratory Animal
Technology Co. Ltd (China).

Preparation of NGF-loaded PLGA NPs

PLGA NPs were prepared using a W;/O/W, emulsifying-solvent
evaporation technique. Briefly, 5 mL of methylene chloride
solution containing 375 mg of PLGA were mixed with 500 pL
of aqueous solution containing 100 pg of NGF and 2 mg of
bovine serum albumin (BSA). Then the mixture was emulsified
by sonication for 5 min (ultrasound for 2 s, interval for 2 s,
360 W) under the conditions of circulating condensate water.
The primary emulsion (W;/O) was mixed with 30 mL of 1% PVA
solution and emulsified by sonication again for 15 min using
the same procedure. The oil phase was evaporated from the
obtained W;/O/W, emulsion with rotary evaporation. Finally,
the obtained nanoparticles were washed and centrifuged at
10000 rpm 10 times. Before freeze drying, use a BeckMan
Nanosizer (DelsaMax PRO, USA) to test the diameter of the
NGF-loaded PLGA nanoparticles. The particles were observed
by TEM (Tecnai G2, USA).

Preparation of NGF-loaded MSs

NGF-loaded PLGA NPs were mixed well with alginate solution
(5% w/v) at a concentration of 2 mg mL ™", then 200 ug of NGF
powder and 1 mg of BSA was added into the solution. The
mixture was vacuumed for 20 min to remove air bubbles and
then transferred into a 5 mL syringe with a 25 G metal needle,
then the syringe was placed into the electrospinning device.
The negative electrode was connected to a receiving container
with 50 mL CaCl, solution (5% w/v) and the positive electrode
was connected to the metal syringe needle. The solution was
sprayed toward the receiving container under high voltage
(25 kv) and low voltage (—5 kV). Then the microspheres
collected were washed and centrifuged 3 times with PBS. The
bright field images were carried out with a stereomicroscope
(SzX7, Olympus, Japan) for recording the morphology of micro-
spheres. And the samples were frozen at —80 °C overnight and
fixed onto the sample stage of a freezing microtome (CM3050S,
Leica, Germany), then the particles were sliced to obtain a cross
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section for SEM observation. The obtained microspheres were
stored at —20 °C for further experiments.

Preparation of the RCDDS

Nerve scaffolds need a preformed shell to contain the hydrogel
and provide support for the broken nerve. We used an electro-
spinning method for the fabrication of the shell. PLLA was
dissolved into hexafluoroisopropanol to make a 7.5% PLLA
solution and transferred into a micro-injection pump with a
25 G mental needle, then 12 kV positive voltage was applied on
the needle. The receiver was 20 cm away from the needle and
rotated at 1000 rpm under a negative pressure of 3 kV. The
spinning time is 30 minutes, the temperature is 30 °C and the
humidity is 20%. Then the electrospinning film is dried in a
vacuum drying oven for 8 hours at 60 °C. The film was gently
rolled on a smooth cylinder with a diameter of 1.5 mm. A mixed
solution of nitrogen dimethylformamide (DMF) and alcohol
(99.9%) with a volume ratio of 1:20 was used at the tail end for
adhesion. After drying in a vacuum drying oven for 12 hours at
60 °C, the preforming PLLA shells were obtained.

To make the main component of the RCDDS, alginate was
purified through dialysis (3500 MW cut off) and lyophilization.
We referred to the preparation method in ref. 41 for the next
steps.”’ The dialyzed alginate was dissolved in 2-morpholino-
ethanesulphonic acid (MES) buffer (pH = 5) to make a 2.5 wt%
alginate solution. Before mixing the NGF-loaded alginate MSs
into the alginate solution, the MSs were dissolved in MES
buffer. The final concentration of the MSs was 1 mg mL ™.
4 mL of the above mixed solution were quickly mixed with
1 mL of 21 mg mL ™" CaSO, in water slurry by linking two 5 mL
syringes together with a Luer Lock Connector and rapidly
transferring the mixture back and forth between syringes. The
reason why we chose calcium sulfate instead of calcium chloride
as the cross-linking solution is that calcium sulfate is a slightly
soluble system that can slowly release and crosslink during the
cross-linking process, leading to the formation of a more com-
plete cross-linking system.** Hydrogels were cast by quickly eject-
ing the contents of the syringes into the preforming porous PLLA
shell. After gelation for 30 min, the calcium-crosslinked hydrogels-
based RCDDS were obtained. For the micromorphology of the
ultrasound-responsive hydrogel after stimulation with different
ultrasound intensities, the hydrogels were simulated and frozen
in liquid nitrogen immediately. After freeze drying, the materials
were used for SEM observation.

Drug release behavior in vitro

The release of Vitamin B;, was tested using the method of
ultraviolet spectroscopy, and the characteristic peak of Vitamin
By, is at 361 nm. 100 mg of RCDDS were weighted for each
sample and were immersed in a sample bottle with 2 mL PBS
and put at 37 °C in an incubator. 100 pL of the solution was
used for the UV spectroscopy (Lambda 35, PerkinElmer, USA)
test after different intensity ultrasound stimulation for 1, 2, 3, 5
and 7 days, and then an equal volume of fresh PBS was added
into the sample bottle. For the NGF release study, a human
B-NGF Elisa kit was used to determine the NGF concentration.
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Neuron cell viability and axon regeneration evaluation

A cell study was carried out with PC-12 cells (ATCC CRL-1721).
After culturing to a logarithmic growth stage, the PC-12 cells
were seeded onto cell plates and co-cultured with the RCDDS
at a density of 6 x 10* cells per mL. The PC-12 cells were
then cultured in DMEM containing 10% horse serum, 5%
fetal bovine serum, 100 U mL ™" of penicillin, 100 ug mL™" of
streptomycin, and 2 mM t-glutamine. The cells were main-
tained at 37 °C in a saturated humidity atmosphere with 95%
air and 5% CO,. To study the differentiation of PC-12 cells,
20 ng mL ™" of NGF was added to the cell medium.

A calcein-AM/PI double-labeled kit was used to stain the live/
dead PC-12 cells. The cells were cultured for 3 days with the
RCDDS under different intensities of ultrasound stimulation
and detached from the(tissue cell plate) TCPs by using 0.25%
trypsin-EDTA solution, collected into a centrifuge tube, and
centrifuged at 1000 rpm for 5 min. Then the supernatant was
removed and the cells were washed twice with 1x assay buffer.
After adding a certain amount of Calcein-AM solution into the
cells, the cells were incubated in the shade for 20-25 min at
37 °C. Then, the cells were stained with PI solution in the dark
for 5 min at room temperature. After washing gently with PBS
to remove the extra staining solution, the cells were visualized
using a fluorescence microscope (DM6000, Leica, Germany) at
490 nm for live cells and at 545 nm for dead cells.

To test the effect of RCDDS under different ultrasound
intensity to promote axon regeneration, 6 different groups were
set (TCP, RCDDS, RCDDS with 0.1 W ecm ™2 US, RCDDS with
0.5 W cm ™2 US, RCDDS with 0.8 W em ™2 US and RCDDS with
1 W cm 2 US). Briefly, PC12 cells were cultured in TCP with
RCDDS or without RCDDS. After 3 days of culture and inter-
vention, the cells were fixed and permeabilized, and the cyto-
skeleton was stained using phalloidin reagent for 30 min. Three
additional washes were performed before the cells were coun-
terstained with DAPI. Images were acquired using a fluores-
cence microscope (DM6000, Leica, Germany).

Anti-inflammation evaluation

For examination of the anti-inflammatory effect of VB,
released in the RCDDS, we employed lipopolysaccharide (LPS)
treated RAW 264.7 cells to fabricate an inflammatory model.
The cells were seeded on a 24-well plate and were divided into
the control group, LPS (1 ug mL™") induced group (LPS), LPS
and RCDDS treatment group (LPS + RCDDS), and LPS and
RCDDS with ultrasound stimulation group (LPS + RCDDS + US).
2/,7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) fluores-
cent probes was used to test the intracellular ROS level under
different conditions. The supernatants of the cells were
removed and 300 pL of diluted DCFH-DA (10 umol L") was
added into the cells in each well. After incubating in a 37 °C
incubator for 20 minutes, the cells were washed with cell
culture medium three times and were digested using 0.25%
trypsin and collected for flow cytometry. The determinations
were performed in a cell quantitative analyzer (C6, BD
Biosciences, USA) and analysed using Flow]Jo software.
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We further used a mouse intramuscular model to test the
immune response in vivo at the early stage of RCDDS implanta-
tion. Eighteen BALB/C mice (6 weeks, female) were used and
randomly divided into two groups. After anesthesia, the sciatic
nerves from the right leg of the mice were clipped and RCDDSs
(3 mm) were implanted near the injured sciatic nerve for the
experimental group, and only the sciatic nerve injury was
implemented for the control group. At the indicated time
points, to obtain macrophages, the mice were sacrificed, and
the implanted RCDDS and tissue nearby were isolated and
digested at 37 °C for 1 h with 0.2% collagenase D and
100 U mL " recombinant DNase I. The resulting cell suspen-
sion was filtered with a 40 pm millipore filter and washed with
PBS. The cells were blocked with CD16/CD32 monoclonal anti-
body for 10 min at 4 °C, then the immune cells were stained with
the following antibodies: PE-CD206, APC-CD11c and FITC-CD11b.
Subsequently, the cells were analyzed by flow cytometry.

We also conducted immunofluorescent staining of the tissue
near the implants. The tissues containing the RCDDS of the
experiment group and tissues of the control group were separated
from the mice, embedded in O.C.T. compound and frozen imme-
diately in liquid nitrogen. The frozen tissues were cut into 10 pm
section slices using a freezing microtome (CM3050S, Leica, Ger-
many). Then the sections were fixed in 4% PFA for 10 min,
permeabilized with 0.5% Triton X-100 for 10 min followed by
blocking in 5% goat serum at room temperature for 40 min.
Subsequently, the sections were incubated overnight at 4 °C with
the antibodies CD86 (1:100) and CD163 (1:200). After washing
with PBS, the sections were incubated with the secondary antibody,
goat anti-rabbit IgG H&L (Alexa Fluor 488) and goat anti-mouse IgG
H&L (Alexa Fluor 647) for 2 h at room temperature, then the
sections were washed and stained with DAPI for 10 min. Finally,
the sections were used for immunofluorescence observation under
a laser scanning confocal microscope (SP8, Leica, Germany).

Animal surgery and treatment

All animal experiments were performed according to protocols
approved by the Committee on Ethics of Beijing Institute of
Nanoenergy and Nanosystems (A-2022018), and all animal
procedures were carried out in line with the national standards
of Laboratory Animal Requirements of Environment and Hous-
ing Facilities (GB14925-2001). Thirty adult female Sprague-
Dawley (SD) rats (200-250 g) were randomly divided into six
groups: the autograft group, AHyg;, + US group, NP-MS-AHygr +
US group, RCDDS group, RCDDS + US and RCDDS + tun-US
group. Animals were anesthetized using isoflurane and the
right sciatic nerves were exposed. After routine skin preparation
and disinfection, the right sciatic nerves were exposed and a
10-mm defect was created in the middle portion of the nerve
trunk. The prepared scaffolds were used to bridge the gap and
1-mm segments of the proximal and distal nerve stumps were
inserted into the conduit and sutured with a 9-0 suture. For the
autograft control, the 10-mm nerve from the left sciatic nerve
was reserved and re-bridged. After the rats were resuscitated
from the anesthetization, they were housed in their cages as
usual. Some groups were treated with ultrasound stimulation
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every other day. For the blood routine examination, the tail vein
blood of the rats was collected and stored in anticoagulant
blood collection vessels, and then the levels of inflammatory
cells in the blood were evaluated by using a blood cell analyzer
(BC6600Plus, Mindray, China).

Morphometric analysis of nerve regeneration:

At 12 weeks post-surgery, the sciatic nerve tissues were harvested
and fixed with 10% formalin overnight. The tissues were dehy-
drated with graded ethanol and embedded in paraffin blocks for
sectioning (4 um). After blocking with 3% BSA and 10% FBS in
0.3% Triton X-100 for 2 h at room temperature, the sections were
incubated with Mouse monoclonal anti-Neurofilament antibody
(NF200, 1:500) and Rabbit monoclonal anti-S100 antibody (1:200)
overnight. Then the sections were treated with Goat Anti-Rabbit
IgG H&L (Alexa Fluor 488) and Goat Anti-Mouse IgG H&L (Alexa
Fluor 647) for 1 h. Finally, DAPI was used to stain the sections for
10 min. The images were taken and evaluated using a panoramic
scanner (P250 Flash, 3DHISTECH, Hungary) and Image], and
each sample was evaluated in three random fields.
Morphological assessment of the myelinated axons of the
regenerated nerve was performed with transmission electron
microscopy (TEM, Tecnai Spirit 120 kV, FEI, USA). The rat was
anesthetized and inserted with a perfusion needle into the left
ventricle. After the beginning of perfusion, the auricula dextra
of the rat was cut, and 40 mL of saline solution and 100 mL of
4% paraformaldehyde (PFA) and 2.5% glutaraldehyde (GA)
solution were injected into the rat in order. The fixed sciatic
nerves were incubated in 2.5% GA solution for 2 h in a shaker at
room temperature, followed by being transferred to 4 °C over-
night. Then the samples were treated with 1% osmium tetroxide
for 2 h at room temperature, dehydrated through alcohol gradient
with 50%, 70%, 80%, 90%, and 100% ethanol sequentially and
embedded with epoxy resin. After being processed into ultrathin
sections using a ultramicrotome (EM UC6, Leica, Germany), the
samples were stained with uranyl acetate and lead citrate, and
were observed with TEM to photograph the myelin sheaths of the
regenerated nerves. The images were analyzed using Image] soft-
ware for the thickness of the myelin sheaths and diameter of
axons and 20 different myelins were evaluated for each group.

Animal functional recovery assessment and
electrophysiological evaluation

The walking track analysis was performed to evaluate the
restoration of locomotor function at 2, 4, 8 and 12 weeks after
operation. The rats were led into the entrance of a narrow
channel with their hind paws brushed with nontoxic black ink,
and the footprints were registered on white paper covering the
floor. Sciatic nerve function index (SFI), an indicator of loco-
motor nerve dysfunction, was scored using the following para-
meters:

EPL — NPL ETS — NTS
SFI = —38.3 x TJF 109.5 x —NTS
EIT — NIT
+ 133 x —NIT 8.8
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Normal print length (NPL), normal toe spread (NTS), normal
intermediary toe spread (NIT), experimental print length (EPL),
experimental toe spread (ETS), and experimental intermediary
toe spread (EIT).

The electrophysiological test was performed at 12 weeks
after transplantation. The rats were anesthetized and the right
sciatic nerves were exposed. A stimulating electrode (Cuff elec-
trode, KedouBC, China) was placed across the nerve fiber 4 mm
proximal to the injury site, the counter electrode was inserted into
the subcutaneous tissue near the foot muscle and the ground
electrode was placed in the rat away from the stimulation region.
The electrophysiological recorder (Biopac MP150, USA) was used
to record the compound muscle action potential (CMAP).

Morphometric analysis of the gastrocnemius muscle

After the rats were sacrificed, bilateral gastrocnemius muscles
of all the groups were explanted immediately and the wet
weight was recorded. Then the muscles were fixed and embedded
in paraffin for sectioning. The sections were stained with a
Masson’s trichrome staining kit and examined with a light
microscope (Nikon). The areas of blue collagen fiber of the
photos were analysed using Image] software in three random
fields for each section.

Statistical analysis

All results were statistically analysed and reported as means + SD.
The P value was determined using One-way ANOVA with Tukey’s
multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001,
**¥**P < 0.0001) with GraphPad Prism 8.0 software.

Data availability

Data supporting the results of this study can be obtained from
the corresponding author upon request.
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