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ABSTRACT

Self-healing polymeric hydrogels have the capability to recover
their structures and functionalities upon injury, which are extremely
attractive in emerging biomedical applications. Self-healing hydrogels
with multifunctional properties as an important biomaterial class have
been widely used in delivering cell, gene, drug and so on. Except high
water content similar with extracellular matrix (ECM), hydrogels also need
meet biocompatible scaffold requirements such as degradable, tough,
injectable and good adhesiveness, and are developing more functional
and smarter. Based on the significant studies of the biomedical scaffold

in recent years, we review the widely used mechanism of the self-healing
hydrogels, with focus on the design of the biocompatible scaffold and their
relevant biomedical applications. The prospective regarding of the future
potential development in functional and smart aspects is also delivered.
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INTRODUCTION

Self-healing can be defined as a character to heal the micro- or macro-breakage both on surface and in interior autonomously,
restoring virgin intensity and function of the material, which is adopted from the living body 2. Just like cell’s proliferation and
differentiation aiding organ’s self-recovery, bond’s linkage between atoms on two interfaces helps abiotic material’s self-healing.
Over the past few years, self-healing and self-recovery have attracted much attention because it can keep the material durable
and safer. Once breakage appeared, keep the fresh surface exposed to each other for a period of time, so that the material can
heal itself . On the macro level, the two parts of the fracture can form a surface whose crack is basically invisible, even smoother than
new skin. On the micro level, the two are merged and permeated, finally get the compared strength with the initial one, which is shown
in Figure 1. Self-healing would be ideal for vulnerable applications, such as surface coatings, supercapacitor and so on 47,

Hydrogels storing much water among 3D network are regarded as an important class of biomaterial based on the similar
structure with extracellular matrix (ECM). Hydrogels can form in a variety of physical forms, including nanoparticles, microparticles,
coatings, films and slabs ®. However, hydrogel which usually possesses poor mechanical property is fragile to destroy the integrity
of the structure. The biomaterials, with self-healing property, behave integrally all the time so that they cut off from the complicated
environment. In other words, the self-healing endows the material more than one life. There is much potential relevance of self-
healing hydrogels in the fields of biosensors, wound dressing, shape memory material and biomedical carrier %171,

Traditionally, damaged materials are repaired by welding, gluing, nailing or patching. Self-healing enables a material to repair
crack itself with minimal interference. The following five steps illustrate the mechanism of self-healing for all kinds of materials: 1)
A damage causes a crack in the material. 2) The resulting "mobile phase" is aroused by damage (in an ideal situation) or by external
stimuli. 3) The damage can be gradually filled up because the directed substance transport to the damaged site and subsequent
local mending reaction. 4) The distance between the molecules is near enough to ensure that the crack surface is connected by
physical interaction and/or chemical bonds. 5) After the wound healing, the molecules distribute uniformly, resulting in the best
mechanical performance of the perfect recovery Y. However, the required condition may differ for different materials due to their
intrinsic properties. There is no doubt that self-healing can be applied more easily to polymers than to metals or ceramics, due
to the special molecular structure of the polymer and the range of temperatures they use. The healing agents in forth step is of
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vital importance. Inspired by the biological systems, capsule and blood vessels, are the primary means transmitting self-healing
functionalities to materials or structures €, However, the capsule and vascular-based material have limited healing times, which
are regarded as irreversible 9. Currently, more and more researches are focusing on the reversible method. According to the
interaction type of the crosslinker, self-healing hydrogels can be divided into two classes: chemical and physical crosslinking.
The network in chemical hydrogel is permanent linked by reversible covalent bonding, such as DA reaction, disulfide bonds, and
acylhydrazone 2929, Usually chemical hydrogel needs stimuli and healing agent to trigger self-healing. Physical network form a
reversible network based on the non-covalent bonds, such as hydrophobic interaction, hydrogen bonding, n-m stacking, metal-
ligand and host-guest interaction 2635,
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Figure 1. The mechanism of the self-healing hydrogel. The molecules on the surface of the material stretch, permeate, and form the chemical
or physical bonds so that the broken pieces restore to a whole.

Scaffolds are implants or injects, which are used to deliver cells, genes, and drugs into the body. There are different
forms of polymer scaffolds for cell/drug delivery: (1) a typical three-dimensional porous matrix, (2) a nanofibrous matrix, (3) a
thermosensitive sol-gel transition hydrogel, and (4) a porous microsphere ¢\, Scaffolds offer a suitable substrate for cell adhesion,
proliferation, differentiation and migration. Self-healing hydrogels with easily tunable biochemical and biophysical properties
provide many favorable features for medical scaffold ¥7). The biocompatible ECM nature and porous structure provide enough
and safe space for therapeutic agents (including gene) and cells. Then the gradually degrading crosslinking points help the
inclusion release gradually, avoiding multiple dosing and high dose toxicity. From the perspective of clinical medicine, inclusions
injected to tissue after prepolymer simply mixing formed random shape scaffold with certain strength and adhesion, so that make
operation easy to operate, alleviate the patient's pain and reduce the risk of transplantation. This review focuses on the design
of the biocompatible scaffold and their relevant biomedical applications. The development of functional and smart direction is
prospected (Figure 2).

MATERIAL DESIGN CRITERIA

Biomedical scaffold are seeded with primary cells or therapeutic agents prior to implantation in order to create a new
centers for tissue formation. During the process from mixing to implanting, in order to insure the security and function, there are
some principles for choosing the material.
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Figure 2. The abstract of the review: four material design principles, three main inclusions and future development of the self-healing biomedical
scaffold.

Biocompatibility is the primary factor for biomaterial. Biocompatibility reaction includes biological, physical and chemical
interactions between materials and organism host in specific practical applications. In order to meet the demands of the scaffold,
the adoptive material should be harmless for the living body. The most widely used are the simple chain polymer, such as,
polyethylene glycol (PEG), polyacrylic acid (PAA), polyvinyl alcohol (PVA), which have clear structure and modification 2238, Another
important kind is the derivative polymer from the nature, polypeptide and polysaccharide, such as collagen, hyaluronic acid,
alginate, gelatin, glucose, chitosan, chitin and cellulose 223943, Poly(L-glutamic acid) (PLGA) is one kind of ideal polypeptide, which
exhibits nontoxicity, hydrophilicity, biodegradability, and avoiding antigenicity or immunogenicity 4. The rich carboxyl group on side
chain can perform a variety of chemical modification. Yin group “® reported injectable in situ self-cross-linking hydrogels based
on PLGA and alginate for cartilage tissue engineering in 2014. PLGA and ALG are similar to the protein and polysaccharide in
extracellular matrix, respectively. They also built a self-healing hydrogel by host-guest interaction between cholesterol modified tri-
block polymer (PLGA-b-PEG-b-PLGA)-g-Chol) and B-cyclodextrin modified PLGA segment (PLGA-B-CD), which provided a reasonable
method for the applications in tissue scaffold B4,

Except the selection of the material, the interaction for filling the gap is also worth considering €. The mild crosslinking
reaction catalyzed by enzymes can form the most advanced bioactive hydrogels easily and effectively. Enzymatically cross-linking
method is regarded as a bionic way to synthesize a biocompatible hydrogel. Most of the enzymes involved in crosslinking are
enzymatic reactions that naturally occur in our bodies with the water environment in neutral pH and at medium temperature.
Horse radish peroxidase (HRP) is defined as a class of hemoprotein which can catalyze derivatives of aniline or phenol to form
carbon-carbon bond or carbon-nitrogen bond under the condition of the hydrogen peroxide 7. In addition, the physical and
chemical properties of hydrogels, such as gelation rate, mechanical strength and porous structure, can be easily controlled
by adjusting the activity of HRP. HRP mediated studies on the formation of hydrogels in situ mainly focus on natural derived
substances, such as hyaluronic acid, alginate, dextran, gelatin and chitosan. In Xu’s work, an injectable polypeptide hydrogel
was synthesized through catalyzed cross-linking using horseradish peroxidase (HRP) and hydrogen peroxide (H,0,) (8 The main
network was formed by 4-arm poly(ethylene glycol)-block-poly(L-glutamic acid) (PEG-b-PLGA) grafted with tyramine and a cyclic
RGD-containing peptide. HRP catalyzed the phenolic hydroxyl group on tyramine to contact each other. This procedure was easy
to operate and had good cytocompatibility.

Injectability

The injectability means the material has the shear-thinning property under the shear stress from the needle wall, which is
a reflection of self-healing 1*°). Shear thinning hydrogel shown in Figure 3 is a hydrophilic polymer network established in aqueous
solution based on physical dynamic bonds, which is not strong enough to break under stress and have a trend to link without
pressure. In-situ hydrogel maintains fluidity during injection, form random shape in demand and bring the drug, protein, biomass,
agent or cells into the injection site. The advantages of shear thinning hydrogels are their reversible process of liquefying under
shear stress and rapid recovery of gel properties after cessation of the shear forces and no chemical reaction is required for
gelation. Relieve the patient’s pain and reduce the complicated surgery risk.
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Figure 3. The sol-gel transition of the injectable hydrogels for delivery during different process.
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Not every self-healing hydrogel can be used as injectable hydrogel. There are four basic principles to judge: 1) the spatial
and temporal distribution of the active inclusion; 2) the ability to form and heal quickly after injection; 3) the constant release
rate of the inclusion; 4) the matching rate of gel degradation to tissue development ®%. Juan Wang et al. synthesized and
characterized the novel in situ-forming polyamidoamine (PAMAM) dendrimer hydrogels (DHs) with tunable properties prepared
via highly efficient aza-Michael addition reaction 5. Acetylation by acetic anhydride with different degree was performed on the
basis of PAMAM dendrimer G5, so that hydrogel could be obtained with different curing time, rheological properties, network
structure, expansion and decomposing properties, which is graphically depicted in Figure 4. Injectable hydrogels can provide
a scaffold for in situ tissue regrowth and regeneration, yet gel degradation before tissue reformation limits the gels’ ability to
provide physical support. Tuning of degradation rates based on local environment has been approached using hydrolytically and
enzymatically degradable materials. However, decoupling cellular infiltration with decreases in material mechanical stability has
proved extremely challenging. Griffin showed that this shortcoming can be circumvented through an injectable, interconnected

microporous gel scaffold assembled from microgel building blocks whose chemical and physical properties can be tailored by
microfluidic fabrication 52,

A @NH;) Y — ™ H.@.Env.) B - S
128 o o Methanol o ) - |
G5

Ac G5-Ac 160

140
120

100

ST =Zz=
/ /¢
1
\
N
-
]
=
-
=
-
golidification time (min)
2 B

e NH
P~
O '

c 100 DH-G5-Ac*-20%

m— DH-G5-20%

s DH-G5-Ac*-20%
S 80 { m= DH-G5-Ac™-20%
== == DH-G5-Ac'"-20%
=]
= 60 1
[
| o)
oy
- 40 1
z
= 20 A

0 = I_.\_i

6h 24h 48 h

Figure 4. (A) Scheme of Acetylated G5 (G5-Acx) Synthesis and Aza-Michael Addition Reaction of G5 or G5-Ac with PEG-DA;(B-D) Effects of
acetylation on morphologies, solidification time and disintegration of dendrimer hydrogels: (B) Solidification kinetics of dendrimer hydrogels as a

function of the degree of acetylation and dendrimer concentration; (C) Disintegration in pH 7.4 PBS at 37 °C; (D) SEM micrographs (reproduced
with permission) 154,

Mechanical Property

Hydrogels, due to its intrinsic structural inhomogeneity or lacking effective energy dissipation mechanism, usually have
poor rheological and mechanical properties %3, Although hydrogels seem to be fragile, there are many tissues such as (tendons,
ligaments, meniscus and cartilage) even creatures (jellyfish and sea anemones) in hydrogel-like state ®4. They show excellent
mechanical properties including softness, tenacity and impact resistance. These hydrogel-like tissues have fixed aggregation
domains (some even include the crystal domain) in the mesoscale, induced by subtle, complicated, and multiple non-covalent
interactions (intra-/inter-molecule). In this way, the combined mechanical strength of these hydrogel-like tissues has increased to
an incredible level. Leaning from nature, the introduction of non-covalent crosslinking and proper molecular and structural design

can deliver synthetic hydrogels to a set of attractive properties: improvements in strength, toughness, resilience, processability
and dynamic adaptability.
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In order to improve the mechanical properties of the gel, the usual method is to incorporate multiple crosslinking mechanism
in a gel network structure 155¢, For example, bond with lower strength, reversible and rapid response characteristics is used for
rapid prototyping of the gel, and composite a higher strength, permanent, but slower reaction of bond is used to improve the
stability of the gel. In previous studies, appears taking advantage of the molecular properties, such as the lower critical solution
temperature (LCST), self-assembly and ionic crosslinking or forming supramolecular as the first line of crosslinking mechanism
of rapid gelation. The method is selective to the molecules. A biodegradable polycation, mPEG-g-PEAD, was designed by Ding by
simultaneously grafting arginine (Arg-OH) to polyethylene aspartate diglyceride (PED) and PEAD to monocarboxylic acid terminated
PEG (MPEG-COOH). This polymer was then mixed with a-CD and heparin to form the supramolecular network. Rapid gelation is
due to the simultaneous formation of branched polymer structures and biphysical crosslinking. The first crosslinking was formed
by the inclusion of host-guest with the mPEG-graft and, and then self-assembly between the mPEG/a-CD composite string to
generate the nanocrystalline domain as the main intersection point. At the same time, pendent arginine motifs with positive
electricity and negatively charged heparin formed strong electrostatic interaction as the secondary crosslink.

Another method is to improve the mechanical properties and rheological properties of composites by mixing them with
fillers 87581, Especially the filler in nanoscale has the size effect, specific surface area effect and quantum tunneling effect. A
large number of active sites can be dispersed uniformly in the polymer matrix, and they provide connection bond with the matrix
to enhance the hardness of the hydrogel. Shimon Unterman et al.® designed an injectable nanocomposite hydrogel based on
dextran aldehyde and a poly(amido amine) dendrimer doped with phyllosilicate nanoplatelet fillers. Balance of components allows
for exfoliation of nanoplatelets, significantly changing macromer solution flow, facilitating injection and manipulation. Importantly,
rheological and mechanical effects were dependent on aspect ratio, with high aspect ratio nanoplatelets having much stronger
effects on mechanics and low aspect ratio nanoplatelets having stronger effects on rheology, enabling nearly independent control
of rheological and mechanical properties, abstracted in Figure 5.

Adhesion Property

Tissue adhesive materials play an important role in biomedical scaffold. The adhesion property can be divided into two
classes, tissue attachment and cell affinity.

Tissue attachment: The self-adhesion of the material can overcome invasive wound closure device, such as sutures
and staples, which usually have the disadvantage of inclusion-leakage ¢°. In the case of low adhesion of tissue, such as
lung and spleen, the stress concentration of the external material may lead to the failure of the operation, and the sustained
nerve damage and pain may exist. The commonly used adhesives are usually bad for strong adhesion strength (fibrin glue) or
biocompatibility (cyanoacrylate adhesive). To enhance the adhesion of synthetic materials to various surfaces, researchers have
studied and developed materials inspired by systems found in nature. For structure, the micro/nanofibrillar can be adopted from
the feet of geckos, where the directioned nanoscaled hairs form Van der Waals attraction more than weight. For constitution,
the 3,4-dihydroxyphenylalanine (DOPA) secreted by mussels that hardens to form an adhesive plaque and byssal thread
complex is used for reference, which enables these organisms to anchor themselves to surfaces in wet, saline and turbulent
environments ¥4, Catechols can transform to quinone and then bond with the material on the surface of a biological substrate,
which can provide adhesion under the condition of enzymes (for example, tyrosinase), chemical oxidants (for example, high
iodide) or in an aerobic alkaline environment .. The catechol moiety is capable of forming strong complexes with metal ions.
The structure provides locus for hydrogen bonding, and can be consolidated by follow up interactions (for example, hydrophobic
and steric) 8. With DOPA or catechol analogues (for example, dopamine) has the very good application prospects in embryonic
membrane seal, Achilles tendon repair, wound suture technology, cell and drug delivery. Lu Han et al. have designed the
polydopamine-polyacrylamide (PDA-PAM) hydrogel, with super stretchability, high toughness, stimuli-free self-healing ability, cell
affinity and tissue adhesiveness. The enough number of the non-oxidized catechol group was the deliberate design for adhesion
(Figure 6) °7], It is also worth noting that the current hydrogels can be repeatedly adhered to different surfaces for many times,
without losing the strength of attachment.

Cell affinity: Cell—cell interactions and the matrix—cell interactions play fundamental roles in regulating cellular functions,
including adhesion, morphogenesis, migration, proliferation, differentiation, and gene expression. The most widely studied
adhesive peptide in the biomaterials field is the tri-amino acid sequence, arginine-glycine-aspartate, or “RGD” 8, Because of the
high activity of the isolated peptides, the binding ligands within ECM provide anchorages for cell adhesion with precise spatial
and temporal control 9. Zhou et al. introduced the RGD ligand into polymeric or supramolecular substrate through the same
self-assembly mechanism to form Fmoc-peptide hydrogels "%\, This rapid gelling material was observed to promote adhesion of
encapsulated dermal fibroblasts through specific RGD-integrin binding, and subsequently proliferation and proliferation of cells.
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Figure 5. Morphology and dispersion of nanofillers. (A) Cryo-TEM of dispersions of each of four nancfillers in either 20% dextran-aldehyde or
24.6% PAMAM dendrimer macromer solutions. Scale bars = 100 nm;(B) Representative X-ray diffraction spectra of MMT and LAP nanoplatelets in 20%

dextran—aldehyde or 24.6% dendrimer; (C) Varying polymer—nanoplatelet ratios result in varying exfoliation (reproduced with permission) 5.
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Figure 6. (A)Synthetic process and schematic structure of the polydopamine-polyacrylamide(PDA-PAM) hydrogel; B) Photo (1): without DA
prepolymerization, the hydrogel could not form. Photo (2): after DA prepolymerization, the hydrogel was cured. Photo (3): the hydrogel firmly
adhered on the author’s arm; (C) The self-healing process of polydopamine-polyacrylamide (PDA-PAM) hydrogel (reproduced with permission) 7
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BIOMEDICAL SCAFFOLD INCLUSION

There are numerous original papers, academic reviews and monographs focused on biomedical scaffold inclusion. This part
introduces three main inclusions: cell, gene and drug.

Cell Delivery

People suffering from organ damage every day, tissue engineering has emerged to address this need by creating transplantable
tissues or organs for therapy, especially for the organs without self-healing ability "*72. Hydrogels are heavily hydrated materials
finding use in tissue regeneration efforts as extracellular matrix substitutes. Traditional tissue engineering methods use a “top-
down” approach, in which cells are seeded onto a scaffold and are expected to populate and permeate in the scaffold. Because
of the limited diffusion properties of biomimetic scaffolds usually thin or non-vascular tissues, such as skin, bladder, and cartilage
can adopt this way. Currently, the emerging “bottom-up” approach focuses on the fabrication of microscale tissue building blocks
with a specific microarchitecture and assembling these units to engineer larger tissue constructs from the bottom up 3. The cells
can be mixed with different shape of matrix to form tissue building blocks. Various methods include cell-encapsulating microgels,
cell aggregation, cell sheet and cell printing.

Chondrocyte tissue engineering: Articular cartilage is an elastic body with a high water content. Its main function is to bear
and distribute the load and protect the bone under the cartilage. However, articular cartilage has almost no self-healing ability,
due to the lack of blood supply and the nutritional delivery of extracellular matrix. Currently, the best way of cartilage damage is to
implant a functional tissue culture hydrogel for cell growth. Jiangi Wang et al. prepared a high-strength hydrogel, which consisted
of 4-arm star PEG functionalized with vinyl sulfone and short dithiol crosslinker, whose strength could compare with natural
cartilage. The hydrogel with cartilage cell inclusion has been subcutaneously injected into the mice with severe immunodeficiency
for 12 weeks ™, Chondrocytes proliferated and were well preserved in spatial and temporal distribution of extracellular matrix was
found in the gel. The results have been shown in Figure 7.
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Figure 7. A) Fabrication of hydrogel with ideal network structure; B) Quantitation of relative chondrocyte cell density from samples harvested
at 3, 6, 12 weeks; C)-G): ECM components production at different time points in the chondrocytes/hydrogel constructs over 12 weeks. Shown
are representative images of Alcian blue staining (C) Safranin O staining; (D) Mason's trichrome staining; (E) Sirius red staining; (F) Anti-Col
Il immunohistochemistry staining; (G) on frozen sections of chondrocytes/hydrogel constructs at indicated time points (reproduced with
permission) ™,
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Cardiac tissue engineering: Myocardial infarction is one of the death rate cause both in developing country and in developed
country "8, Myocardial tissue is conductive, whose main function is transmitting electrical signals to induce the heartbeat. The
significant reduction of functional cardiac cells leads to the myocardiac infraction. The disease gives rise to a series of complicated
process, such as cell apoptosis, scar forming and dysfunction of the cardiac in function, structure and mechanical property,
leading to the cardiac standstill. Cardiac muscle for adults is regarded as the lacking self-healing tissue. At present drug therapy
only can add years of survival. Researches have shown that the orderly coupling between electrical signal and macro contraction
plays a vital role in the development and function of the heart. Electrical stimulation causes hyperpolarization and depolarization
of cells. The cells that work with the strength of the electric field may produce a potential for contraction. Stimulation can promote
the heart development of embryonic stem cells and enhance the phenotype of myocardial cells. To rebuild the contraction of the
infarcted heart, the electroactive materials, such as carbon nanotube (CNT), polypyrrole (PPy), polyaniline (PANI), have been widely
studied and applied in the cardiac tissue engineering. Haitao Cui et al. reported electroactive tetraaniline (TA) was introduced
to synthesize thermosensitive PolyNIPAM hydrogels 78, Studies showed that the addition of 2-methylene-1,3-dioxepane (MDO)
provided the PolyNIPAM-based gel with biodegradability, and the introduction of tetraaniline endowed these copolymers with
desirable electrical properties and antioxidant activities. The encapsulated H9c2 cells (rat cardiac myoblast) remained highly
viable in the gel matrices. The gel formation and histological analysis of rats were performed by subcutaneous injection to observe
biocompatibility. Furthermore, the proliferation and intracellular calcium transients of H9c2 cells were also studied with (and
without) electrical stimuli. Both in vitro and in vivo experimental results showed that electroactive hydrogels can be used as
injectable biomaterials for myocardial tissue engineering.

Gene Delivery

At present, scientists have already certified the unique set of DNA and RNA sequences of pathological genes by hybridizing
a DNA strand with a sequence of complementary nucleic acids. Gene therapy offers the potential to stimulate tissue regeneration
and treat disease through the overexpression or silencing of target genes, including cancer and infection "8, Therefore, it is of
great significance to combine the genetic agents with appropriate material in a definite and reversible way. However, its clinical
application is limited by the deficiency of safe and efficient methods for gene delivery. There are at least three biological barriers,
including the cellular membrane, the nuclear membrane and chromosomal integrity. Hydrogels are developed for the gene
penetrated as delivery systems to achieve high gene transfection efficiency. Especially for the DNA- or RNA-functionalized hydrogels
have been demonstrated for potential applications in drug release, cell-free protein production, and DNA immunotherapy "%, Li et
al. created a DNA nanohydrogel through self-assembly process using three kinds of building units, respectively termed Y-shaped
monomer A with three sticky ends (YMA), Y-shaped monomer B with one sticky end (YMB), and DNA linker (LK) with two sticky
ends, which is for the disulfide linkages . Liao constructed stimuli-responsive DNA-acrylamide-based hydrogel microcapsules
whose chain is crosslinked by the nucleic acid duplexes and the formation of an assembling thin film hydrogel on surfaces &Y,
As a result, hundreds of therapeutic genes could be self-assembled into multifunctional hydrogels with controllable diameters,
targeted delivery, and controllable release inside the target cells.

RNA-based therapeutics, such as small-interfering (siRNAs), microRNAs (miRNAs), antisense oligonucleotides (ASOs),
aptamers, synthetic mRNAs and CRISPR-Cas9, there is great potential to attack genes and genetic products that are currently
untreatable, and to produce a new treatment model in the disease 284, Since the first RNA interference report (RNAi) in 1998,
there has been great interest in applying RNAIi therapy to inhibit histopathological gene expression. During this process, a small
double-stranded RNA molecule, called a small interfering RNA (siRNA), enters the cell to interact with RNA-induced silent complexes
(RISC), and keeps a complementary messenger RNA (mRNA) expression in silence ®5. The siRNA/RISC complex can effectively
inhibit cell expression of gene targeting. The application of siRNA is limited because there is some delivery challenge: 1) stability
against serum nucleases; 2) evasion of the immune system; 3) avoidance of non-specific interactions with serum proteins; 4)
prevention of renal clearance; 5) exit from blood vessels to reach target tissues; 6) negatively charged hence negative cell entry.
It is necessary to design a carrier to surmount these challenges. A common strategy to address these challenges is to combine
the cationic polymers such as, polyethylene imine (PEI), for stabilizing the siRNA with the hydrophilic polymers for shielding the
surface of delivery vehicles, usually polyethylene glycol.

Wang developed an injectable hydrogel that was formed using the host-guest assembly interaction between polyethylene
amines (PEI) and polyethylene glycol (PEG) for siRNA delivery 8. The composites formed by modified polymer have higher
transfection rate and durability than that of PEL. In high concentrations, the hydrogel has the characteristics of shear thinning and
can be repaired quickly after trauma. The mice were tested by injection of cy5-sirna hydrogel into the rat myocardial tissue, which
resulted in the expression of the gene silencing of green fluorescent protein by ingestion of Cy5-siRNA.

Drug Delivery

ECM and ECM-like materials have great potential as drug carriers. The hydrogel scaffold combined with various growth factors
(GFs), peptides or other drugs shows the ability to control cell growth, migration, and survival. Many methods have been developed
to control the delivery of drugs, such as degradation-based delivery systems, affinity-based delivery systems, immobilized drug
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delivery systems, and electrically controlled drug delivery systems 71, According to these methods, a specific structure or function
group of a polymer could be designed into a hydrogel to control degradation time, bind drugs, or react to the environment.
The hydrogel matrix acts as a drug delivery library, slowly releasing the controlled drugs, making the drug concentration in the
blood more stable over a long period of time, also applied to larger molecules, such as polypeptides and proteins. Because the
degradation or erosion of hydrogels is essentially the cause of the package release, and the diffusion mechanism plays a limited
role. Therefore, frequent and high doses of the drug can be avoided, leading to a decrease in toxicity and potential side effects.
The hydrogel matrix creates a water environment that prevents early degradation of the drug, increasing the half-life of the drug.
Therefore, improving the stability of hydrogels has great significance in extending the release time. The gel degradation time
can be increased by increasing the density of the gel interconnection point, decreasing the length of the molecular chain, and
changing the peptide sequence.

Malgosia et al. synthesized the hydrogel of a physical and chemical double crosslinking mechanism based on methylcellulose
and tested its release rate and biocompatibility as a drug carrier protein 8. The work demonstrated the practical application of
this injectable, long-lasting drug delivery system, which spinal cord injury (SCI) in rats can benefit from.

Oyen showed an injectable amphipathic consisting of the hexapeptide H-FEFQFK-NH, 89 A small molecule, a peptide, a
protein that acts as a representative of three major drugs are visualized directly in vivo fluorescence and nuclear imaging. This
study illustrates the release mechanism of peptide hydrogel system: the erosion of hydrogel is responsible for the controlled
release.

The formation of functional blood vessels in damaged areas is essential for repairing skin wounds and repairing certain
tissue types such as bone and skeletal muscle. The newly formed vasculature provides oxygen and nutrients to support cell growth
and metabolism. The transmission of vascular growth factor (GFs) is widely used to treat vascular growth. However, exogenous
GFs, usually in the form of recombinant proteins in the clinical application, are hampered by stability and curative effect. The
directly injection usually brings many problems, such as GF's rapid degradation/degeneration, short half-life in the body and
carcinogenic risk for excessive consumption. Therefore, it is an effective treatment to deliver the coated growth factor hydrogel
to the specified location. Hsieh proposed a new type of chitosan-fiber protein interpenetrating network (CF-IPN) to form hydrogels
with good self-healing and angiogenesis . Self-healing hydrogels have injectable characteristics and are degraded 70% in two
weeks. The vascular endothelial cells cultured in CF hydrogel can form structures similar to capillaries. In addition, in the egg cell
space of zebrafish, the injection of CF hydrogel promoted angiogenesis and saved the blood circulation of the ischemic hind limbs
of mice.

SUMMARY AND OUTLOOK

Self-healing hydrogels provide a lot of advantages for biomedical scaffold due to the easy-to-modify and similarto-ECM
structure. In order to meet the challenges for the cell, gene and drug delivery, material design principles have been developed
here. Biocompatible is the basement for a biomaterial, while mechanical property is the key point that the hydrogel should
overcome. Injectability and adhesion are adopted for convenience and safety.

Based on the above performance of self-healing hydrogel, it has wide application prospect in biological vector. In order to
broaden the application of hydrogel, there is still much room for smarter and multifunctional self-healing hydrogels. Stimuli-
responsive hydrogel, especially quickly responding under mild conditions, form an attractive approach for the fabrication
of “smart” responsive surfaces, membranes, sensors with various transduction mechanisms, micro/nanoactuators, and
capsules ®¥3 If the hydrogel is synthesized from stimuli-responsive polymers, then changes in the surrounding aqueous
solution (for example, pH, ionic strength, temperature, electric field, solvent or magnetic field) may cause conformation transition
of the polymer chains, which form strands between crosslinking points in the polymer gel. In the variation of the swelling degree
of the gel material, the transition of the spherical to coils of these lines is regarded as the volume change of the gel material,
which refers to changes of many properties of the materials: refractive index, permeability, elastic modulus, interfacial tension,
adhesion, etc. Responsiveness is regarded as a manifestation of smart materials. Multifunctional properties, such as ultrahigh
strength, superabsorbent, conductive, antifouling, antimicrobial, may be intergrated into the same hydrogel as well in the future
for “one injection, multiple treatment” 9499,
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