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Abstract

The central nervous system (CNS) has a lim 't=d ability to regenerate after a traumatic injury or a
disease due to the low capacity of the nc_v0:.~ to re-grow and the inhibitory environment formed in
situ. Current therapies include the use ~« drugs and rehabilitation, which do not fully restore the
CNS functions and only delay the L~thology progression. Tissue engineering offers a simple and
versatile solution for this problen. far ,ugh the use of bioconstructs that promote nerve tissue repair
by bridging cavity spaces. In t1is approach, the choice of biomaterial is crucial. Herein, we present
recent advances in the des*an “nd development of adhesive and self-healing materials that support
CNS healing. The adhesiv> riaterials have the advantage of promoting recovery without the use of
needles or sewing ‘wh.'e ‘ne self-healing materials have the capacity to restore the tissue integrity
without the need for external intervention. These materials can be used alone or in combination
with cells and/or bioactive agents to control the inflammation, formation of free radicals, and
proteases activity. We discuss the advantages and drawbacks of different systems. The remaining

challenges that can bring these materials to clinical reality are also briefly presented.
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Statement of significance

Central nervous system (CNS) disorders, associated with traumas, infections, degenerations, or
tumors, represent a considerable social and economic problem worldwide. Adhesive and self-
healing materials are a feasible strategy for treating different types of neuronal lesions and have
shown remarkable potential towards functional recovery. This review provides an overview of the
most promising approaches that use adhesive and self-healing materials to promote cell
attachment, tissue adhesion and scissure closing by creating an enhanced environment for axonal
growth after a CNS lesion. The remaining challenges and possible breakthroughs that can improve

the current clinical reality are also discussed.



1. Introduction

Diseases related to the neurological system constituted 12% of total deaths globally in 2006 and
the World Health Organization estimates that neurological disorders will become a leading cause
of disability worldwide, with a projected contribution of 103 millions of disability-adjusted life
years in 2030 [1].

The brain and spinal cord are the main components of the central nervous system (CNS). When
they are affected by a pathology or a disorder, different neurological and behavior complications
can occur. The most common causes for CNS damage are car accidents, falls or sports-related
traumas, and pathologies such as cancers and neurodegenerative disorders [2]. Regardless of the
cause, the CNS damage triggers a series of events such 2= y!'nod and immune cell infiltration,
inflammation, wound healing processes, and glial scar fon.»at’on (Fig. 1) [3-6]. These events lead

to limited or no self-repair/regeneration, often causinc poralysis and loss of sensation.
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Figure 1. The damage of CNS triggers a cascade of events that lead to a limited (black arrows) or
no (red arrow) regeneration. After the injury, an immune response is triggered to maintain the
homeostasis. This response is followed by microglia activation and the recruitment of the
peripheral macrophages from the bloodstream that are involved in a glial scar formation. The glial

scar has an important role to constrain the damage, however, it can also hinder the passage of



axons throughout the lesion and inhibits the activity of the inflammatory cells [7, 8]. Adapted with

permission from [9].

Different factors contribute to this CNS regeneration incapacity: lack of trophic support similar to
the one provided by Schwann cells in the peripheral nervous system; mature neurons that cannot
regenerate; inefficient and slow clearance of damaged axon fragments and myelin debris; fast
infiltration of host cells (e.g. fibroblasts, endothelial cells) within the injury site; physical barrier
established by the formed glial scar; elevated expression of myelin-associate inhibitors such as

chondroitin sulfates among others [10, 11].

The complex anatomical and histological structure of C'\S 11akes challenging the treatment of
injuries such as spinal cord injury (SCI) or traumatic orai. injury (TBI) [7]. Currently, SCI/TBI
therapies involve palliative treatment and standard s.raical interventions that aim to decompress
the injured site [12, 13]. In the case of tumors, the .mos. common treatment is chemotherapy, which
is often related to severe side effects and comr.2nly fails to eradicate diffuse cancer cells, and thus,

recurrence might occur [14].

The inefficiency of the current the.aries for the treatment of CNS diseases motivated the
development of alternative interdi.~iplinary approaches that can be generally classified in three
groups: 1) pharmacological the are :*ic with immunomodulatory functions, which reduces the
inflammation and limit the progresion of secondary injuries; 2) transplantation of stem or neural
cells; 3) transplantation of a >cafrold for nerve guidance to bridge the lesion gap [11, 15]. Each of
these approaches has its advantages, challenges and drawbacks. The main challenge associated
with the first appreac: is 11e systematic use of high doses over long periods. Additionally, none of
the currently used pha macological therapeutics treat neurodegeneration efficiently, i.e., they are
mainly used to treat cognitive symptoms at an early stage [16]. On the other hand, cell therapies
have a promising therapeutic outcome: preclinical studies that use stem and progenitor cells for the
treatment of SCI, TBI, brain tumor, and neurodegenerative disease, demonstrate enhanced
recovery. This effect is explained by the observed axonal remyelination and regeneration,
neuroplasticity through the formation of synapses between the exogenous and the endogenous
cells, neurogenesis, neuroprotection, neuromodulation, modulation of the inflammatory process,
and reduction of glial scar [17, 18]. In this approach, different exogenous cells can be used, e.g.
embryonic [19], neural (NSC) [20] or mesenchymal stem cells (MSC) [21], mature somatic cells
such as Schwann cells [22], astrocytes [23], olfactory ensheathing cells [24, 25], and
oligodendrocyte precursor cells [13, 26]. The drawbacks of cells-based therapy are related to the



poor survival of transplanted cells, excessive proliferation, which can originate tumors (teratoma),
out-of-target differentiation, migration from the delivery site and aberrant axonal growth [27].
Some of these issues can be solved by encapsulation of the exogenous cells in an artificial
extracellular matrix (ECM), i.e., in combination with the third approach. Using a biocompatible
biomaterial with adequate morphology and mechanical properties to fill the injury lesion provides
a suitable environment to be integrated into the native tissue and facilitates a long-distance axonal
regeneration, which can result in the recovery of lost functionality. As ECM substitutes, a
biomaterial scaffold should meet some requirements. First, the mechanical properties of the
scaffolds are of utmost importance for neuronal regeneration and should match the tissue
properties: an adult spinal cord has a compressive modulu. of 8 kPa [15, 28] and a Young's
modulus of 0.3-1.4 MPa [29], whereas the brain tissue ha: a ¢ ompressive modulus between 0.47-
1.6 kPa [30] and a Young's modulus in the range 40 2a-z) kPa [31, 32], presenting a nonlinear
viscoelastic behavior. Second, the scaffolds shrind possess adequate degradability, surface
topography, porosity, and good cytocompatibility | 2?3}, Finally, the scaffolds should adhere tightly
and accommodate at the defect site, where u 2v must promote healing/regeneration and avoid
further damage [34]. The adhesiveness is = great advantage because often the CNS injuries are at
difficult-to-reach areas, e.g. at the ce: vic'd spine, and the treatment must be provided by a single
intervention that guarantees the thorapeutic retainment, preventing it from displacing or migrating
to other body areas. Biomaterial, v.*th self-healing characteristics are also advantageous as they
support tissue integrity and functiunality during the treatment and thus, can ensure long-term
effectiveness of the therapy [35]. This is particularly important for spinal cord repair, for which the
injury site undergo cons*ant .eformation due to the patients everyday activities, such as walking,
sitting, and bending. The great promise of adhesive and self-healing materials for treatment of
CNS diseases have mu tivated the development of different strategies towards such materials and

more efficient therapies. Below, we provide an overview of most recent advances in this area.

2. Bioadhesive materials for CNS repair

The capacity of some synthetic or natural macromolecules to adhere to biological tissue is called
"bioadhesion™ [36, 37]. Bioadhesives have developed significantly in the last 30 years, being
applied clinically mainly for wound closure to decrease the collateral tissue damage caused by
conventional surgery techniques [38]. Tissue adhesives and sealants for medical use must provide
high tissue bonding strength, especially in wet conditions, mechanical flexibility to accommodate

wound contorts or sizes to ultimately lead to protection against external harm, minimal



inflammatory response and wound healing [39-41]. The American Society for Testing and
Materials (ASTM) recommends several characterization methods to evaluate the adhesion capacity
of a material: tensile test (ASTM F2258-05); lap shear test (ASTM F2255-05), peel test (ASTM
F2256-05), wound closure (ASTM F2458-05) and bursting pressure (ASTM F2292-04) [42].

However, no reference values are established for bioadhesive materials [43].

Bioadhesives act via formation of chemical (covalen or non-covalent) bonds with the host tissue
[44]. Four major adhesive mechanisms can be distinguished in a function of the formed bonds: 1.
Weak non-covalent Van der Waals bonds: these intermolecular interactions can be further weaken
in a wet tissue environment; 2. Covalent bonds: strong adhecion and long-term integration between
the adhesive and the tissue; 3. Non-covalent electrostatic interactions based on opposite charges of
the adhesive and the tissue; and 4. Mechanical interlocking resulting in the adhesive penetrating
into the tissue microirregularities and interlocking w’th the tissue [45, 46]. The adhesive strength
depends on different factors, including temperaturr,, . n.act time, adhesive concentration, adhesive
viscosity, and roughness of the defect [47]. Gora ~ioadhesives are characterized by a balance
between adhesive and cohesive strength. (re adhesive strength refers to the intermolecular
interactions between the tissue and the »*nachesive, whereas the cohesive strength depends on the
intramolecular interactions within the >isadhesive [34] and is proportional to the elastic modulus
of the adhesive [46]. A weak cohecive force is associated with damage of the adhesive when a
repeated load under a dynamic t s-ut- environment is applied, whereas an adhesive with a strong
cohesive force can cause damge vf neural tissue because of a mismatch in mechanical properties.
The adhesive strength alco Jepends on the tissue environment. For example, the pathological
oxidative environment ca.> a.celerate the degradation of adhesive materials leading to a cohesive

decrease that resul~ i1. a lr,ss of adhesive properties [41].

In SCI or TBI, adhcaives can be applied either directly to join the two sides of the injury or
indirectly, i.e. outside of the wound, to pull the tissue around and close the wound. The adhesives
can be enhanced by immobilization of vehicles that deliver cells, growth factors, or pharmaceutical

drugs.

Tissue adhesives can be classified into three main categories: 1) synthetic bioadhesive polymers
such as cyanoacrylates; 2) bioadhesives based on natural polymers such as fibrin, albumin, and
gelatin; and 3) biomimetic adhesives. Next, each of these distinct types of adhesives will be

addressed in detail.



2.1. Synthetic bioadhesives

Synthetic bioadhesives (Table 1) have two main advantages when compared to natural ones: they
are cost-effective and tunable, i.e. they can be modified to adjust the adhesion properties. On the
other hand, they also have several drawbacks: low adherence to wet surfaces, low bioabsorption
and high cytotoxicity. Below, we discuss the most common systems containing synthetic adhesives
already used in CNS repair.

2.1.1. Cyanoacrylate adhesives

Cyanoacrylate adhesives were the first synthetic glue used in <'inics, approved by Food and Drug
Administration (FDA) for topical and internal use in 1298 and 2010, respectively [46]. They
comprise acrylates monomers that upon exposure to & uenus environment (Fig. 2B) polymerize
rapidly into flexible and waterproof adhesives. <'‘eicl commercial cyanoacrylate-based tissue
adhesives based on ethyl-, butyl-, or octyl- cyanoac. -iates (Fig. 2A) are approved for medical use
in topical applications (e.g. skin). Ethyl- ard o'1tyl- cyanoacrylates have been also studied for
suture of peripheral nerves and showed a i, 2nsient cytotoxicity effect in the human neuroblastoma
cell line (SH-SY5Y) [48]. Cyanoacry:~tr. adhesives have high adhesive strength (2.20 MPa) in a
dry environment, but this value is cignificantly reduced in a wet environment due to their water-
initiated curing [49]. Other disac'vsn 2ges of these adhesives are their poor bioabsorbability, long
degradation time, cytotoxic degradation products, and the heat (Fig. 2B) that is generated during

the polymerization exothern..~ reaction [34, 50].
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Figure 2. Cyanoacrylate adhesives: (A) Structure of cyanoacrylate monomers tested as CNS

adhesives and (B) schematic presentation of the polymerization in the presence of water.

2.1.2. Polyethylene glycol (PEG) based adhesives

PEG is a hydrophilic and biocompatible synthetic polymer with excellent potential for treating SCI
since it inhibits glial scar formation and reduces the inflammatory process. However, PEG itself is
not adhesive, but can be chemically modified or combined with other polymers to attain

bioadhesion. This strategy has been used in the development of different commercial products,



such as FocalSeal®, DuraSeal™ and CoSeal®. DuraSeal™ was one of the first PEG-based
adhesives approved by FDA as a spine sealant to prevent cerebrospinal fluid leakage (CSF) after
cranial or spinal surgery [51]. The hydrogel formulation involves two solutions: trilysine amine
solution and a four-armed PEG functionalized with N-hydroxysuccinimide-esters (tetra-PEG-
NHS). It has some disadvantages - low adhesive strength in a wet environment, less than 10 kPa
for wet porcine skins [52], and high water uptake (87-558%), which can cause nerve pressure.

Thus, DuraSeal™

is only applied after a primary suturing. An alternative sutureless approach
involves the use of a four-armed PEG amine (tetra-PEG-NH,) and the chemically complementary
four-armed PEG succinimideactivated ester (tetra-PEG-SS) that form an adhesive in situ [53]. This
system has an adhesive strength of 19.8 kPa (dura-mater ot .2 ovine model), which is similar to
the commercial fibrin glue. This PEG-based system has alsc been tested in durotomy site of a
rabbit duraplasty model and showed a successful regei'erai on of dura-mater without any residual
presence of the hydrogel. However, the motor and sen.’tivity recovery after implantation in in vivo
studies was not evident. PEG-based injectable hyu.acel can be designed as a therapeutic delivery
platform. Recently, cetuximab (induces nevivial differentiation) and FTY720 (inhibiting glial
scars) have been loaded within a PEG injecwable hydrogel and combined with NSC for SCI
treatment [54]. The injectable hydrog :l v as obtained through a hydrazone bond crosslinked tetra-
PEG-NHNH; and an oxidized dex:van. It nad an adhesive strength of 4.2 kPa (glass substrate) and
adhered to a rat spinal cord. Inccrp.aung the two drugs into the injectable hydrogel in a SCI rat
model, resulted in a significaray hecter motor functional recovery assessed by blood-brain barrier
(BBB) score; however, the ‘alucs were still far from normal scores. Furthermore, the injectable
hydrogel increased neuronal differentiation and integration of exogenous NSC while inhibiting

glial scar formation after v ansplant.

Different PEG and PE'3-based materials and devices are already approved for clinical use, e.g. for
treating rheumatoid arthritis or multiple sclerosis. However, PEG-based adhesives applied for TBI
or SCI treatment require further optimization prior to clinical translation, especially in what

concerns their high swelling degree.

Table 1. Synthetic bioadhesives for CNS regeneration

_ Adjuvant In vitro/ In vivo
Material ) _ Shape form Outcome Ref
material studies
Cyanoacrylate | - SH-SYS5Y cells Solution Transient cytotoxic | [48]

10




effect.

Good adhesive

Rabbit duraplasty _ strength (20 kPa); [53]
Injectable
- model (Total Sealing of dural
] hydrogel
laminectomy at L4-5 defects in a wet
environment.
Good adhesive
strength (4.2 kPa);
o Sprague Dawley ¢ )
Oxidized Injertac'e Reduced cystic
(SD) rats (SCI ) [54]
dextran hv vorel cavity;
Modified PEG model)
Functional motor
recovery.
Locomotion
recovery;
No pain syndrome
Female . agles (SCI
Membrane | over the long term; [55]

mode;

Re-establishment of
anatomical axonal

sprouting.

2.2. Natural bioadhesives

The main advamag.~ of the adhesives based on natural polymers (Table 2) are their low

cytotoxicity and biouegradability. On the other hand, the most significant limitation is related to

their low cohesive and adhesive strength. In this section, we analyze representative examples of

bioadhesives from proteins and polysaccharides that have been used to repair CNS.

Table 2. Bioadhesives for CNS regeneration
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Adhesive

Adjuvant
material

In vitro/ In vivo
model

Shape form

Outcome

Ref

Fibrin

SD rats (SCI model)

Hydrogel

Adhesive strength
14kPa*;

Reduced

inflammation.

[56,
57]

Collagen

SD rats (SCI model)

| 1 Muogel

Adhesive strength
3.5kPa**;

Neuronal
differentiation of
endogenous neural
stem/progenitor
cells (NSPC);

Functional motor

recovery.

[58]

Genipin

Hur..~n induced
p. ripotent stem cells
(rn°SC)

Scaffold

Induced neurite

outgrowth.

[59]

Gelatin

-

C57BL/6 mice (SCI
and TBI model)

Hydrogel

Adhesive strength:
23kPa*
77kPa**;

and

Functional motor
recovery;

Neurogenesis;

Reduced

inflammation:;

Apoptosis
inhibition.

[60-
62]

Polycaprolactone
(PCL)

Pheochromocytoma
12 (PC12) cells

Membrane

Neurite outgrowth;

Improved cell

[63,
64]
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adhesion.

PCL

SD rats (SCI model)

Scaffold

Adhesive strength:
352kPa*;

Healing the spinal

cord;

Control of the

secondary injury.

[65,
66]

Agarose/

Polypyrrole
(PPy)

| Injectable

NSC

SD rats (SCI moac "'

hydrogel

Adhered tightly to
the rat spinal cord
tissue and glass;

Reduced

cavity;

cystic

Neuronal
differentiation;
Functional  motor

recovery.

[67]

Chitosan

Fibrin glue

<D rats (SCI model)

Scaffold

Reduced glial scar;

Increased NSC

proliferation.

[68]

Gerau.

PC12 cells

Film

Neurite outgrowth;
Increased cell

adhesion.

[69]

Wistar rats

(Alzheimer disease
(AD) model)

Nanoparticles

Apoptosis
inhibition;
Reduced

inflammation.

[70,
71]

Swiss Albino mice
(AD model)

Nanoparticles

Mucoadhesive
(mucin-particle
method);

[72]
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Improved
acquisition of short
and long-term

spatial memory;

Decreased level of

AP aggregation.

Decreased viability

C6 glioma cells Nanoemulsion of glioma cells. [73]
% Tight adhesion to
the rat spinal cord
tissue and glass;
Chondroitin SD rats Injectable Reduced cavity; [74]
sulfate (SCI model) hydrogel Increased

neurogenesis;
Locomotion

recovery.

Lap shear test, Test substrate’* Porcine mucin;** Egg Membrane

2.2.1 Fibrin adhesives

Fibrin is the first approve? material for clinical use in hemostatic, sealant and adhesive

applications [75]. Fib in-.ased adhesives are commercially available and contain two main active

compounds - fibrinoy>n and thrombin that form a clot when mixed [76]. Thrombin is usually

isolated from human plasma and thus, the probability of virus transmission or anaphylactic

reaction is relatively high [75]. Several studies reported that fibrin glue can be used on the spinal

cord and CNS tissues [57], showing support for neurite outgrowth and increased neural cells

proliferation at the injury site. In general, it performs better than synthetic glues that cause spinal

cord inflammation and degeneration (Fig. 3).
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Figure 3. Haematoxylin & Eosin stained sections o1 ;oinal cord at day 28 after the application of
different adhesives. (A) Control group: the regio’s o: transection of the dorsal rootand the spinal
cord are shown with green arrows; the blac.- arrows show a focal inflammatory infiltrate on the
surface of the spinal cord. (B) Lesion *.< teu with fibrin-based adhesive (Tisseel®): the Tisseel®
has been absorbed, only a mild inflami. atory infiltrate in the cord is visible with no evidence of
spinal cord degeneration. (C) Lesin treated with albumin-based adhesive (BioGlue®): the
adhesive material is not broken dyan by day 28 and a spinal cord degeneration is visible (red
arrows). (D) Lesion treatec wnih synthetic PEG-based adhesive (Adherus®): the sealant
compresses the spinal cor.' a2 an area of spinal cord degeneration (red arrows) is visible with a

eosinophilic chronic inf!ar,.~atory infiltrate in the cord. Reproduced with permission from [57]

The most common uce of fibrin sealants in CNS is for treating and preventing CSF leakage. The
adhesive strength of the fibrin glue is around 13.54 + 3.07 kPa to the porcine skin, however, it
depends on many parameters such as the substrate, method of fibrin preparation, or the presence of
water or collagen [56]. Moreover, the mechanical properties of fibrin glue can be tunable to match
human spinal cord tissue [77]. Fibrin glue has been combined with collagen, presenting a higher
elongation at break, higher adhesive strength, and a lower Young's modulus, i.e., softer material
than pristine collagen hydrogel [58]. The application of this hydrogel to deliver a stromal cell-
derived factor-1a. and paclitaxel in a SCI rat model promoted neuronal differentiation of
endogenous NSPC, leading a motor recovery.

15



Genipin-crosslinked fibrin scaffolds have also been investigated for their use in neural tissue
engineering (TE) applications. Genipin, a plant-derived crosslinking agent, form strong and stable
bonds between fibrin chain, thus increasing the mechanical properties [78], adhesion [79], and
stability of fibrin [59]. Recent work has demonstrated that a genipin-crosslinked fibrin scaffold
promoted neural differentiation of hiPSC and had neuroprotective properties, i.e., it has a potential

to be used in neural tissue repair [59].

2.2.2. Gelatin adhesives

Gelatin is a widely used biomaterial obtained from anin .l collagen by thermal or chemical
denaturation. It is less antigenic than the native protein [2, 69]. In general, the gelatin adhesiveness
is low, although it depends on the content of phenol grouns and is, thus, directly related to the
content of the tyrosine amino acids. To increase the auhesive strength of gelatin, different chemical
crosslinkers can be used, such as N-eti,,1-N'-(3-(dimethylamino)propylcarbodiimide/N-
hydroxysuccinimide (EDC/NHS) [60] (Fig. 4), glutaraldehyde, resorcinol-formaldehyde, but their

application is limited due to the associated ‘ ytuwxicity.

The combination with other polymers, ~2.nely PCL, polylactic acid or poly(lactic-co-glycolic acid)
(PLGA), is also a desirable way to increase the adhesive properties of gelatin [80]. For instance,
gelatin can be used as an adhesiv 2 ~o.ng: gelatin-coated PCL nanopatterns have a good adhesion
strength (352.3 kPa) which ir pro.es the MSC attachment and proliferation compared to the non-
coated PCL nanopattern siin."e [66]. Electrospunned PCL membranes combined with gelatin were
tested in vitro with hMSC ard PC12 cells and showed to support neurite outgrowth, enhance cell
adhesion and promate ner/e repair [63, 64]. The neurite was longer when the cells were seeded on
aligned fibers. These p omising results are also supported by in vivo studies: PCL/gelatin scaffolds
with co-cultures human endometrial stem cells and human Schwann cells were transplanted into
SCI rat model. The results showed that these scaffolds enhanced the healing of the injured spinal

cord and controlled secondary injury [65].

At human body temperature, a reversible gel-sol transition can occur, which limits the application
of gelatin-based adhesives. Other polymers can be added to control this drawback: a combination
of polymers with adhesive and conductive properties is favorable for SCI repair. As an example, a
new bioadhesive was obtained by combining agarose, gelatin and PPy in the presence of FeCl; as a
crosslinker. This gelatin-based adhesive can re-connect damaged spinal cord tissue [67]. The

conductivity of the adhesive hydrogel was 0.2 S/m, and given that the conductivity of nerve tissue

16



is between 0.08-1.3 S/m [81], materials with a similar or higher conductivity may transfer
electrical signals between the neurons. The in vivo studies showed that this adhesive significantly
reduced injured cavity space and inhibited glial scar formation [67].
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Figure 4. Effect of an injectable gele in ~dhesive loaded with stem cells on neurological function
recovery of TBI in rats. (A) Syntl.~tic rouce to obtain phenol-rich adhesive by in situ crosslinking
with glucose oxidase (GOX) ard ..~rseradish peroxidase (HRP). (B) Macroscopic images, (C)
histological staining, and (D) es,ective relative quantitative analysis of the damaged areas in the
rat brains of different trancnlaned groups (NS — treated with saline, bone marrow stem cells
(BMSC)) 28 days after ta in ury. Scale bar is 1 cm. Statistics: *p < 0.05 compared with NS and #p
< 0.05 compared wit1 the BMSC control, mean * standard deviation. Adapted with permission
from [60]

2.2.3. Chitosan adhesives

Chitosan is a linear polysaccharide composed of B-(1-4) linked D-glucosamine and N-acetyl-D-
glucosamine residues. It is obtained after a deacetylation of chitin, found in the cell walls of fungi,
insects or crustaceans [82, 83]. Chitosan can be used for a wound closure due to its positive charge,
which can attract negatively charged red blood cells and facilitate rapid blood clotting without
coagulation. Additionally, the positive charge imparts antibacterial properties: chitosan can inhibit
bacterial infections after surgery [84]. Surgical adhesive films from chitosan with an adhesive

strength of 12.5 + 2.6 kPa [85] are commercially available under the trade name SurgiLux® and
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assayed for peripheral nerve reconstruction [86], tibial nerve wound closure in a rodent model [85],

and corneal wounds in the bovine model [87].

Chitosan belongs to the so-called mucoadhesive polymers, i.e., polymers that can adhere to a
mucosal membrane. The interest in these polymers has increased in the last years due to their
application in developing drug delivery systems [88]. They are particularly relevant to CNS
therapies, for which crossing the BBB is crucial. Intranasal (nose-to-brain) delivery can prolong
the therapeutical window and the bioavailability of the drug and reduces systemic side effects. Due
to its mucoadhesive properties, chitosan has been used for treating neurodegenerative, anxiety
disorders and brain tumors [89-91]. However, the number of approved pharmaceutical drugs using

chitosan as an excipient is still limited.

Chitosan can be modified at the hydroxyl or amine grou;,ss *o ubtain enhanced bioadhesives. One of
the possible modifications is thiolation, where the ami.e group of chitosan is reacted with a
coupling agent containing a thiol group, likel* cy.teine, or thiobutylamidine, increasing the
permeation, mucoadhesion, solubility and in situ geiiing properties [92]. A hydrogel based on
thiolated chitosan was produced for intranas~« dalivery of liposomal donepezil HCL, one of the
FDA-approved cholinesterase inhibitrs devcloped for AD treatment [93]. The mucoadhesion
strength of the hydrogels was measureu 2gainst a nasal mucosa using an Instron machine with a
load cell of 5 kN. After 10 min. the detachment force between a chitosan hydrogel and nasal
mucosa was 10 N, whereas for the triolated chitosan was 20.6 N. This intranasal delivery system

increased (107 %) the drug c'21. ‘ery to the brain compared with oral delivery tablets.

Haque and colleagues ore,red a delivery system for the antidepressant drug venlafaxine
hydrochloride (VH) oy ‘onic gelation of chitosan with sodium tripolyphosphate [71]. The
generated nanopartici>s were administrated intravenously (the traditional way) or by intranasal
route. The levels of intravenous and intranasal delivery of VH in the brain tissues were 0.0293 +
0.0033 ng/ml and 0.1612 + 0.062 ng/ml, respectively, after 30 min, i.e., a significant increase of
VH bioavailability in the brain when delivered through an intranasal course was observed (Fig. 5).
In a similar approach, Elnaggar and colleagues developed mucoadhesive chitosan nanoparticles for
delivery of piperine, a phytopharmaceutical with potential in AD. These nanoparticles showed a
significant decrease in neural apoptosis and neural inflammation assessed through caspase-3 and

TNF-a, respectively, on AD model of adult male Wistar rats [70].

Luteolin (LUT) is also a good candidate for AD therapy due to its antioxidant and anti-
inflammatory properties. LUT reduces the AD symptoms in in vivo models but has a major

limitation: it has low solubility in water and thus poor oral bioavailability. To overcome this
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drawback, LUT has been incorporated in chitosan nanoparticles. LUT-loaded in chitosan
nanoparticles (chitosomes) have a good mucoadhesion, as shown by changes in zeta potential [72].
The initial zeta potential of chitosomes was between +28.0 and + 37.4, and after mixing with
mucin solution at pH 6.5 the zeta potential decreased to -6.42 and -5.44, indicating a high affinity
of chitosomes to mucin particles. In vivo studies in AD mice model showed that 21 days of
intranasal administration of chitosomes increased neuronal survival rate and reduced the amyloid
plaques. Furthermore, behavior studies revealed an improvement in the acquisition of short-term
memory. Altogether, the results showed that these chitosomes attenuated the pathological changes

of AD in a safe and non-invasive way.

Figure 5. Confocal laser sc.mning microscopy images of brain, lungs, liver and spleen of adult
Wistar strain rats at 120 \1in after administration of chitosan nanoparticles loaded with VH (red):

(A) intranasal and (B, ‘ntravenous administration. Reproduced with permission from [71].

Chitosan has also been used as a component of nanoemulsions to enhance their mucoadhesive
properties. Nanoemulsions exhibit unique characteristics, including good solubilization of
lipophilic drugs and thermodynamic stability. The kaempferol loaded in chitosan nanoemulsion
has enhanced antitumor activity against glioma cells [73]. The composition was administrated via
an intranasal route and chitosan extended the residence time of the nanoemulsion in the nasal
cavity that together with the close contact with the nasal epithelium provided a better drug

absorption [73].
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Chitosan-based bioadhesives are versatile and can be processed as different devices such as
hydrogels, scaffolds, (nano)fibers, sponges, liposomes, beads, membranes, films, nanoemulsions
and (nano)particles. Such versatility renders diverse applications of chitosan bioadhesives, e.g.
wound dressing, hemostatic and drug delivery to CNS. So far, most chitosan-based mucoadhesion
nanosystems have shown promising results without signals of toxicity. However, long-term studies
of the potential risks are lacking. Such studies are imperative before any clinical tests keeping in
mind the low degradation rate of chitosan in vivo and the absence of lysozyme in the CNS.
Overall, the major limitation of chitosan-based bioadhesives is the variation of properties, such as
purity, molecular weight and deacetylation degree, and the required time-consuming processing

and high manufacturing cost, which makes its commercializa..~n difficult.

2.2.4. Chondroitin sulfate adhesives

Chondroitin sulfate (CS) is a sulfated glycosamin.alv_an that is linked to a different core protein
to form chondroitin sulfate proteoglycans. Ti~e proteoglycans are abundant in the ECM of the
CNS (representing about 20% of its total v 2lu.ne) [38, 94] and have a dual role: on the one hand,
they have an essential role in neuroge iesi', [95]; and on the other hand, they are upregulated in the
glial scar after CNS injury, where inhibiu the synapse formation and consequently neuroplasticity
[96]. CS can be chemically muufied to enhance its adhesive properties. For example, the
functionalization of its carboxy: aredps with NHS allows binding to substrates with -NH; groups
via formation of new amic+ bo.ds (Fig. 6) [97]: a reaction between CS-NHS and PEG-(NHy)s
results in a hydrogel ten fola. stronger than fibrin glue, while the interaction between CS-NHS and

primary amine groups ot .e ECM molecules result in high adhesion between tissues and CS.
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Figure 6. The adhesive properties of chondroitin sulfate (CS) can be enhanced by functionalization
with NHS. (A) Reaction scheme used for the CS modification. (B) The NHS activated carboxyl
groups of CS (blue) react with the primary amines of PEG—(NH,)s (red) and the primary amines of
proteins in tissue (black, reactive groups circled) to (C) form new chemical bonds (amide bonds,

black). Adapted with permission from [97].

Methacrylation is another approach to increase the adhesive properties of CS. Gels prepared from
methacrylated CS have Young's modulus of 660 + 25 Pa and good adhesion to withstand the force
of gravity of the spinal cord of rats [74], i.e., it is a good naterial for the treatment of SCI/TBI.
NSC can be encapsulated in these gels and when applied i*i 271 rats model, a functional recovery,

a reduction of cavity space, and an increase of neurogenz..~ was observed [74].

2.3. Biomimetic adhesives

Marine resources have inspired the developrne:it of different types of biomimetic adhesives. For
example, mussels naturally produce adh <ive substances to attach to all types of surfaces,
including metals, rocks, and polymei. r.nder different environmental conditions (Fig. 7A) [34].
Mussel adhesive proteins are rich 1. the amino acid 3,4-dihydroxyphenyl-L-alanine (L-DOPA, Fig.
7B), which contains catechol grc irs rzsponsible for the strong adhesion [45, 98]. DOPA can bind
through reversible interactions (1.vdrogen bonding; metal complexation and 7m-m stacking) and
covalent chemical bonds (.~tween catechol/quinone group and thiol/amine groups) [99]. The
adhesive strength of catechol compounds is pH-dependent (Fig. 7C): at acidic pH, catechol groups
are in their reduced \orm and have high adhesive strength, while at basic pH semiquinone and
quinone are formed, 1us, reducing the adhesive strength [100]. Furthermore, the addition of
oxidants such as chelate ions (Fe?*, Cu®*, Zn’*or Mn?*) enhances the cohesive force for adhesives
(Fig. 7D), facilitating the formation of hydrogels [49, 100, 101].
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Figure 7. (A) Mussels adhere to rock surfaces via proteins that are rich of (B) 3,4-
dihydroxyphenyl-L-alanine DOPA. (C) The adhesion mechanism involves different forms of
DOPA [102]. (D) The cohesion strength is enhanced in the presence of chelate ions such as Fe®".

Various adhesives have been developed by the functionalization of different polymers, e.g.
hyaluronic acid (HA) [103] or silk fibroin [104], with catechol groups. HA is a promising
candidate for the treatment of CNS injury, since HA is one of the main backbones of the ECM in
the brain and spinal cord. To produce an injectable hydrogel, HA was modified with dopamine and
combined with germanium phosphide modified with polydopamine (GeP@PDA), using
horseradish peroxidase/ hydrogen peroxide (HRP/H,O,) ac ~n initiator system to crosslink the
hydrogel via oxidative coupling of catechol groups [103]. “'he hydrogels were produced with
different percentages of GeP@PDA. The gelation t me was around 7 min at 37°C, offering
excellent conditions for injectable applications. The .1hesiveness was calculated through a lap-
shear test showing an adhesive strength of arouna 7 € kPa. GeP enhanced the conductivity of the
biohybrid hydrogel to 0.4 S/m without cr.»promising their biocompatibility. The hydrogels
increased the in vitro differentiation of NS imu neurons. When implanted in SD rats (SCI model),
the hydrogels activated the endogen:us NSC neurogenesis in the lesion area and improved the
motor function in rat model after € nost-surgery evaluated by BBB score [105].

Silk fibroin has been modified w.t Yopamine via Schiff base reaction ([dopamine] < 2mg/mL) to
introduce adhesive characteric.ac: 1104]. This new conjugate was used to prepare an injectable
hydrogel to culture L929 fi~rob.astic cells and primary hippocampal neurons. The hippocampal
neurons showed a highar vi-oility and cell density when compared to cultures on pristine silk
fibroin hydrogel, demnst ating the potential for spinal cord regeneration (Fig. 8).
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Figure 8. Effect of dopamine concentratini o, n vitro cell culture of hippocampal neurons. (A)
SEM images, (B) axon length, and ’C) lJensity of the hippocampal neurons in the presence of
different amount of dopamine, *p < 0.05, **p < 0.01 and ***p < 0.001 by one-way ANOVA test.

Reproduced with permissions fror.i "10+].

The functionalization with .atechol groups can also prevent contaminations related to surgical
procedures [98, 106], 'terch reactive radical species (ROS) [106, 107] and inhibit lipid
peroxidation [108 F rth:rmore, catechol-functionalized hydrogels also have anti-inflammatory
activity that is exerted through the inhibition of three enzymes: elastase, collagenase and
peroxidase, which are overexpressed in chronic wounds [109]. Recently, Puertas-Bartolomé and
colleagues have developed a hydrogel of chitosan, oxidized HA and a catechol terpolymer that
forms an interpenetrated polymer network in the presence of ferric cation Fe** [107]. This material
has high adhesive strength (18 £ 6.1 kPa), reduces intracellular ROS formation (H,O, treated
hBMSC), and decreases the IL-1p release, i.e. reduces the inflammatory response. On the other
hand, a generation of H,O, has been detected in a dopamine-modified hydrogel when its catechol
site chain was oxidized to quinone [110]. Therefore, the release of H,O, needs to be carefully
controlled, i.e., a low concentration is related to angiogenesis and tissue regeneration, whereas

elevated levels of H,O, destroy healthy tissues, resulting in the formation of chronic wounds [111].
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Zhang and co-workers described a PLGA coated with DOPA-IGF1, a small pentapeptide tag
composed by DOPA-Lys-DOPA-Lys-DOPA residues, to improve the proliferation and adhesion of
cultured human umbilical cord mesenchymal stem cells (hUCMSC) [112]. This modification
enhanced the release of neurotrophic factors, especially for nerve growth factor (NGF) from the
hUCMSC and promoted neuritogenesis behavior (neurite outgrowth) of PC12 cells. PLGA coated
with DOPA was also used as a strategy to immobilize poly-I-lysine (PLL) and fibronectin (FN) to
enhance NSC adhesion and promote their differentiation in neurons and glial cells, permitting a

complete restoration of the damaged neural tissue by enhancing neurogenesis and axonal regrowth
(Fig. 9) [4].
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Figure 9. Enhanced neuronal d’ff., ~ntiation and directed neurite extension of NSC on PLGA
nanopatterned substrates by a cu.mbination of DOPA-mediated FN and PLL immobilization and
NGF. (A) Immunofluoresce. t neuronal marker (Tujl) staining of NSC differentiated on substrates
with and without NGF &ditiun to the medium after 4 days in culture. Scale bar =50 um. Arrows
indicate the direction of 11e groove-patterned structures on the substrates. (B) Quantification of
neurite length (n=4.-82) in Tujl-positive NSC (**p<0.01 vs. no NGF treatment groups,
##p <0.01 vs. PLGA-F without DOPA coating and NGF treatment group, ++p<0.01 versus
PLGA-F without DOPA coating but with NGF treatment group, ||p <0.01 vs. PLGA-F with DOPA
coating but without NGF treatment group). Reproduced with permission from [4].

Tunicate is a marine organism with good adhesion properties in wet environments related to the
presence of 3,4,5- trihydroxyphenylalanine, which contains a pyrogallol (or gallol group) - a
benzene ring with three adjacent hydroxyl groups [113]. Due to the presence of one additional OH
group, gallol group-based adhesives have superior adhesion properties than catechol-based
adhesives [113]. An electrostatic complexation of gallol-conjugated HA and aminated PCL fibers

results in a pastable, adhesive, injectable, nanofibrous, and tunable (PAINT) matrix. The adhesion
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of the PAINT matrix to the porcine heart surface and bovine eyeball was studied and showed that
the material can fit in any cavity with irregular morphologies and maintained its adhesion to the
tissue surface. The PAINT matrix was also used for delivering hNSC to treat rat SCI model and

showed a functional and sensory recovery after 4 weeks post-implantation [114].

Tannic acid (TA) is composed of five pyrogallol and five catechol groups, which result in a strong
adherence to various substrates. TA was combined with conductive PPy in the presence of Fe*" to
obtain a soft conducting hydrogel with adhesive properties. Fe** is an oxidant and ionic crosslinker
for the gelation process thus, had an essential role in the hydrogel formation. The obtained
hydrogel showed a high adhesion capability to adhere to mouse spinal cord tissue for 6 weeks,
which confirmed the potential of this construct for SCI therap,” [115]. Furthermore, the hydrogel
matched the mechanical properties of the target tissue an.' e:hibited a high conductivity, which
allowed the differentiation of endogenous NSC ir e .esion area. The implantation of this
bioadhesive hydrogel increased the motor recove.y in the mice SCI model after 6 weeks post-
implantation and significantly decreased the cavity crea compared to the control group. Another
strategy was to combine the TA with pluronic F127 (PF127) to produce a gel through the hydrogen
bonding between -OH groups and oxyr21 «*ams present in the poly(ethylene oxide) (PEO) chain
of PF127 [116]. The prepared TA-Pr*_7 gel exhibited an adhesive strength of ~7.8kPa and a
sealing effect of preventing a postoy. ~rative cerebral spinal fluid leakage in rabbit brain dura-mater.
Moreover, the adhesive hydroge. va> implanted in a mice SCI model, showing decreased lesion
size after 2 weeks post-img'antaion and thus, the potential to treat TBI and SCI in clinical

neurosurgical procedures.

The biomimetic adhes..~s join the advantages of natural and synthetic adhesives. Their simple
composition and Lic~ai.patible properties potentiate their use for simultaneous wound closing and
neural TE in SCI/TE: treatment in clinical neurosurgical procedures (Table 3). Nevertheless, it
should be remarked that most in vivo studies are performed during the acute lesion, i.e., they do not
consider the glial scar formation and development. Keeping that in mind, applying new models

that consider these processes will be essential in further studies.

Table 3. Biomimetic adhesives for CNS regeneration

_ Adjuvant In vitro/ In

Material _ _ ] Shape form Outcome Ref
material vivo studies

Dopamine HA, PLL Umbilical Hydrogel Good adhesion [103]
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vein
endothelial

cell line

strength: HA-
dopamine (21 kPa)
and HA-dopamine/
PLL (28 kPa)*;

Improved adhesion
and cell viability.

Silk Fibroin

L929 cells
and primary
hippocampal

neuron

Injectahle

Hydr o'

Promoted the
growth of
hippocampal

neurons;

Enhanced axon
length, cell density
and viability.

[104]

HA,GeP@:'DA

|
| NSC;

SD rats (SCI
model)

Hydrogel

Good adhesion
strength HA-DA
(6.3 kPa), and HA-
DA/GeP@PDA
(7.9 kPa)*;

Improved neural
differentiation of
NSC;

Enhanced motor
recovery of rat SCI

model.

[105]

PLGA

PC12 cells

Film

Neural

regeneration;

Neurite outgrowth.

[112]

L-DOPA

PLGA, PLL

hNSC

Nanopatterned

membrane

Promoted the
neurogenesis of
hNSC through
enhanced contact

[4]
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guidance, focal
adhesion, and
cytoskeletal

alignment.

Poly(norepine-

phrine)

PCL/PEO

PC12 cells

3D
macroporous
microfibrous
scaffold

Enhanced PC12

cell differentiation.

[117]

Gallol groups
(5-
hydroxydopa-
mine
hydrochloride)

HA, PCL

SD rats (SCI
model)

.Avdrogel

Adhesive to the
porcine heart
surface after 15
min at RT;

Promoted
locomotive and

Sensory recovery.

[114]

Tannic acid

v

NSC and

C57BL/6

mice (SCI
model)

Hydrogel

Adhesive to the
Mice spinal cord

tissue in vitro;

The hydrogel
remained attached
for 6 weeks to the
spinal cord,;

Improved the
differentiation of

NSC into neurons;

Enhanced motor
recovery of rat SCI

model.

[115]

PF127

C57BL/6
mice (SCI
model)

Hydrogel

Good adhesion
strength : ~7.8
kPa**;

[116]
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Promoted
antioxidant and
anti-inflammatory

effect;

Inhibited neural

cells apoptosis;

Promoted glial scar
formation and
decreased the

lesion zone.

Lap shear test, Test substrate’ *Porcine skin; **Porcine Jur.-Matter

3. Self-healing materials for CNS repair

The capacity of some biomaterials to recc7er to their original morphology and mechanical
performance after a crack or damage s \alied self-healing [118, 119]. Self-healing functionality
could be implemented in an adhesive . aterial to preserve its stability under a dynamic tissue
environment. The development of sei. healing materials has been inspired by the capacity of some
tissues to heal and restore their m.2canical properties after damage [120, 121]. The self-healing
materials are characterized by .ne formation of reversible covalent (e.g. disulfide, oxime, imine) or
non-covalent bonds (e.g. n.>tai -ligand coordination, hydrogen bonds, and electrostatic interaction)
(Fig.10) [118]. Upon . iissu.e, the bonds are cleaved but their reversible nature allows reformation
[69]. Different sira.~aieo have been suggested for the design of biomaterials that have both

adhesive and self-hec...ng properties [99, 122].

28




" Boronate ester bond
Dynamic covalent : ;

bonds

SN0 O~
Imine bond /l\o BIO/L\_; Disulfide bond
: ' s
&

N Y S

Coordination bond < , Hydrogen bond

Diels-Alder reaction Host-guest interaction

% . Self-healing hydrogel
] of e
¥ ~S

(o]

Electrostatic interaction Hyd:c.)phob R -EcHon

Y Y SR Noncovalent
AAAAAR “ interactions

Figure 10. Different self-healing mechanisms: 2vnamic covalent bonds and non-covalent

interactions. Reproduced with permission from [1%8].

The self-healing capacity is usually assecsec hy a tear-heal test, in which the material is broken and
the crosshead is moved to bring the tw > hroken pieces into contact again (Fig. 11) [123]. Dynamic
rheological or dynamic cyclic stra.~ tests can also be used to quantify the self-healing capacity
[124, 125]. A high strain amplitLdr. ,=100%) is used to break the material, and then a low strain
amplitude (y=0.01%) and low" frey 1ency (o=1 Hz) are applied to allow its recovery. If the storage
modulus (G") of the recovered material is close to the initial value, the material is considered self-
healable [123]. The self-realing efficiency depends on the time [126], the mechanical properties
[127], the number of ‘am iged/healing cycles [120], temperature and pH [128]. The time between
the damage of materia and rejoining of different parts is crucial for self-healing capacity. Long
periods reduce the self-healing capacity because the hydrophobic molecules migrate to the
damaged surface and decrease surface energy, reducing the binding sites onto the damaged area
[129]. The viscoelastic behavior of materials allows us to evaluate the deformation frequency as a
function of time and thus can be used as an indicator for the self-healing process [122, 129].
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Figure 11. Macroscopic self-healing test. Reproduced with permissions from [123].

Self-healing hydrogels with injectability characteristics z~n ¢ briefly fluidized under shear stress
and recover their original shape and mechanical prr.oe &5 after release, which means that such
injectable hydrogels can be administered in a mini na.'y invasive way at the target tissue with high

spatial control and molded into patient-specific tis.ue Jefects [130].

Because of their remarkable properties anl «~i'ity to bridge gaps, self-healing materials can be
extremely useful in SCI/TBI treatmer. [130] (Table 4). As an example, a self-healable hydrogel
based on PEG and glycol chitosan (GC, ‘Fig. 12A) was developed with an appropriate stiffness
(~1.5 kPa) for CNS repair [28]. Tra solf-healing ability of PEG-GC hydrogels was demonstrated
by rheology measurements (Fi7 1.%) and is due to the dynamic uncoupling and recoupling of the
imine linkages created betwcen >mine groups on GC and benzaldehyde groups of PEG chain ends.
In addition, these hydrogei> revealed an excellent functional recovery in a zebrafish-impaired
model (Fig. 12C-E) (<. In a similar approach, Liu and co-workers developed self-healing
hydrogels using 3% ¥ GC and 2% of PEG with 4-formylbenzoic acid via carbodiimide chemistry
(DF-PEG) containinyg different concentrations of HA (0.1; 0.3 and 0.5%) [131]. These hydrogels
were tested in the zebrafish TBI and intracerebral hemorrhage rat models, demonstrating the
potential for CNS repair.

Table 4. Self-healing materials for CNS regeneration

Material Adjuvant | Invitro/ In | Shape Outcome Self- Ref
material | vivo studies | form healin
g
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Moderate

recovery rate

(38%);
Zebrafish Injectabl Aft [28
ebrafis inati er :
DE-PEG e o In combination
brain injury with NSC 12 h 132]
hydrogel
spheroids: high
recovery rate
(81%).
. High functional
|
recovery;
GC | 4
SEPEG) Zebrafish Injecsab! The hydrogel After
i (TBI created an ideal .| [131
c 20 min |
HA model) and | hyArogel microenvironmen |, o
SD rats \ t for axonal
growth on brain
lesion cavity.
Zebrafish
T Injectabl _ After 9
DF-PEG/ . ain injury CNS functional | [133
e
Cellulos: (Cerebellar recovery. ]
hydrogel
level)
N/ Functional and
locomotor
i recovery;
Wister rats
Gold i | Injectabl | Reduced the
Carboxy-methyl ) (Parkinson ) After 6 | [134
_ nanoparticle | g disease e inflammatory
chitosan h ]
S (PD) hydrogel | response;
model) Decresed
astrocyte's
response.
i i [135
CSlgelatin PPy NSC and Injectabl | Good adhesion to | After 1
SD rats e the spinal cord of | h at ]
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(SCI hydrogel | rat; 37°C

model) Increase neuronal

and
oligodendrocyte

differentiation;

Promote axonal
regeneration and

remyelination;

Locomotor

recovery.

Good adhesion to

the spinal cord

| and skin;

Locomotor
recovery and

decrease of lesion

Polycitrate-PEG- _
| Injectabl | cavity; After 1 | [136

polyethyleneimin | Extracellulec | Dats (SCI

| e -
e (PCE)/ PF127 | vesicle model) Reduction of
hydrogel | inflammatory

process and
promotion of
axonal
regeneration and

remyelination.

Hsieh and colleagues used a similar approach to deliver NSC to CNS impaired zebrafish model
[132]. The hydrogel was obtained using bacteriorhodopsin plasmid and after excitation with green
light, the NSC differentiated into neurons, improving neuronal functions. Cheng and colleagues
reported the GC—cellulose nanofiber hydrogels with tunable self-healing properties [133]. These
hydrogels showed a 50% improvement in neural regeneration effect compared with the pristine
chitosan hydrogel in the zebrafish brain injury model. The damage-healing cycles were used to

prove the self-healing capacity of the novel hydrogels. Moreover, NSC were embedded in these
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hydrogels and injected into adult zebrafish after a CNS injury. The results showed an improvement

in the recovery of zebras fish's swimming activity [133].
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Figure 12. (A) Schematic presentatica 0. the reaction used to obtain self-healing chitosan-based
gels. (B) The damage-healing prc,rerty o1 the hydrogel was demonstrated by the continuous step
strain (1% strain—300% strain— 1 sirain) measurements at 37 °C (C-E). Functional assays for
CNS rescue in zebrafish by thr: sclt-nealing hydrogel: (C) the spontaneous contraction of zebrafish
embryos examined at 18 scmite stage; (D) total coiling contractions within 2 min counted at 24
hpf. (E) the hatching rate of 1 .2 embryos was evaluated at 48 hpf, which serves as the index for the
rescue of the nervots tunction. WT represents wild-type blank control. EtOH represents the

untreated damaged gicup. *p < 0.05, among the indicated groups. Reproduced with permission
from [28].

After a SCI/TBI, the cystic cavities and glial fibrosis interrupt the electrical signals between the
neurons affecting axons regeneration [35]. The incorporation of conductive materials within
adhesive hydrogels mimics the physiological environment of electroactive tissue and, thus, is
advantageous for CNS regeneration after injury or disease. In fact, such combination facilitates
neuron to neuron signal transmittance and also communication between neurons and other adjacent
cells, therefore, enhancing neurite outgrowth and cell adhesion. As an example, hydrogels made

from CS and gelatin combined with PPy were used to bridge a cavity space after a SCI. Besides
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self-healing and conductive ability of 0.4 S/m, similar to the natural spinal cord tissue (Fig.13 A-
B), the hydrogels exhibited excellent adhesive properties due to aldehyde groups present in CS,
that can react with the tissue surface amine groups. The hydrogels were applied to connect the
spinal cord to resist the force of gravity (Fig.13 C) [135]. The in vitro differentiation of NSC on
the hydrogel displayed a large amount of Tujl-positive neurons and MBP-positive
oligodendrocytes and a low number of GFAP-positive astrocytes. Moreover, when applied in a
SCI rat model, the hydrogel showed significant locomotor function restoration and a reduction of
the lesion cavity (Fig.13 D- G).

PCE was combined with PF127 to create a thermosensitive, injectable, self-healing and adhesive
hydrogel for stable delivery of MSC extracellular vesicle for trecting SCI [136]. This hydrogel was
prepared through a dynamic hydrogen bond between PF12 ard PCE polymers. Then, self-healing
characteristics were assessed through rheological tests anr, macroscopic analysis, where the two
pieces of hydrogel were able to heal together 27« 1 hour. In addition, the hydrogel showed
adhesive abilities when adhering without falling *o e two spinal cord (one on each side of the
hydrogel) or skin tissue. These two characteris’ics had an added value when these hydrogels were
applied in a SCI rat model, showing ar ‘my.-ovement of the functional motor score through BBB

test, a reduction of cavity lesion, and p. ~"notion of remyelination and axonal regeneration.

Besides SCI/TBI, self-healing injectacle hydrogels are also being used to deliver neuroprotective
therapeutic, including anti-inflamr.'atory agents, to counteract neurodegenerative diseases such as
PD [134]. These hydrogels oo particularly beneficial for the administration to sites that are

otherwise difficult or dange-au. to access, including CNS.

Therefore, we anticioate the widespread use of self-healing adhesives mixed with healing
conductivity propertic~ to provide a long-term candidate for clinical treatment in different CNS

diseases and injuries.
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Figure 13. Properties of self-healing and electroconcuctv: hydrogels: (A) Self-healing ability of

hydrogels obtained from BOCPG-3 combined w'ui =5, gelatin, and PPy (B) Electroconductive
properties (C) The injections of BOCPG-3 hydrorei. through a syringe; (i) spinal cord of rat; (ii)
The adhesive properties of hydrogels were 9~.monstrated by cutting the rat's spinal cord in the
middle and placing the hydrogel to birZ it. 'njection of BOCPG-3 hydrogel improves functional
recovery and reduces the lesion cavi, ¢ SCI rat model: (D) illustration of traumatic SCI and
hydrogel injections; (E) Locomotor -ecovery of SCI model rat was assessed by BBB score on an
open field. The rats treated with .h2 1>OCPG-3 hydrogel showed an enhanced locomotor recovery
3 weeks after injury relative 1 the SCI group ***p < 0.001; (F) illustration of lesion volume area
***p < 0.001 (n=3); (G) !mages of haematoxylin-eosin staining and Masson's trichrome staining
show the morphology n1 th7 spinal cord in different groups. Reproduced with permission from
[135].

4. Conclusions and future perspectives

The pathophysiology of CNS after an injury or disease is complex and the traditional surgical
treatments and drug therapies are not sufficiently efficient to restore the functionality of the
damaged tissue. The use of bioadhesives for fixing such lesions has grown in the last decade.
These materials can be used under different approaches for CNS repair: as simple fillers at the
defect site, as functional glues that promote cell attachment, as delivery systems for bioactive
agents or cells, as bioactive components that control inflammatory free radicals.

The use of bioinspired materials is much promising: natural materials have been optimized via an
evolutionary process and, thus, have advantages over traditional adhesives, namely strong adhesion
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in wet environments, low toxicity, and antibacterial, anti-inflammatory, antioxidant properties and

self-healing ability.

To prolong the lifespan and efficiency of bioadhesives-based therapies, the self-healing concept
has been explored. Self-repair after mechanical damage is beneficial for long-term in vivo
applications in a complex physiological environment and stress induced by body movements. The
addition of an electroconductive material to these systems promote further neural tissue repair and

motor function recovery.

So far, the experience has shown that the complexity of CNS pathologies requires a combination of
strategies targeting different mechanisms to provide cor.'clementary effects and improve the
therapeutic effect. Integration between self-healing bioar.iecives and cell transplantation offers
several advantages over traditional cell transplantatior. .~euiods: bioadhesives not only provide
mechanical support to the transplanted stem cells, protecc them from damage, and improve their
survival rate but can additionally increase the prer sior and control of cell transplantation. Of note,
functional bioadhesives must be specifically d:sigiad for each disease/tissue to address the
affected downstream signaling, electro- and . “-chanotransduction.

Besides the tremendous progress mace di.ring the last decade, more efforts are needed to explore
the full potential of these functioral bioauhesives. Assessment of the adhesive strength to neural
tissue and not to models, e.g. -“in tissue, is imperative. The translational studies on the
biocompatibility of the functiu..al ioadhesive are another issue that must be addressed before
clinical trials. An example of u.2 urgency of such studies is the application of one of the most
widely studied biomimetic < ‘hesives, DOPA-based materials. In fact, DOPA has been recently
reported to generate F,0, as a byproduct during crosslinking reactions. The biocompatibility of the
adhesives is in most voses studied under physiological but not pathological conditions. The injured
tissue environment can influence the effectiveness of the adhesive and thus, a better understanding

of bioadhesion under specific pathological conditions is also essential.

New technologies that hold great promise for CNS repair are emerging and can be combined with
adhesive and self-healing materials. These include patient specific 3D bioprinted scaffolds and
spinal cord-like spheroids/organoids, among others. However, further studies are needed to refine

these approaches and to translate them into safe and efficient therapies.
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Highlights

e Central nervous system (CNS) has a limited self-regeneration ability

o Bioadhesives and self-healing materials are promising alternatives to the current clinical
treatments

e They restore CNS function by bridging gaps and delivering therapeutic agents/cells to the
injured site in a minimally invasive way
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