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Zinc-Directed Coordination Network Hydrogels for
A20-Mediated Inflammation Modulation and Enhanced
Axonal Regeneration in Spinal Cord Injury

Jianye Zhang, Yisheng Gao, Miao Zhang, Yue Zhao, Chunxue Wang, Jiahuan Gong,
Supeng Ding, Mengke Liu, Xueying Zhao, Bingxin Wu,* Yumin Yang,* and Yahong Zhao*

Remodeling the adaptive microenvironment with biomaterials presents

a promising avenue for addressing chronic inflammation that contributes

to spinal cord injury (SCI) repair. Hydrogels have been widely employed

to enhance tissue regeneration following SCI. Additionally, zinc (Zn) ions

are effective in immune modulation for the central nervous system. However,
significant challenges remain in preparing hydrogels combining bioactive
Zn** with biological functionality for traumatic SCI repair. In this study,

a self-healing hydrogel composed of an alginate network based on dynamic
Zn?** [bisphosphonate (BP) cross-linking, and a silk fibroin interpenetrating
polymer network is reported. It is observed that the neurite outgrowth is
promoted by Zn?* and shows dependency on Zn?* concentration. Moreover,
the Zn?*-releasing hydrogel enhances neuronal axon growth and influences
neural stem cell proliferation and differentiation. In addition, the hydrogel
regulates microglial cell fate by upregulating the anti-inflammatory signaling
molecule A20 through inhibition of the NF-kB pathway. Therefore, this
hydrogel effectively improves immune response modulation while promoting
neural regeneration and functional recovery, including motor, sensory,

and bladder function in completely transected SCI. These results indicate

the Zn2* |BP-based hydrogel holds the potential for traumatic SCI treatment.

cases worldwide every year.?! SCI initi-
ates a series of pathophysiological events,
frequently resulting in severe and perma-
nent disabilities including sensory and mo-
tor loss, and even paralysis.’! Following
SCI, the initial reaction involves immune
cell activation and a complex inflammatory
response in the surrounding areas, leading
to ionic imbalances, reactive oxygen species
(ROS) generation, and neuronal death.[*’]
Numerous studies have revealed that the
harsh environment associated with post-
injury systemic inflammatory, especially
chronic inflammation poses a formidable
hurdle for successful neural regeneration
and functional recovery.!®’] Therefore, es-
tablishing effective therapeutic targets to
address inflammation is crucial for regener-
ative treatment in SCI. Tissue engineering
scaffolds, with biophysical and biochemical
cues, show great promise for axonal growth
by providing a permissive environment.[®]

As 3D polymeric networks with high wa-
ter content, hydrogels are considered as an
appealing option because their mechanical

1. Introduction

Traumatic spinal cord injury (SCI) caused by trauma, such as
falls, traffic accidents, or violence, accounts for >20.6 million

properties mimic the soft nature of spinal cords, and serve as
a bridge to promote neural regeneration.’! Hydrogels with dy-
namic bonds provide distinct benefits due to their adaptabil-
ity in mechanical properties and structure, thereby enhancing
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Fibroblast exosomal TFAP2C induced by chitosan oligosaccharides
promotes peripheral axon regeneration via the miR-132-5p/CAMKK1 axis

Yahong Zhao?, Jina Liu?, Sha Liu®, Panpan Yang", Yunyun Liang*, Jinyu Ma?, Susu Mao?,
Cheng Sun™ , Yumin Yang®
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Keywords:

peripheral nerves
chitosan oligosaccharides
fibroblast exosomes
TFAP2C

axon regeneration

ABSTRACT

Chitosan and its degradation product, oligosaccharides, have been shown to facilitate peripheral nerve regen-
eration. However, the underlying mechanisms are not well understood. In this study, we analyzed the protein
expression profiles in sciatic nerves after injury using proteomics. A group of proteins related to exosome
packaging and transport is up-regulated by chitosan oligosaccharides (COS), implying that exosomes are
involved in COS-induced peripheral nerve regeneration. In fact, exosomes derived from fibroblasts (f-EXOs)
treated with COS significantly promoted axon extension and regeneration. Exosomal protein identification and
functional studies, revealed that TFAP2C is a key factor in neurite outgrowth induced by COS-f-EXOs.
Furthermore, we showed that TFAP2C targets the pri-miRNA-132 gene and represses miR-132-5p expression
in dorsal root ganglion neurons. Camkk1 is a downstream substrate of miR-132-5p that positively affects axon
extension. In rats, miR-132-5p antagomir stimulates CAMKK1 expression and improves axon regeneration and
functional recovery in sciatic nerves after injury. Our data reveal the mechanism for COS in axon regeneration,
that is COS induce fibroblasts to produce TFAP2C-enriched EXOs, which are then transferred into axons to
promote axon regeneration via miR-132-5p/CAMKK]1. Moreover, these results show a new facet of fibroblasts in
axon regeneration in peripheral nerves.

1. Introduction

achieve the onerous task of getting an ideal artificial graft [8,9]. The
basic expectations of a material include biocompatibility, biodegrad-

Unlike axon regeneration in the central nervous system (CNS), axon
regeneration in the peripheral nervous system (PNS) is relatively easy
and achievable [1-3]. However, long distance defects in the PNS remain
a challenge at clinics [4]. Autologous nerve implantation exhibits the
best outcomes and is considered as the gold standard of surgical inter-
vention for peripheral axon regeneration [5]. However, limited sources
and permanent injuries at the donor sites significantly impede wide
application of this technique. Therefore, artificial grafts are used at the
center of peripheral nerve surgery [6,7].

Artificial grafts made of natural and/or synthetic biopolymers that
are designed to have the necessary mechanical and biochemical cues for
neural regeneration. There has been numerous of studies reported on
various fronts (design, materials, preparation methods, factors, etc.) to

Peer review under responsibility of KeAi Communications Co., Ltd.
* Corresponding author.
** Corresponding author.

ability, and appropriate mechanical properties. The physical, chemical,
biochemical and topographical features regulate functional recovery of
damaged peripheral nerves, which should be considered in the design of
artificial grafts by different fabrication methods [10]. The advent of
advanced technologies such as injection molding, 3D bioprinting, elec-
trospining, have been employed for fabricating artificial grafts. Injection
molding technique was used to fabricate artificial grafts with intra-
luminal channels. Different patterns of aligned and random fibrous re-
gions can be generated by electrospining [11]. 3D bioprinting could be
beneficial in easing the production of patient-specific artificial grafts
[12]. Artificial grafts loaded with neurotropic factors, drugs and genes
are some of the futuristic areas of interest since the sequence, timing,
dosage, delivery vector, and duration of therapy remain to be solved [7].
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Biomimetic Silk Fibroin Hydrogel for Enhanced Peripheral
Nerve Regeneration: Synergistic Effects of Graphene Oxide

and Fibroblast Exosome

Yisheng Gao, Chaolun Dai, Miao Zhang, Jianye Zhang, Long Yin, Wanhua Li,

Kunyu Zhang, Yumin Yang,* and Yahong Zhao*

Peripheral nerve injury represents a critical clinical challenge. Employing
tissue engineering, biomimetic scaffolds mimicking the biophysical and
biochemical cues of the native extracellular matrix have shown promise.
Specifically, conductive matrices, mirroring neural tissue’s electrical
properties, hold potential for neural tissue repair. However, the synergistic
impact of conductivity and biomolecules on injured peripheral nerves remains
unexplored. In this study, conductive hydrogels via a three-step click chemical
reaction method, incorporating silk fibroin, graphene oxide, and Polyethylene
Glycol Diacrylate is crafted. The inclusion of fibroblast exosomes yielded a
synergistic effect, enhancing recovery from peripheral nerve injuries.
Graphene oxide heightened the electron transmission capacity of the
hydrogels, while fibroblast exosomes endowed them with the ability to
modulate cellular behaviors. This resulted in enhanced axon and myelin
regeneration. Furthermore, the hydrogel facilitated vascular regeneration
during peripheral nerve recovery through the VEGF/NOTCH signaling
pathway. Transplanting conductive hydrogel conduits laden with fibroblast
exosomes led to substantial functional recovery in a rat sciatic nerve
transection model. Consequently, a novel strategy to expedite the intricate
repair of peripheral nerve injuries is proposed.

1. Introduction

Peripheral nerve injury (PNI) profoundly
affects human quality of life, occurring in
~1 in every 1000 individuals.[!l PNI leads
to axonal discontinuity, distal nerve fiber-
ization, and neuronal demise, culminating
in compromised motor, sensory, and auto-
nomic functions.[>*] Despite the peripheral
nervous system (PNS) having a greater ax-
onal regeneration ability than the central
nervous system, the self-repair of periph-
eral nerves is always incomplete, resulting
in poor functional recovery.*>! Only 25%
of patients can restore normal motor func-
tion, and less than 3% of patients can fully
regain sensation. While short-distance lat-
eral injuries can be rectified through direct
anastomosis, long-distance nerve defects
require surgical grafting of a transplant to
prevent excessive nerve tension during the
repair process. Autograft nerve transplan-
tation, despite being the preferred stan-
dard for such defects, faces constraints like
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Advancing neural regeneration via adaptable hydrogels: Enriched with | e |
Mg?" and silk fibroin to facilitate endogenous cell infiltration and
macrophage polarization
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ARTICLE INFO ABSTRACT

Keywords: Peripheral nerve injury is a complex and challenging medical condition due to the limited ability of nerves to
Adaptable hydrogels regenerate, resulting in the loss of both sensory and motor function. Hydrogels have emerged as a promising
Magnesium biomaterial for promoting peripheral nerve regeneration, while conventional hydrogels are generally unable to
Cell infiltration . . L. . - .
_ . . support endogenous cell infiltration due to limited network dynamics, thereby compromising the therapeutic
Regeneratlve microenvironment . .. . . . . e .
. . outcomes. Herein, we present a cell adaptable hydrogel containing a tissue-mimetic silk fibroin network and a
Peripheral nerve repair . : ; N X N
dynamically crosslinked bisphosphonated-alginate network. The dynamic network of this hydrogel can respond
to cell-generated forces to undergo the cell-mediated reorganization, thereby effectively facilitating the rapid
infiltration of Schwann cells and macrophages, as well as the ingrowth of axons. We further show that the
magnesium ions released from the hydrogel not only promote neurite outgrowth but also regulate the polari-
zation of macrophages in a sequential manner, contributing to the formation of a regenerative microenviron-
ment. Therefore, this hydrogel effectively prevents muscle atrophy and promotes the regeneration and functional
recovery of nerve defects of up to 10 mm within 8 weeks. The findings from this study demonstrate that
adaptable hydrogels are promising inductive biomaterials for enhancing the therapeutic outcomes of peripheral
nerve injury treatments.
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Peripheral myelination is a complicated process, wherein
Schwann cells (SCs) promote the formation of the myelin
sheath around the axons of peripheral neurons. Fibroblasts are
the second resident cells in the peripheral nerves; however, the
precise function of fibroblasts in SC-mediated myelination has
rarely been examined. Here, we show that exosomes derived
from fibroblasts boost myelination-related gene expression in
SCs. We used exosome sequencing, together with bio-
informatic analysis, to demonstrate that exosomal microRNA
miR-673-5p is capable of stimulating myelin gene expression
in SCs. Subsequent functional studies revealed that miR-673-
5p targets the regulator of mechanistic target of the rapamy-
cin (mTOR) complex 1 (IMTORC1) tuberous sclerosis complex
2 in SCs, leading to the activation of downstream signaling
pathways including mTORC1 and sterol-regulatory element
binding protein 2. In vivo experiments further confirmed that
miR-673-5p activates the tuberous sclerosis complex 2/
mTORC1/sterol-regulatory element binding protein 2 axis,
thus promoting the synthesis of cholesterol and related lipids
and subsequently accelerating myelin sheath maturation in
peripheral nerves. Overall, our findings revealed exosome-
mediated cross talk between fibroblasts and SCs that plays a
pivotal role in peripheral myelination. We propose that exo-
somes derived from fibroblasts and miR-673-5p might be
useful for promoting peripheral myelination in translational
medicine.

Myelination is a complicated biological process which in-
volves the formation of a myelin sheath around nerve cell
axons so as to insulate them from the surroundings and thus
favoring electrical impulses passing along the axon. Schwann
cells (SCs) and oligodendrocytes are the two main glial cells
responsible for myelination in the peripheral nervous system
and central nervous system (CNS). Myelin membranes are
mainly composed of proteins and lipids, including cholesterol,
galactosphingolipids, and saturated long-chain fatty acids,
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which account for at least 70% of the dry weight of myelin
membranes (1). Defects in lipid synthesis in SCs or oligoden-
drocytes are often associated with various neuropathies such as
Smith-Lemli-Opitz-syndrome, Refsum’s disease, and Tangier
disease (2—4). In accordance, any interruption in lipid syn-
thesis has been shown to impair the structure and function of
myelin in both the peripheral nervous system and CNS (5—12).

Fibroblasts are widely distributed in many types of tissues,
and their main task is to synthesize and organize matrix pro-
teins (13, 14). Fibroblasts in normal adult tissues are generally
quiescent. However, as they can be activated under specific
conditions, such as wound healing, tissue fibrosis, and cancer
progression, fibroblasts play key roles in tissue repair, scar
formation, and tumor metastasis (15—18). In peripheral nerves,
SCs and fibroblasts are the two main types of cells, accounting
for 45% and 25%, respectively (19). Moreover, similar to SCs,
fibroblasts are derived from neural crest stem cells (20). Most
recently, fibroblasts were identified in peripheral nerves of
neonatal rats by cell population identification using single-cell
transcriptomics (21). Although fibroblasts have been consid-
ered as resident cells in the peripheral nerves for a long time,
to date, the precise functions of fibroblasts are not well un-
derstood. It has been shown that in cut nerves, ephrin-B/
EphB2 signaling between fibroblasts and SCs directs cell
sorting and guides the regrowth of axons across the wound
(22). Exosomes are endosome-derived small extracellular
vesicles with diameters of 40 to 150 nm (23). By trafficking
RNA, DNA, proteins, and lipids, exosomes have been shown to
play various essential roles, especially in cell—cell interaction
(24—26). Due to the same niches for fibroblasts and SCs in
peripheral nerves, we predicted that fibroblast exosomes might
be a key transducer for regulating behaviors of SC such as
myelination.

In the present study, we examined the potential interaction
between fibroblasts and SCs, and found that fibroblast-derived
exosomes promote myelin gene expression in SCs. Exosome
sequencing followed by bioinformatics analysis revealed that
exosomal miR-673-5p is a key molecule for transducing pro-
moted myelin gene expression in SCs. Furthermore, it was
noted that miR-673-5p targets the axis of TSC2/ mechanistic
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ABSTRACT: Wound healing, a complex process involving hemostasis,

inflammation, proliferation, and remodeling, is often hindered by factors

like infection or a weakened immune response. Existing studies often

neglect the crucial role of nerve regeneration. Our study introduces a novel

hydrogel system using functionalized bisphosphonic acid grafted onto

sodium alginate, combined with hyaluronic acid and metal ions (Fe** and

Zn>"), to enhance wound healing in infectious environments. The

interaction between bisphosphonates and Zn>* forms a secondary network

that facilitates the release of Fe** and Zn”* jons. This mechanism offers

broad-spectrum antibacterial action and regulates the immune environ-

ment, promoting M2 macrophage polarization. Additionally, the hydrogel

supports neurogenesis and angiogenesis, essential for complete tissue

repair. Enhancing nerve regeneration restores neural function and

accelerates wound healing. Its injectability, self-healing properties, and biocompatibility make this hydrogel a promising
candidate for advanced wound dressings, potentially reducing healing time and improving infected wound management.

1. INTRODUCTION chemical signals, thereby enabling precise control over their
activities.® For instance, metal ions such as zinc and
magnesium have been demonstrated to modulate macrophage
phenotype and function by influencing intracellular signaling
pathways. Zinc ions, in particular, have been utilized in the
coating of biomaterials to regulate macrophage responses.”
These coatings release zinc ions, promoting the transition of
macrophages from the M1 to the M2 phenotype, thus
supporting anti-inflammatory and tissue repair processes. o=
Metal-ion-based strategies offer a novel approach to designing
anti-inflammatory biomaterials and promoting tissue regener-
ation. While individual metal ions exhibit some antibacterial
activity, the incorporation of additional metal ions with
antibacterial properties is crucial for achieving stronger
antibacterial effects and enhanced biocompatibility. This
multimetal ion strategy provides novel insights into the
development of biomaterials with enhanced antibacterial
properties.14

The skin is a crucial organ in the human body, responsible for
protecting against external harm, regulating body temperature,
and sensing external stimuli.' Due to its exposure, skin is
vulnerable to external damage. Once damaged, skin healing
involves a complex and prolonged process including hemo-
stasis, inflammation, proliferation, wound remodeling, and scar
formation.” The wound healing process consists of four
continuous and overlapping phases: hemostasis, inflammation,
proliferation, and remodeling. Following wound trauma,
compromised blood supply and the accumulation of
inflammatory mediators trigger an inflammatory response,
which can be further exacerbated by conditions such as
hyperglycemia, excessive oxidative stress, multiple infections,
neuropathies, and vascular disorders.” Additionally, the
immune microenvironment evolves over time to match the
entire repair process.4

Substantial evidence indicates that a timely shift in
macrophage phenotype to M2 can transition the inflammation
phase into the proliferation phase, thereby accelerating wound
healing.s_7 Recently, various agents, including bioactive factor
carriers, nanoparticles, and specially designed scaffolds, have
been identified for macrophage reprogramming. These agents
function by locally releasing immunomodulatory factors or
directly influencing macrophages through physical and
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Abstract

As the most feasible method to reconstruct long-distance peripheral

nerve injuries, tissue-engineered nerves rely on biomaterials as a

key driving factor. Chitooligosaccharides, intermediate products

of chitosan degradation, have the ability to positively regulate

nerve regeneration microenvironments. However, the impact of

chitooligosaccharides on clearance of myelin debris during

Wallerian degeneration is unrevealed. The focus is on exploring

the role of chitooligosaccharides in myelin clearance, which is a

crucial preparation stage for nerve regeneration. The effects of

chitooligosaccharides on nerve regeneration were demonstrated

through the morphological and functional evaluations. Then, the myelin lipids and proteins were analyzed using the morphological stain-
ing, and molecular and protein detection. The microstructure and ultrastructure observations of lysosomes and autophagosomes were
performed. In addition, the proteomics and bioinformatics analysis of injured nerves treated with chitooligosaccharides. The interacting
molecules and the regulatory network of Wipil were further predicted. On the basis of positive roles on peripheral nerve regeneration, it
was illustrated that chitooligosaccharides accelerated the clearance of myelin. Furthermore chitooligosaccharides could regulate lysoso-
mal and autophagic functions, and its role in promoting myelin clearance was mainly related to the enhanced autophagy of Schwann
cells rather than macrophages. The big data analysis revealed that Wipil was notably upregulated in Schwann cells, mediating chitooligo-
saccharides to promote autophagy and myelin clearance. Meanwhile, as a potential therapeutic target, Wipil significantly accelerated
myelin clearance and lipid metabolism after peripheral nerve injury. Our research deepens the comprehensive understanding of the posi-
tive regulatory role of chitosan and chitooligosaccharides; and it expands new content and ideas for designing and constructing better
tissue-engineered nerves from the perspective of mutual communication and response between biomaterials and body tissues.

Keywords: chitooligosaccharide; myelin clearance; Schwann cell; autophagy; Wipil

fragments [9, 10]. Meanwhile, accompanied by migration and ag-
gregation of Schwann cells (SCs) and macrophages, damaged
axons and myelin debris are degraded and cleared [11-13]. This is
precisely to leave sufficient space in advance for nerve regenera-
tion, so that subsequent biological processes such as axonal
growth and myelin formation can proceed normally.

Therefore, myelin clearance is crucial for nerve regeneration.
The rupture of myelin after nerve injury leads to the production of
myelin ovoid fragments, which contain many factors including my-

Introduction

The peripheral nervous system possesses certain self-healing ca-
pacity, and its functional recovery is related to the quality of lo-
cal nerve regeneration microenvironment [1-3]. The peripheral
nerve regeneration microenvironment refers to all factors that
affect nerve regeneration in terms of time and space in the regen-
eration chamber involving the communications between bioma-
terials and tissues [4-6], such as vascularization, inflammation
and immunity, chemotaxis and adhesion and guidance to cells.

In addition, the sufficient growth space is required first for pe-
ripheral nerves regeneration. Wallerian degeneration is quickly
initiated in the distal nerve trunk post lesion [7, 8]. The cytoskele-
tons disintegrate, axons collapse into granular and amorphous
fragments, and myelin sheaths disintegrate to a large number of

elin associated glycoprotein (MAG). These factors restrain axonal
regeneration and hinder the process of nerve repair [14, 15]. For the
peripheral nervous system, the rapid cellular response enables the
rapid myelin clearance, creating a favorable extracellular environ-
ment that promotes axonal regeneration. If myelin debris in the
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