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Abstract

Hydrogel is a chemically or physically cross-linked hydrophilic three-dimensional (3D) polymer
network. Classic hydrogels with irreversibly cross-linked polymer networks cannot heal after
rupture, leading to degradation and deterioration in their functions over time. In contrast, self-
healing hydrogels could be spontaneously restored after damage, which could extend the longevity.
Because self-healing hydrogels from synthetic chemicals generate environmental issues, self-
healing hydrogels from natural polymers would be more desirable. Chitosan is a cationic
polysaccharide derived from the partial deacetylation of chitin, which is the main constituent of
exoskeleton of crustaceans (e.g. shrimp, lobster, crayfish, and crab) and is the second abundant
natural polysaccharide after cellulose on the earth. Besides its abundance, chitosan also possesses
many superior physicochemical and biological properties, which is the ideal precursor to fabricate
hydrogels. One major challenge is that self-healing hydrogels based on reversible interactions
usually exhibit poor mechanical properties and slow self-healing process. In addition, most self-
healing hydrogels could only heal under harsh conditions such as high temperature and low pH.
Consequently, there is a demand for the development of new natural polymers-based self-healing
hydrogels, which could quickly self-heal under physiological conditions and possess good
mechanical strength.

This research developed carboxymethyl chitosan (CMC) based self-healing hydrogels by
crosslinking with benzaldehyde-terminated four-arm polyethylene glycol (PEG-BA) and
dialdehyde cellulose nanocrystals (DACNC). Both the CMC/PEG-BA and CMC/DACNC
hydrogels exhibited good mechanical strength and rapidly healed within 5 min at room temperature
without external stimuli. Afterwards, a second network crosslinked through covalent bonds were

introduced to the chitosan based self-healing network to increase their stretchability and toughness.
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Furthermore, chitosan were grafted with catechol moieties and crosslinked with DACNC to
construct self-healing hydrogels with bioadhesive capacity. The three-dimensional (3D) cell
encapsulation demonstrated that the hydrogel possessed excellent cytocompatibility and could be
used for 3D cell culture. In vivo tests indicated that the hydrogels could be employed as non-
compressive hemostatic material and be injected to internal tissues (e.g. liver) to rapidly and
effectively stop massive hemorrhage. In addition, the self-healing hydrogels could be precisely
injected to irregular and deep injuries to fully cover the wound beds, and then be painlessly
removed by on-demand dissolving using amino acid solution, which prevented complex surgical
procedures. The self-healing hydrogels have been used as deep partial thickness burn wound
dressing to facilitate burn healing with reduced scar formation.

This research opens up novel pathways to fabricate self-healing hydrogels with desired properties
including facile to prepare and use, rapid self-healing, high mechanical strength and strong tissue
adhesive capacity. These benefits support their potential applications in biomedical field, such as

3D cell encapsulation, hemostasis and wound healing.
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Chapter 1
Introduction, Research Hypotheses and Objectives

1.1 Introduction

1.1.1 Self-healing hydrogels

Hydrogels are chemically or physically cross-linked hydrophilic three-dimensional (3D) polymer
networks. Nowadays, the synthetic methods to fabricate hydrogels have been extensively
investigated and current hydrogels have exhibited excellent properties such as ultrahigh
mechanical strength,! stimuli-responsiveness,*> biocompatibility,’ and biomimetic.” However,
the classic hydrogels with irreversibly cross-linked polymer networks are unable to heal after
rupture, leading to degradation and deterioration in their functions over time and shortened
lifetime.® In contrast, self-healing hydrogels have emerged as a novel type of hydrogels whose
mechanical integrity and functions could be autonomously restored after physical damage, which
could extend the longevity and increase the durability of the hydrogels.”!! The formation of self-
healing hydrogels relies on reversible interactions, which refers to spontaneous formation of new

interactions when old crosslinks are broken within a hydrogel network, endowing self-healing
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capacity (Figure 1-1).
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Figure 1-1. Pictures of self-healing hydrogel.
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Over the past decade, self-healing hydrogels have rapidly gained in popularity due to their great
potential in diverse fields with promise in biomedical engineering. Research trends for self-healing
hydrogels have shifted from extrinsic healing to intrinsic healing, from synthesized polymers to
natural polymers, from weak hydrogels to robust elastomers, and from toxic hydrogels to
biocompatible hydrogels in order to improve the user experience.'> Many strategies have been
explored to synthesize new self-healing hydrogels, especially rapid self-healing hydrogels. The
quicker the self-healing occurs, the better it is in most cases. For applications in regenerative
medicine, self-healing hydrogels could respond to cell-induced stress by rapidly breaking and
reforming bonds. Such systems prompt complex cellular functions, while maintaining the overall
mechanical environment. Cell spreading, proliferation, and osteogenic differentiation of
mesenchymal stem cells were improved in hydrogels with high self-healing efficiency.!*"!* The
efficient self-healing is driven by the mobility of polymer chains and the reversible nature of
dynamic interactions,!> which results in poor mechanical properties as hydrogels with high
stiffness are commonly held together by strong and stable interactions.'®. The application of the
self-healing hydrogels is often severely limited by their mechanical behavior. Therefore, self-
healing hydrogels often exhibit a trade-off between mechanical strength and self-healing efficiency.
The development of a mechanically robust hydrogel with rapid self-healing under facile conditions
is yet to be fully realized. Although several studies have been carried out to improve the
mechanical strength of self-healing hydrogels, the complicated materials synthesis and gel
formation process, as well as harsh healing conditions limit their development and application.
Thus, it is required to fabricate strong self-healing hydrogels that exhibit high self-healing capacity

at neutral pH and ambient temperature without any external stimuli for biomedical applications.



1.1.2 Adhesive self-healing hydrogels

Tissue adhesive property is important for practical applications of self-healing hydrogels as
biomedical materials such as for implantation and hemostasis. Most reported self-healing
hydrogels usually lack wet tissue adhesive capacity for effective localization of transplanted cells
in vivo and flow around due to tissues and cells actions, which may result in inflammation or
damage of surrounding tissues.!” Moreover, self-healing hydrogels with poor tissue adhesion
cannot be fixed with the surrounding tissues during surgical operation.'® There is significant need
for effective medical adhesives that function reliably on wet tissue surfaces. However, currently
approved commercial adhesives (e.g. fibrin glues, cyanoacrylate glues) suffer from many
limitations, such as poor adhesion in the presence of biological fluids, sensitization and allergic
response, and inflammation. '’

Given the shortage and poor biocompatibility of synthetic adhesives for wet tissue surfaces,
extensive effort has been directed to developing adhesives derived from nature. Marine mussels
can tightly adhere onto various substrates under high-flow, wet, and saline conditions because of
3,4-dihydroxy-L-phenylalanine (DOPA).22! The functional group on DOPA is catechol, which is
prone to be chemically or enzymatically oxidized to quinone. Quinone is highly reactive with
diverse functional groups including thiol, amine, and imidazole on tissue surface via Michael-type
additions and Schiff-base reactions.?? Recently, it has been reported that mussel-inspired catechol
moieties conjugated polymers have significant potential in biomedical applications as tissue
adhesive, sealant, and drug delivery carrier.”* Lee et al synthesized a catechol-conjugated
hyaluronic acid (HA-CA) and developed a HA-CA based tissue adhesive hydrogel via oxidative
crosslinking.?* The adhesiveness of HA-CA hydrogel allowed the cell-laden hydrogel to simply

be painted directly onto tissues. The hydrogel was easily deposited onto liver and heart surfaces



and adhered well to the tissues even after one month. The hydrogel exhibited great therapeutic and
regenerative capacity of transplanted cells for angiogenesis and hepatic function. Most previously
reported mussel-inspired hydrogels were formed through oxidation or metal chelation, but the
toxicity of oxidants (e.g. NalOs) and metals (e.g. Fe**) might be a serious concern for biomedical
applications. In addition, rapid formation of a strong bond on the tissue is another essential
requirement for tissue adhesives. It remains a major challenge to develop a hydrogel with both
excellent self-healing ability and strong tissue adhesive capacity, which at the same time is non-
toxic and biocompatible.

1.1.3 Chitosan and chitosan derivatives

Given the concerns over environmental protection and sustainable development, more attention
has been paid to naturally occurring polymers. Application of renewable polymers for production
of new materials can have both economic and environmental benefits. Biopolymers, such as
chitosan and cellulose, have been applied to fabricate self-healing hydrogels.!'® 2526

Chitosan is a cationic polysaccharide derived from the partial deacetylation of chitin, which is the
main constituent of exoskeleton of crustaceans (e.g. shrimp, lobster, crayfish, and crab) and is the
second abundant natural polysaccharide after cellulose on the earth. Chitosan is a linear copolymer,
consisting of (1-4)-linked D-glucosamine and N-acetyl-D-glucosamine (Figure 1-2).2” Chitosan
possesses many superior physicochemical and biological properties, such as abundant amino
groups, biocompatibility, biodegradability, as well as mucoadhesive, antibacterial, and hemostatic
ability. Therefore, it has been widely applied in biomedical fields, including drug/cell/gene

delivery, hemostasis, wound healing, and tissue engineering.?%! Currently, chitosan-based

hemostatic materials and wound healing dressings (e.g. Celox™, HemCon®) have been widely



applied in clinic. Chitosan is a promising candidate to construct self-healing hydrogels based on

Schiff-based linkages owing to the abundant amino groups on its backbone.?> 32
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Figure 1-2. Chemical structures of cellulose, chitin and chitosan.

One major drawback of chitosan is its poor solubility in neutral solutions due to its semicrystalline
nature, as a result of inter- and intra-molecular hydrogel bonds.*** The insolubility of chitosan in
aqueous solution at pH > 6 restricts its potential applications in biomedical fields. To address this
problem, various hydrophilic moieties have been grafted to the chitosan backbone to synthesize
chitosan derivatives with improved solubility in neutral water for more desired properties and wide
applications. Generally, chitosan carries two types of reactive functional groups, namely an amino
group at C(2) positions, and primary and secondary hydroxyl groups at the C(3) and C(6) positions,
respectively.®>> These groups allow introduction of various functional groups to chitosan, such as
carboxymethyl, carboxyethyl, quaternary ammonium salt, and catechol moieties.

Carboxymethylation of chitosan (Figure 1-3a) is a very attractive method among the various
chemical modifications due to the introduction of active carboxyl groups (-COOH) into the
molecules. Carboxymethyl chitosan (CMC) is an amphiprotic ether derivative with carboxyl
groups and amino groups in the molecule. The introduction of carboxymethyl groups with negative
charges to chitosan reduced the positive charged amino groups and affected the isoelectric point

of chitosan. Moreover, the degree of carboxymethylation and grafting sites (N, O-



carboxymethylated chitosan and O-carboxymethylated chitosan) could be controlled by adjusting
the modifying conditions.?® Furthermore, CMC is non-toxic and biocompatible as chitosan.
Therefore, hydrogel/film/nanoparticles made from CMC have been widely used as drug/cell
carrier and wound healing dressing.>”** Not only does the CMC dissolve in neutral aqueous system,
but also the abundant amino groups remained for crosslinking. In spite of the progress made by
other researchers, at this moment, the research on CMC-based self-healing hydrogel is still very

limited.
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Figure 1-3. Chemical structure of (a) carboxymethyl chitosan and (b) catechol-conjugated

chitosan.

Chitosan has bio-adhesive ability owing to its cationic nature, which provides strong electrostatic
interaction with negatively charged components of tissue surface (e.g. mucosa).*! However, its
limited tissue adhesive strength and poor water-solubility at neutral system restrict its application.
Mussels demonstrate robust wet-resistant adhesion due to abundant catecholamine in mussel
adhesive proteins.**** Inspired from adhesion behaviors of mussel, Lee group developed a
chitosan derivative that possessed both excellent solubility in neutral pH solutions and strong
45-48

adhesiveness on tissue surfaces by introducing catechol moieties to chitosan backbone.

Catechol-conjugated chitosan (Figure 1-3b) demonstrates tissue adhesion due to covalent



reactions of oxidized catechol groups with diverse nucleophiles (e.g. amine, thiol, and imidazole
groups) present on tissue surface.?* The amino groups and catechol moieties have synergistic effect
for wet-resistant adhesion via covalent/non-covalent interactions.*® 4 Therefore, biocompatible
catechol-conjugated chitosan is a promising adhesive polymer to fabricate wound healing patches,
tissue sealants, and hemostatic materials for biomedical applications.*® It would be interesting to
introduce catechol-conjugated chitosan into self-healing hydrogels to enable the bio-adhesive
properties to broaden their applications. However, such system has been seldom reported in
previous work.

1.1.4 Cellulose and cellulose nanocrystal

Over the past few decades, materials derived from bio-based resources instead of fossil fuel-based
polymers are gaining attention both in industry and academia owing to their minimized impacts
on ecosystems and environment. Among various natural materials, cellulose, the most abundant
biopolymer available on the earth, has drawn much attention thanks to its superior properties, such
as abundance, versatility, renewability, sustainability, and biocompatibility.’*>! Cellulose is
ubiquitous and takes up about 1.5 trillion tons of total annual biomass productions.>? Cellulose
mainly comes from plants, especially wood and cotton. Apart from plants, cellulose can also be
obtained from a wide range of living species, such as algae, fungi, bacteria, and even in some sea
animals like tunicates.’" > Cellulose is composed of several hundreds to thousands of linear
glucose molecules linked through B (1—4) glycolsidic bonds (Figure 1-2).>* Cellulose fibers with
hierarchical structure contain both amorphous and crystalline structures, which can be broken
down to nanoscale building blocks through either strong acid hydrolysis or oxidation.’® The strong
acid hydrolysis removes the amorphous regions of cellulose fibers and produces cellulose

nanocrystals (CNCs). Natural fibers consist of three major components, including cellulose,



hemicellulose, and lignin.> It is impossible to obtain the completely pure cellulose, and the
residual hemicellulose and lignin have impacts on the properties and applications of CNCs.>® The
purification of cellulose and hydrolysis conditions affect the morphology, crystallinity, and
thermal stability of CNCs. Sulfuric and hydrochloric acids are commonly used in the hydrolysis
process. Sulfuric acid hydrolysis brings about abundant negatively charged sulfate ester groups on
the surface of CNCs, which enables the CNCs to well disperse in water through the
attraction/repulsion forces of electrical double layers.”’8

CNCs, also known as nanocrystaline cellulose, consist of rod-like or needle-like crystals with
widths of 3-70 nm (typically less than 10 nm) and length 25-500 nm (typically between 100-200
nm).>**® CNCs have many unique characteristics, such as the high aspect ratio (10-30 for CNCs
derived from cotton and ~70 for tunicate), high elastic modulus, high strength, low density, and
reactive surfaces that could be functionalized. The theoretical tensile strength and elastic moduli
of CNCs were measured to be 7.5-7.7 GPa and 100-140 GPa, respectively, which are much higher
than those of steel wire and Kevlar.>® 37 Therefore, CNCs are attractive high-performance
reinforcing materials. Cooperation of CNCs into material matrices increases their strength and
stiffness. In most reports about CNC-reinforced hydrogels, pristine CNCs are only physically
entrapped within the hydrogel matrix for mechanical strength improvement. Nevertheless, there
has been very few attempts so far on the employment of modified cellulose nanocrystals as both
cross-linkers and reinforcing nanofillers to develop self-healing hydrogels with improved

mechanical properties.



1.2 Hypotheses and objectives

The overall objective of this research was to develop novel multifunctional self-healing hydrogels
using natural biopolymers and explore their applications in biomedical fields such as hemostasis
and wound healing.

This research aims to test the following hypotheses:

(1) Self-healing hydrogels with high mechanical strength and self-healing efficiency can be
prepared by combining water-soluble chitosan derivatives and benzaldehyde-terminated four-arm
polyethylene glycol (PEG-BA) or dialdehyde cellulose nanocrystals (DACNC);

(2) Cooperation of a self-healing network and a covalent bonds crosslinked network can increase
the toughness, stretch, and self-recovery rate of the self-healing hydrogels;

(3) Chitosan-based self-healing hydrogels with tissue adhesive properties can be achieved by

introducing catechol moieties.

The specific objectives are:

Objective I: To prepare new self-healing hydrogels with both high mechanical strength and self-
healing efficiency by combining benzaldehyde-terminated four-arm polyethylene glycol (PEG-
BA) and carboxymethyl chitosan (CMC), and apply the CMC/PEG-BA self-healing hydrogel as
3D cell capsule and hemostatic material (Chapter 3);

Objective II: To fabricate on-demand dissolvable self-healing hydrogels based on CMC and
dialdehyde cellulose nanocrystals (DACNC), and to apply it as wound dressing to facilitate deep

partial-thickness burns healing (Chapter 4);



Objective III: To further improve the mechanical properties of the self-healing hydrogels by
integrating reversible Schiff-base crosslinked CMC/DACNC and covalently crosslinked network,
thus to construct a stretchy and tough hydrogel with high self-recovery rate (Chapter 5);

Objective IV: To improve tissue adhesion of the self-healing hydrogels by introducing catechol-

conjugated chitosan to the hydrogel network (Chapter 6);

This research will generate new knowledge to understand what factors influence mechanical
properties, self-healing efficiency and bio-adhesive properties of chitosan-based self-healing
hydrogels at molecular and supramolecular levels. This knowledge allows rational design of
advanced hydrogels for biomedical applications potentially. Additionally, this research will
explore new applications of self-healing hydrogels including 3D cell encapsulation, hemostasis,
and wound healing. These applications will create value-added opportunity for chitosan and

cellulose as a by-product of seafood and wood industry.
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Chapter 2
Multifunctional Self-Healing Hydrogels Based on Chitosan: A Review of Advances in

Design, Evaluation, and Biomedical Applications

2.1 Development of self-healing hydrogels

One unique feature of all intelligent living organisms is that they are capable to heal spontaneously
once damaged.®! Self-healing is ubiquitous in the incredibly bio-diverse populations, from DNA
and cell wall in unicellular organisms to skin and bone in human bodies.>%* Self-healing is an
intrinsic ability of living things, but classic man-made materials usually cannot self-recover when
break occurs. Since White et al (2001) have successful developed a healing agent-laden epoxy
matrix that can be triggered to repair upon crack intrusion by the released healing agent from
microcapsules embedded in the matrix,% the property of self-healing has been considered as a
desirable function for synthesized materials. Apparently, various industries can benefit from self-
healing materials owing to their long lifecycle and sustainability. In the past two decades,
widespread effort to explore new design strategies and approaches to develop self-healing
materials for a variety of applications have been executed. Self-healing materials were regarded as
an alternative approach to 20 centuries of materials science in the first international conference on
self-healing materials (Netherlands, 2007).%°

The fantastic self-healing property has motivated the research and development of self-healing
hydrogels in biomedical fields, such as cell and drug delivery, tissue engineering and regeneration,
hemostasis, and wound healing.®**® The dynamic nature of interactions enables self-healing
hydrogels to exhibit shear-thinning characteristic. Consequently, self-healing hydrogels could be
utilized as injectable vehicles. Recently, self-healing hydrogels with injectable ability have drawn

growing attention because they could effectively and homogeneously encapsulate and protect
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sensitive biological cargos (e.g. cells), and then be minimally invasively injected to the target sites
in a gel state instead of solution state, which could reduce the loss of loads in the hydrogels.
Because of these properties, self-healing hydrogels show great promise as cell and drug carrier for
cell therapy and drug delivery.®-* Furthermore, self-healing hydrogel could serve as ink for 3D
printing due to their shear-thinning behavior with rapid self-healing after injection.”* Hydrogels
have been found to induce wound contraction and healing because they could absorb wound
exudate, protect wounds from infection, and provide a moist wound environment, leading to rapid
granulation and reepithelialization.”>’ However, conventional hydrogels only can cover the top
surface of wounds. On the contrary, self-healing hydrogels can be easily injectable to deep and
irregular wounds and then recover to an integrate hydrogel that can three dimensionally fill the
wounds, which prompts wound healing.”’

Self-healing hydrogels refer to hydrogels that can autonomously restore mechanical integrity and
functions after damage. Here, we only discuss intrinsic self-healing hydrogels that could heal
without any external stimuli, which were triggered by noncovalent and dynamic covalent
interactions. Extrinsic self-healing hydrogels relying on external stimuli or introduction of
microcapsules and microvascular networks are out of the scope of this review. Self-healing
hydrogels are being explored for a variety of applications and research in this field is rapidly
expanding, especially over the past two years. A literature survey for self-healing hydrogels based
on Sci-Finder Scholar search in the past decade is shown in Figure 2-1. Several reviews have been
recently published on the topic of self-healing hydrogels, which focus on the self-healing
mechanism of each type of self-healing hydrogels.3 10-11-25.32.66-68. 7879 Iy the beginning, researches
about self-healing hydrogels focused on exploring new mechanisms for self-healing and new

substrates to construct self-healing hydrogels. At that moment, self-healing hydrogels took long
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time to heal (e.g. 24 h) and the mechanical properties were very poor, which restricted their
practical applications. Recently, researchers have paid more attention to prepare rapidly self-
healing hydrogels with superior mechanical properties together with other functions (e.g.

conductivity, biocompatibility, adhesive ability).
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Figure 2-1. Number of research articles published in recent years. These numbers were analyzed
by SciFinder using key words self-healing hydrogel or self-repairing hydrogel (" *%), self-healing
hydrogel and chitosan (*"). The graph clearly demonstrates the growing research interest in self-

healing hydrogels.

Currently, a variety of different crosslinking mechanisms have been utilized to synthesize self-
healing hydrogels, including reversible physical interactions and dynamic covalent bonds.
Reversibly physically crosslinked hydrogels are cross-linked by either molecular entanglements

or secondary forces, such as host-gust interactions, hydrophobic interactions, hydrogen bonding,
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and electrostatic interactions.® ! Dynamic covalent bonds are able to be broken and reformed
reversibly under equilibrium control. Recent reports involving in dynamic covalent chemistry
include Schiff-base linkages, reversible hydrazine bonds, oxime bonds, disulfide bonds, boronate
ester bonds, and Diels-Alder reactions.'® 3 Dynamic covalent bonds exhibit stronger but slower
dynamic equilibrium compared to reversible physical interactions.’” Self-healing hydrogels
crosslinked by dynamic covalent bonds have much stronger linkages in the hydrogel network,
endowing the quicker self-healing process and higher mechanical strength than those of physical
interactions based self-healing hydrogels.

2.2 Chitosan-based self-healing hydrogels

In recent years, chitosan-based self-healing hydrogels are becoming more and more popular due
to their facile preparation, rapid self-healing under mild conditions, and biocompatibility.
Chitosan is a natural cationic polysaccharide composed of N-acetyl glucosamine and glucosamine
with abundant amino groups, which could be used to form Schiff-base linkages and for further
modifications. Chitosan has been widely used in the wound management field for its antibacterial
and hemostatic properties due to the positive charge of amino groups, which can interact with
anions on the red blood cells through electrostatic interactions, thus inducing platelet aggregation
and stopping blood.?® 812 Moreover, it also can accelerate the cytokine production from
macrophages which can promote wound healing.®® It also has the ability to stimulate cell
proliferation and histoarchitectural tissue organization by activating macrophages at the wound
sites.®* The hydrophilic surface of chitosan also contributes to cell adhesion, proliferation and
differentiation.® These properties make chitosan-based hydrogels good candidates for the
development of hemostatic agent, wound healing dressing, and tissue engineering matrix. Recently,

there is growing interest in chitosan-based self-healing hydrogels in biomedical field.
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In the following sections, recent advances in the development of chitosan based self-healing
hydrogels towards biomedical applications are introduced. The first part consists of the design
strategies for chitosan based self-healing hydrogels. Following this, the typical methods to evaluate
the self-healing efficiency are discussed. Finally, the potential biomedical applications of chitosan-
based self-healing hydrogels are analyzed.

2.3 Design strategies of chitosan-based self-healing hydrogels

A variety of strategies have been designed and applied to form chitosan-based self-healing
hydrogels. Table 2-1 summarized the typical healing mechanisms in chitosan-based self-healing
hydrogels, including Schiff-base linkage (i.e. imine bond), enamine bond, metal coordination,
hydrogen bond, and hydrophobic interaction (Figure 2-2). They have been generally utilized

separately or synergistically.
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Figure 2-2. Various strategies used to synthesize chitosan-based self-healing hydrogels.
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Table 2-1. General overview of chitosan-based self-healing hydrogels:

properties and applications.

substrates, healing conditions and efficiency, mechanical

poly(acrylic acid)

Substrates
Healing Gelation Healing . . . . . . L
mechanisms Chitosan/ conditions conditions Mechanical properties Multi-functions Biomedical applications Refs.
Chitosan Polymers with -CHO
derivatives
Dibenzaldehyde-terminated
Chitosan telechelic poly(ethylene 3 0}3:(’) s RT%,2h G’=1 kPa Multi-responsive l?i(;r:crt(i)l ;erllfgls:cofes 86
glycol) (DF-PEG) Vi u
Cell (neutral stem cells)
Chitosan DF-PEG b RT, 12h G’ =1.5kPa - encapsulation, n
repair the central nervous
system
Asynchronous control
. DF-PEG A few , . release of doxorubicin and 87.88
Chitosan Fe;0, seconds RT,2h G 2 kPa Magnetic docetaxel to treat triple-
negative breast cancer
Glycol chitosan DF-PEG RT, ~60 s RT, 15 min G'=1-2 kPa _ InJef:table cell therapy 39
(GCS) carrier
Localized release of
GCS DF-PEG - - G =1~4Pa - colistin, antimicrobial 20
Schiff-base treatment of burn wound
linkages
2-A GSC DF-PEG - - G’ =500 Pa Self-adapting Wound healing o
GSC DF-PEG _ _ G’ = ~10 kPa _ .Injef:tab.le drug carrier for 0
in vivo intra-tumor therapy
GCS DF-PEG _ _ 12 kPa - Neu.ral stem cells delivery 03
carrier
QCS DF-PEG _ _ _ _ Induce blood capillary 94
Fibrinogen formation
N-Succinyl Fibroblast growth factor 2
- - : _ _ _ B . : 05
chitosan (SCS) DF-PEG deh\{ery sygterp for tissue
repair applications.
Dibenzaldehyde terminated
poly(N- pH and Drug delivery and 3D cell
GCS . . RT,80s RT, 40 min G’ =900 Pa temperature SF %
isopropylacrylamide)-co- . cultivation
responsive
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Chitosan-graft-

Conductive

o _ [y . . . .
aniline tetramer DF-PEG 37 C.:’ ! 37°C,3h G'=~2 kPa Anubacterle_ll CarQlac cell delivery 7
min (CS-AT10 hydrogel) Tissue adhesive carrier
(CS-AT) R
Anti-oxidative
N-carboxyethyl _ . o G’ =12kPa . Drug delivery vehicles for 08
chitosan (CEC) DF-PEG RT, ~2 min 25°C,3h (CEC/PEG-DA20) pH-responsive liver cancer treatment
%lllliat?srzl:rlfefl func]?i((:)rrllzellilSgcli1 y((1)61 i(t)}lllplene G=251 Pa Conductive Hemostasis and wound
g potylethy 37°C, 105 s 25°C,2h (QCSP3/PEGS-FAL.5 Antibacterial . 9
Schiff-b polyaniline glycol)-co-poly(glycerol hydrogel) Tissue adhesive healing
Tinkazo (QCSP) sebacate) (PEGS-FA) yerog
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M-A tetramor-erafi-d- Injectable carriers for
CEC -gralt - 37°C,12h G’ =~700 Pa Conductive myoblast cell therapy 100
formylbenzoic acid (Dex- Muscl .
AT-FA) uscle regeneration
Super self-healing
High strength
Tetra-aldehyde Electrical Photo-sensitizer carrier
Chitosan functionalized zinc RT,~30s RT, 15 min G’ =2kPa properties Effecti ncer ther 101-102
phthalocyanine (TA-ZnPc) Injectable cetive cancer therapy
pH-stimuli
Schiff-base responsive
linkages carboxymethyl 5 . . s _ 3D cell encapsulation 103
4A chitosan (CMC) PEG-BA RT, ~2 min RT, 5 min G’ =3.5kPa Hemostasis
Chitosan-g-L- Compress stresss = 10
glutamic acid PEG-BA RT,~60s RT, 3 hin PBS P - - 104
. kPa
(chi-glu)
Vascular endothelial
Dodecy}-modlﬁed PEG-BA _ _ G’ =300 Pa Tlssqu adheglve growth fac_tor (VEGF) 105
chitosan Anti-infective encapsulation, wound
healing
G’=4000 Pa~ Antibacterial
Schiff-base (QCS/PF 1.0) Adhesive
S Quanternized Benzaldehyde-terminated o o Tensile stress = 14.3 Rapid self-healing . . . 7
gﬁ?_gzs chitosan (QCS) | Pluronic F127 (PF127-CHO) | 5/ C» =908 37°C,2h kPa Stretchable Joints skin wound healing
Compressive stress at Compressive
90% = ~250 kPa Double network
N -carboxyethyl
chitosan (CEC) Oxidized sodium alginate 37°C, 12 h, , Injectable Cell encapsulation and 1s
SN RT,~20s o G’ =6kPa . -
. Adipic acid dihy- (0SA) 95% Biocompatible release
Schiff-base .
. drazide (ADH)
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Oxidized CEC 0SA 37°C, 37°C, 24 h G =577Pa Injectable delivery of neutral cell 106
Polysaccharide 25 min Biocompatible stems
Oxidized acrylated 37°C, o . ,_ . 107
CEC hyaluoronic acid (OAHA) 0.6 min 37 °C, 20 min G’=775Pa -- Modular gradient hydrogel
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Enable diffusive transport
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Small moleculer Chitosan bora-3a,4a-diaza-s-indacene R];r’linSO RT,3h G’ =30~270 Pa Ph(;:gt% g’féﬁig?d E;;tgrrfeﬂuorescence s
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coordination
Drug delivery (DOX,
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Metal- Conductive
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Metal-
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between ammonium and drug delivery

polyelectrolytes

chloride chitosan

4 RT refers to room temperature.

— means no description in the corresponding article.
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2.3.1 Schiftf-base linkages

A Schiff-base is a compound with a structure of -C=N- formed by nucleophilic attack of amine to
aldehyde or ketone.%” The dynamic equilibrium between the Schiff-base linkages and the aldehyde
groups and amino groups in the hydrogel network endows the hydrogel with self-healing ability.5¢
Self-healing hydrogels crosslinked by Schiff-base linkages are the most important motif of
chitosan-based self-healing hydrogels because chitosan intrinsically has abundant amino groups
on its backbone and the imine bonds can be rapidly formed between amino and aldehyde groups
under physiological conditions, which is beneficial to biomedical applications. To date, several
self-healing hydrogels have been developed through dynamic Schiff-base linkages.?> ® The poor
mechanical performance and long self-healing time impede their use in practical applications that
require great mechanical performance, such as artificial cartilage and hemostasis. Therefore, the
development of strong and rapidly self-healing hydrogels based on Schiff-base linkages remains a
challenge, especially for those driven from natural polymers in which the types of functional
groups are limited.

Based on different sources of aldehyde groups, there are two kinds of Schiff-base linkages, namely
aromatic Schiff-bases and aliphatic Schiff-base.® 3¢ Both linkages have been utilized to construct
chitosan-based self-healing hydrogel and the aliphatic Schiff-base linkages are less stable than the
aromatic Schiff-base linkages. The cross-linking agents with aldehyde groups were summarized
in Figure 2-3, including (1) linear polymer with benzaldehyde groups at both end of polymer chain,
(2) linear polymer with multiple aldehyde group as pendant group, (3) star-shaped polymer (4-arm
polymer and micelle) with benzaldehyde group at end of each arm, and (4) oxidized polysaccharide
with aldehyde groups. By using different types of crosslinking agents, the mechanical and self-

healing properties of the hydrogel can be tailored.
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Figure 2-3. Typical crosslinking agents used for making chitosan-based self-healing hydrogels
formed through Schiff-base linkages: (2-A) Linear polymer with benzaldehyde groups at both end
of polymer chain. (M-A) Linear polymer with multiple aldehyde group as pendant group of
polymer backbone chain. (4-A) Four-arm polymer with benzaldehyde group at end of each arm of
polymer. (Star-A) Micelle with pendant benzaldehyde groups at outside layer. (OP) Oxidized

polysaccharide with aldehyde groups.
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2.3.1.1 Linear polymer with two aldehydes at end of polymer chain

The most popular polymer with aldehyde groups is dibenzaldehyde-terminated poly(ethylene
glycol) (DF-PEQG). Polyethylene glycol (PEG) is widely applied in tissue engineering due to good
biocompatibility.!** Since Zhang et al. synthesized DF-PEG and applied it to build self-healing
hydrogels,® there are at least thirteen articles that reported self-healing hydrogels derived from
chitosan/chitosan derivatives and DF-PEG (Table 2-1). DF-PEG was synthesized by esterification
of hydroxyl-terminated PEG with 4-formylbenzoic acid (Figure 2-4). The mixture of chitosan
solution and DF-PEG solution formed gel within 2 mins at room temperature. The hydrogel
network was constructed through dynamic Schiff-base linkages between amino groups on chitosan
and benzaldehyde groups at PEG chain ends. The chitosan/DF-PEG hydrogels exhibited good self-
healing capacity due to intrinsic dynamic equilibrium. Two pieces of freshly cut chitosan/DF-PEG
hydrogels healed within 2 h at room temperature. They prepared a series of hydrogels with
different solid contents and ratios of CHO/NH>, which made the hydrogels show storage modulus
from 700 Pa to 30 kPa. In addition, the chitosan/DF-PEG hydrogels were sensitive to many
biochemical-stimuli, such as pH and amino acids, suggesting the potential application for
controlled-release of drugs because acidic condition and amino acids can trigger the cleavage of
Schiff-base linkages.'>> Due to the poor neutral water solubility of chitosan, it was later replaced
by glycol chitosan (GSC) with better solubility in neutral pH. Upon mixing glycol chitosan and
DF-PEG solution, a hydrogel was facilely prepared at 25 °C within 1 min. The storage modulus
(150 Pa~2000 Pa) and loss modulus could be adjusted by changing the concentration of glycol
chitosan and DF-PEG. The GSC/DF-PEG hydrogel could smoothly pass through the syringe
needle (21-gauge) and the broken hydrogel fragments were reformed a completely homogeneous

hydrogel in 30 mins, suggesting good injectable and self-healing ability. Although these reports
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provided inspiration for using Schiff-base linkages to obtain self-healing hydrogels, they have
encountered challenges because the mechanical strength and self-healing efficiency have not

satisfied practical applications.

2 rOLt W O PO

DiFunctionalized PEG (DF-PEG)

Dynamic
Hydrogel

Figure 2-4. (a) Synthesis of DF-PEG and (b) formation of chitosan-based self-healing hydrogel
based on Schiff-base linkages. Reprinted with permission from ref.3® Copyright (2011) American

Chemical Society.

2.3.1.2 Linear polymer with multiple aldehydes as pendant group

Compared with dialdehyde modified polymers, multi-aldehyde modified polymers have more
potential cross-linking sites with chitosan to improve the efficiency and tunability of the gelation
and recovery of hydrogels, as well as mechanical properties. Zhao et al developed a self-healing
hydrogel composed of quaternized chitosan-g-polysaniline (QSP) and benzaldehyde group
functionalized  poly(ethylene  glycol)-co-poly(glycerol ~ sebacate) (PEGS-FA).””  First,
poly(ethylene  glycol)-co-poly(glycerol sebacate) (PEGS) was synthesized through
polycondensation of sebacic acid (SAA), poly (ethylene glycol) (PEG), and glycerol. Following

this, 4-formylbenzoic acid (FA) was grafted onto the PEGS by an esterification reaction to
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synthesize the benzaldehyde functionalized PEGS (PEGS-FA) (Figure 2-5A). The hydrogel was
prepared by mixing the quaternized chitosan-g-polysaniline solution and PEGS-FA solution.
Increasing the PEGS-FA crosslinker concentration from 0.5 wt.% to 2 wt.%, the gelation time
decreased from 374 s to 86 s, and the storage modulus of the hydrogels increased from 58 Pa to
368 Pa, which was caused by the enhanced crosslinking density of the hydrogel network. Four
pieces of freshly cut hydrogel became a whole piece of hydrogel with obscure boundaries at 25 °C
after 2 h and the healed hydrogel could be lifted by holding one end of the hydrogel, which
suggested that the hydrogel exhibited self-healing ability due to PEGS-FA's branched structure
and higher molecular weight. Guo and co-workers prepared a self-healable conductive injectable
hydrogels based on N-carboxyethyl chitosan (CEC) and dextran-graft-aniline tetramer-graft-4-
formylbenzoic acid (Dex-AT-FA) (Figure 2-5B).!%° Carboxyethyl chitosan solution and Dex-AT-
FA solution with various molar ratio of -NH> to -CHO were mixed together to form hydrogels
through dynamic Schiff-base bond between the amino groups from carboxyethyl chitosan and the
aldehyde groups from Dex-AT-FA. The gelation occurred within 2 min under physiological
conditions, and the storage modulus of Dex/CEC hydrogel was 300-600 Pa. After 12 h at 37 °C in
a humid atmosphere, the cut hydrogel pieces fused together and the storage modulus of the self-
healed hydrogel was almost the same value as that of the original hydrogel, suggesting good self-
healing properties. In spite of the progress made by the researchers, the synthesis of PEGS-FA and
Dex-AT-FA were complicated and the aldehyde substitutions were low, which limited the

development and applications of these self-healing hydrogels.
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Figure 2-5. (A) Schematic of QCSP/PEGS-FA hydrogel synthesis: (a) Synthesis of QCSP
copolymer, (b) synthesis of PEGS-FA copolymer, and (c) preparation of QCSP/PEGS-FA self-
healing hydrogel. Reprinted with permission from ref.”” Copyright (2017) Elsevier. (B) Schematic
of Dex/CEC hydrogel synthesis: (a) Synthesis of Dex-AT-FA polymer, and (b) preparation of the
Dex-AT/CECS self-healing hydrogel. Reprinted with permission from ref.!% Copyright (2019)

Elsevier.
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2.3.1.3 Star-shaped polymers with aldehydes at end of each arm of polymer

Compared with linear polymers, star-shaped polymers (e.g. 4-arm polymers and micelle with
functional groups at outside layer) crosslinked hydrogel networks are more resistant to fracture
because star-shaped polymer is an impenetrable space-filled sphere and has compact structure,
smaller hydrodynamic size, and lower internal viscosities, compared to linear analogues of
identical molecular weight and monomer composition.'®> More arms corresponds to a greater
probability of a macromolecule to participate simultaneously in multiple crosslinks and increases
the cross-linking density.'*® Therefore, star-shaped polymers are particularly popular cross-linkers
to form strong hydrogels. Benzaldehyde-terminated four-arm poly(ethylene glycol) (PEG-BA)
(Figure 2-6) and carboxymethyl chitosan (CMC) were used to prepare the dynamic hydrogels,'®
and the mechanical strength and self-healing efficiency could be adjusted according to the molar
ratio of -NH2/-CHO and the total solid content of hydrogels. Owing to the dynamic Schiff-base
linkages and the branched structure of the cross-linker, the cut hydrogel lines healed to an
integrated hydrogel film after 5 min at room temperature without any external intervention. The
hydrogels had good storage modulus up to 3.2 kPa, which was higher than the chitosan/DF-PEG
hydrogels (1 kPa). Following this work, Khan et al fabricated an injectable self-healing hydrogel
composed of water-soluble chitosan-g-L-glutamic acid (WSC) and PEG-BA.'% The hydrogel was
formed within 60 s by mixing WSC and PEG-BA solution. The compressive modulus of the
WSC/PEG-BA hydrogel could be easily tuned between 4 to 31 kPa by adjusting the PEG-BA
cross-linker and total solid content. Chen et al utilized PEG-BA as the cross-linker to construct a
multifunctional hydrogel with dodecyl-modified chitosan.!% The hybrid hydrogel exhibited multi-
functions, such as strong tissue adhesion, blood cell coagulation, and anti-infective properties.

Although several examples of star-shaped PEG crosslinked networks have been described recently,
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the influence of number of arms and arm molecular weight on hydrogel network formation,

mechanical properties, and self-healing ability have not been fully investigated.
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Figure 2-6. (a) Synthesis scheme of benzaldehyde-terminated four-arm PEG (PEG-BA), and (b)
benzaldehydes at ends of PEG-BA conjugated amino groups of CMC to form dynamic CMC/PEG-

BA hydrogel. Reprinted with permission from ref.!®* Copyright (2016) John Wiley and Sons.

Qu et al designed a self-healing injectable micelle/hydrogel composites with multi-functions by
mixing quaternized chitosan (QCS) and benzaldehyde-terminated Pluronic®F127 (PF127-CHO)
solution under physiological conditions (Figure 2-7).”” PF127 could self-assemble into micelle in
water because it is an amphiphilic triblock copolymer. Double dynamic networks in the
QCS/PF127-CHO hydrogel network endow the hydrogel with unique mechanical properties and
self-healing performance. PF127 micelles function as dynamic micro-crosslinker in forming the
first network and dynamic Schiff-base linkages between benzaldehyde groups from PF127-CHO
micelles and amine groups from quaternized chitosan act as the second network in the hydrogel.

A hybrid physically—chemically crosslinked double network hydrogel was formed by combining
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the micelle cross-linking and dynamic Schiff-base linkages in one system. The hydrogel exhibited
good mechanical properties (tensile stress = 9.8-25.7 kPa, Compressive stress at 90% = 240 kPa)
and self-healing ability (2 h at 25 °C). Compared with 4-arm PEG, PF127 micelles not only had

more crosslinking joints, but also could encapsulate and controlled release bioactive components.
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Figure 2-7. Schematic of Cur-QCS/PF hydrogel synthesis: (a) Synthesis of QCS polymer, (b)
synthesis of PF127-CHO polymer, (c) schematic illustration of Cur-QCS/PF hydrogel. Reprinted

with permission from ref.”” Copyright (2018) Elsevier.
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2.3.1.4 Oxidized polysaccharide (OP)

Naturally occurring polysaccharides, such as alginate, hyaluronic acid, and chondroitin sulfate,
have been widely applied to fabricate hydrogels for biomedical applications due to abundant
sources, biodegradability, and biocompatibility.'*” Oxidized polysaccharides also attract extensive
attention as cross-linker to prepare self-healing hydrogels. Sodium periodate could oxidize the
vicinal hydroxyl groups of polysaccharides to dialdehydes, which opens the sugar ring to form
dialdehyde derivatives.!*® Aldehyde groups can generate chemical crosslinking action with amino

functions via Schiff-base linkages. A variety of oxidized polysaccharides, including oxidized

111, 139 110

dextran, oxidized chondroitin sulfate,'!? oxidized cellulose,'*’ oxidized hyaluronic acid,'!*
41 and oxidized konjac glucomannan,'!'? have been synthesized and applied to prepare self-healing
hydrogels with chitosan and chitosan derivatives (Table 2-1). For instance, Wei et al developed a
polysaccharide-based self-healing hydrogel composed of N-carboxyethyl chitosan (CEC), adipic
acid dihydrazide (ADH), and oxidized sodium alginate (OSA) (Figure 2-8). Gelation occurred
shortly after homogeneously mixing OSA with CEC and ADH solution for ~20 s at room
temperature. The formation of hydrogel was attributed to the coexistence of dynamic Schiff-base
linkages (OSA and CEC) and acylhydrazone bonds (OSA and ADH) in the hydrogel networks.
The storage modulus of the hydrogel could be as high as 6 kPa because of the double crosslinkings.

The separated hydrogel pieces healed to an integrate hydrogel disk after 6 h at 25 °C without any

external intervention.
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Figure 2-8. Schematic of CEC-OSA-ADH hydrogel synthesis. Reprinted with permission from

ref.!> Copyright (2015) John Wiley and Sons.

2.3.2 Other interactions

Enamine bonds are similar to the imine and hydrazone dynamic covalent bonds. Therefore, the
enamine bonds could also be utilized in construction of dynamic hydrogel networks, which can be
synthesized by the reaction of acetoacetate groups with amine groups.!*> Enamine bonds could
reversibly break and recover under appropriate conditions. To demonstrate the application of
enamine bonds in the development of dynamic hydrogel, Liu et al introduced the acetoacetates
into the cellulose chain by trans-esterification of hydroxyl with tert-butyl acetoacetate (t-BAA) in
an ionic liquid 1-allyl-3-methylimidazolium chloride (AMIMCI).!'” A polysaccharide hydrogel
was prepared by simply mixing cellulose acetoacetate (CAA) aqueous solution with chitosan
aqueous solution (Figure 2-9). The hydrogel network was constructed through the formation of

dynamic enamine bonds between carbonyl groups from CAA and amine groups from chitosan.

31



The gelation occurred quickly at room temperature and the storage modulus could reach 1 kPa.
The self-healing experiment showcased that separated hydrogel pieces could heal autonomously
after about 40 min at 25 °C, suggesting the CAA/chitosan hydrogel demonstrated self-healing
behavior due to the dynamic enamine bonds in the hydrogel network. This study reported a new
design strategy to develop polysaccharide-based self-healing hydrogel. Besides, the hydrogel

showed good stability under physiological conditions and pH-responsive properties.
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Figure 2-9. (a) Synthesis of CAA, and (b) formation of enamine bond linkage between CAA and

chitosan. Reprinted with permission from ref. ''” Copyright (2016) John Wiley and Sons.

Recently, inspired by mussel adhesion, self-healing hydrogels have been prepared based on metal-
coordination bonds, which mimicked the coordination bonds found in mussel byssal threads.>
Coordination between Fe®" and catechol ligands has been proposed to endow self-healing
properties.'*"1% Yavvari et al grafted catechol ligands to chitosan backbone to synthesize the
catechol-conjugated chitosan.!’>!2 The hydrogels were assembled through catechol-Fe**

coordinative interactions (Figure 2-10). The storage modulus of the hydrogel was about 1 kPa.
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The self-healing nature of the catechol-chitosan based hydrogel enabled it to be injected to the

target sites while retaining its gel status.

OH
HO HO \ 1. DHB, H,0 + MeOH (8:2), r%?\ / OFILN_ /'\ /OH \
(S0, o\ X ™o 1%AcOH,RT | gHN_ O LS q |
a ol } \ H X 3/7\0 0 |
o OH H Yy ‘H ‘/Z—‘
OH
OH

o)
DEE
o
e
"
g:d

Figure 2-10. (a) Schematic of catechol-conjugated chitosan synthesis, and (b) schematic of
monocomplex formation between catechols and Fe®". Adapted with permission from ref.!'”

Copyright (2015) Royal Society of Chemistry.

Hydrogen bonding is a type of non-covalent interaction that is much weaker than dynamic covalent
and ionic crosslinks.!! Chitosan is rich in hydroxyl and amine groups, which are favorable for the
formation of reversible hydrogen bonds to construct the self-healing hydrogel network. Chang et
al reported a reversible and self-healable chitosan (CS)/polyvinyl alcohol (PVA) hydrogel by
adding a small amount of glutaraldehyde into the CS/PVA precursor solution.'?” The gelation
occurred at 37 °C in 10 mins based on hydrophobic interactions and hydrogen bonds. The self-
healing ability of the CS/PVA hydrogel was demonstrated by punching a hole in the hydrogel,

which closed gradually and finally disappeared within 1 h without any external stimuli.
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Intermolecular and intramolecular hydrogen bonds made the PVA and CS chains move and cross-
link at the damage interface, which led to healing of the broken hydrogen network. In addition,
Zhang et al. prepared a supramolecular polymer hydrogel composed of chitosan carbon dots (CDs)
and PVA based on hydrogen bonds.!?® The separated pieces of hydrogel healed to an integrate
hydrogel at room temperature after 12 h without any external stimuli and it showed good thermal
stability and pH sensitivity.

Hydrophobic interactions usually occur during the aggregation of hydrophobic surfaces or
hydrophobes in aqueous system.!! Hydrophobic interactions crosslinked networks are readily to
form, break, and re-form. Hydrophobicity has played a powerful role in forming supramolecular
hydrogels, and hydrophobic segments could re-aggregate after damage, which caused the self-
healing of hydrogel based on hydrophobic interactions.!* Ferrocene (Fc) has drawn much
attention to prepare supramolecular hydrogels owing to the unique sandwich structure,
hydrophobic feature, redox property, and low toxicity.'*® Fc was grafted to chitosan through amide
linkages between amino group of chitosan and carboxyl group of ferrocenecarboxylic acid
(FcA).'3? The hydrogel was formed via the self-assembly of ferrocene-modified chitosan (FcCS)
in an acid aqueous solution, which was based on the equilibrium of hydrophilic and hydrophobic
interactions. The cut hydrogel pieces healed to a united hydrogel disk after 4 h without any external
stimuli because the hydrophobic aggregation of Fc group acted as reversible cross-linking.

Moreover, the hydrogel also presented stimuli-responses towards pH, redox, and different ions.
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2.4 Major properties of self-healing hydrogels and their evaluations

Practical application of self-healing hydrogels as smart materials requires a combination of rapidly
self-healing process, great mechanical properties, and strong tissue adhesive ability. In addition,
biocompatibility is required for biomedical applications.

2.4.1 Self-healing performance

Self-healing ability is the most important index to evaluate a self-healing hydrogel. The external

environmental conditions (e.g. temperature, pH), geometries and mechanical strength of hydrogels,
as well as gap distance all affect the self-healing process. For example, increasing temperature can
enhance the dynamic kinetics of the reversible bonds, thus improving self-healing efficiency.'
Self-healing hydrogels crosslinked through Schiff-base linkages could recover under neutral and
basic conditions, whereas they lose self-healing ability under acidic conditions.!*> However, there
is not a universal method to assess the self-healing efficiency of self-healing hydrogels yet.
Currently, several methods have been employed to determine the self-healing ability, including
macroscopic observation, microscopic observation, SEM observation, rheological recovery test,
and mechanical strength recovery test.

It is conventional to evaluate the self-healing ability of hydrogels by macroscopic observation.
Briefly, two freshly prepared disk-shaped hydrogels with different colors were cut in halves. Then
two equal halves taken from each of the original hydrogels were brought together. After a period,
the boundary between the different colored hydrogels became obscure and the two semicircles
merged into a united hydrogel (Figure 2-11a). The healed hydrogel could be lifted using tweezer
or be stretched from both ends.!%-110- 117-118. 132-133 Thig hydrogel merging method is suitable for
almost all self-healing hydrogels. Another method is to punch a hole in the center of hydrogels.

Photographs at different time intervals were taken to record the self-healing process of the hole in
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the hydrogel. The hole in the hydrogel closed gradually, and finally disappeared completely
(Figure 2-11b). The self-healed hydrogel exhibited similar appearance to the original hydrogel.®®-
87.127. 147 Thjs hole contracting method is suitable for the weak self-healing hydrogels because the

polymer chains have high mobility in the weak hydrogel system. The strong hydrogels have

relatively stable shape. It takes long time for strong hydrogel to contract the hole.
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Figure 2-11. Schematic illustration of macroscopic observation of self-healing process.

a

b

Besides the macroscopic observation, microscope could also be used to observe the gradual
disappearance of the boundary between the combined hydrogels (Figure 2-12a) on microscopic
scale. Owning to the mobility of polymer chains and regeneration of cross-linking interactions, the
crack distance decreased along with time. To further illustrate the disappearance of crack between
the hydrogels and conform the complete healing of hydrogels, scanning electron microscope (SEM)
was used to observe the boundary (Figure 2-12b). It was clearly seen that no crack existed between

the hydrogels when the broken hydrogels healed to an integrate piece.
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Figure 2-12. Schematic illustration of self-healing process: (a) Optical microscopic images of
original hydrogel and healed hydrogel. Adapted with permission from ref.!®” Copyright (2017)
John Wiley and Sons. (b) Scanning electron microscope (SEM) images of healed hydrogel.

Adapted with permission from ref.!!® Copyright (2015) American Chemical Society.

The self-healing properties were quantitatively investigated using rheometer and universal test
machine to more precisely determine the rheological self-healing efficiency. The storage modulus
(G’) and loss modulus (G’”) versus frequency of original and healed hydrogel were measured to
assess the self-healing performance of the hydrogels (Figure 2-13al). The G’ and G’ values of
the healed hydrogels increased to the values of the original hydrogels, indicating the recovery of
the inner structure of the network. The continuous step strain measurements were also performed
to test the rheology recovery behavior of self-healing hydrogels (Figure 2-13a2). The alternate

step strain sweep of hydrogel was measured at a fixed angular frequency (e.g. @ = 10 rad/s).

37



Amplitude oscillatory strains were switched from small strain (e.g. y = 1.0%) to subsequent large
strain with 100 s for every strain interval. As the strain stepped from low strain to high strain and
maintained for 100 s, the storage modulus (G’) and loss modulus (G’’) overlapped, while they
immediately restored their original values once the strain moved back to low strain. The G’
immediately recovered after the breaking strain was removed, suggesting the polymer network of
the hydrogels exhibited rapid recovery ability.

Tensile and compression test of the self-healing hydrogels were also performed by universal test
machine to quantitatively determine the self-healing efficiency. Hydrogels with elasticity were
molded to rod or dumbbell shape to measure the tensile properties. The tensile stress-strain curves
were recorded (Figure 2-13b), and the tensile self-healing efficiency (THE) was defined to the
ratio of tensile strength of healed hydrogels to original hydrogels. Weak and brittle self-healing
hydrogels could also be applied to test the tensile strength. Their self-healing efficiency was
calculated by beam-shaped strain compression measurements (Figure 2-13c). Two identical
hydrogel samples were prepared. One of them was cut in halves and then healed for a period of
time. Both the original and the healed hydrogels were compressed by the beam-shaped mold (inset
in Figure 2-13c1) until rupture occurred and the fracture strength of the original (So) and healed
(Sn) samples were recorded. The compressive self-healing efficiency (CHE) was calculated as the

ratio of fracture strength of healed hydrogel to original hydrogel (CHE = Su/So).
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Figure 2-13. Schematic of self-healing process: (a) Rheological recovery test: (al) Storage
modulus G’ and loss modulus G”’ of original and self-healed hydrogels, and (a2) G’ and G’ in
continuous step strain (alternative high and low strain) measurements. Reprinted with permission
from ref.® Copyright (2011) American Chemical Society. (b) Tensile stress recovery test: (bl)
Optical images illustrating self-healing of a dumbbell-shaped hydrogel sample, and (b2) tensile
stress-strain curves of original and healed hydrogels. Reprinted with permission from ref.'?*
Copyright (2018) Elsevier. (¢) Compressive stress recovery test: (cl) The beamed-shape
compressive stress-strain curves of original and healed hydrogels, and (c2) healing efficiency (HE)

of hydrogels. Reprinted with permission from ref.!> Copyright (2015) John Wiley and Sons.
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2.4.2 Mechanical properties

The mechanical property of self-healing hydrogels plays an essential role for their applications as
biomaterials. For example, the mechanical properties of a self-healing hydrogel affect the
proliferation and functions of cells encapsulated in the hydrogel matrix. The fate of neural stem
cells (NSCs) relies on the hydrogel matrix’s stiffness. NSCs neither survive well in very soft
hydrogel (G’ < 0.1 kPa) nor very hard hydrogels (G’ > 100 kPa). Reasonably soft hydrogel (0.1-1
kPa) and slightly stiffer hydrogels (7-10 kPa) are beneficial to neuronal differentiation and glial
differentiation, respectively.”! A tough hydrogel that can bear load has potential use as a cartilage
substitute, while a skin substitute not only requires stiffness but also elasticity.!*® The mechanical
properties of self-healing hydrogels mainly depend on the composition and crosslinking density of
the hydrogel network. The strategies to improve the self-healing hydrogels’ mechanical properties
involved the addition of star-shaped polymers, nanoreinforcing agents (e.g. cellulose nanocrystals),
and a second network into the hydrogel system.

Employing CNCs as reinforced materials in hydrogels has been reported previously due to their
fantastic features, such as large surface area, high mechanical strength, high aspect ratio,
hydrophilicity, non-toxicity, low bulk density, biocompatibility, and biodegradability.'**1>° In the
past few decades, the investigation and utilization of CNCs in functional materials has become an
active field. In particular, Canada, as the world’s leading producer of CNCs, ranks first in research
in this area. The North American market for CNC may reach $250 million.!>! CNCs have been
approved as the safest nanomaterials on Environment Canada’s domestic substance list.?®
Compared with pristine CNC, the modifying and functionalizing CNCs are promising as they
enable the creation of advanced materials with new or improved properties. Although several

publications have demonstrated that CNCs with surface modification could function as both
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nanofillers and cross-linkers to reinforce hydrogels, there are limited studies that reported self-
healing hydrogels composed of modified CNCs. The oxidation of CNCs by sodium periodate can
generate aldehyde groups for crosslinking reactions or for further modification, which can extend
application of CNCs. Sodium periodate can selectively oxidize the hydroxyl groups in cellulose to
2,3-dialdehyde.!>? These aldehyde groups could act as potential cross-linkers since they will react
with free amine groups of polymers (e.g. chitosan, gelatin) through Schiff-base linkages. Many
oxidized polysaccharides (e.g. oxidized alginate, oxidized dextran) have been utilized to build self-
healing hydrogels owing to their abundant aldehyde groups for Schiff-base formation.!> 13 153
However, limited works reported the self-healing hydrogels derived from chitosan and aldehyde
modified CNCs. Dash et al developed a gelatin hydrogel crosslinked by oxidized cellulose
nanowhiskers, and they observed a significant improvement in mechanical and thermal properties
of the cross-linked hydrogels compared to neat gelatin hydrogels."** Yang and co-workers
prepared an injectable polysaccharide hydrogel reinforced with cellulose nanocrystals. Oxidized

CNCs (CHO-CNC) acted as both fillers and chemical cross-linkers, making the CHO-CNC-

reinforced hydrogels more elastic and more dimensionally stable without sacrificing mechanical
strength.?® Research within this field has grown over recent years but modified CNCs only acted
as additives in these hydrogel systems. A comprehensive study should be conducted to investigate
the modified CNCs reinforced and crosslinked self-healing hydrogels.

Since Gong et al reported a general method to prepare extremely tough and strong hydrogels by
inducing a double-network (DN) structure,” DN hydrogels have drawn much attention as a new
class of hydrogels with high mechanical strength and toughness.!* 1>> The mechanical properties of
DN hydrogels are comparable to those of rubbers and soft load-bearing tissues (e.g. cartilage).!>

Double network (DN) hydrogels comprise two different polymer networks. The first network is
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rigid and brittle, which contains sacrificial bonds to break and dissipates energy under large
deformation. The second network is soft and stretchable, endowing the hydrogels with elasticity.!>
However, the first-generation chemically linked DN hydrogels could not recover after break,
which shortens their lifespan and increases product cost. Afterwards, reversible physically
crosslinked first network has been introduced to DN hydrogels to extend their lifetime and improve
the mechanical properties.'®’ In contrast to the stable covalent bonds, the reversible interactions
can break and reform at deformation to dissipate energy, which endows the hydrogels with high
toughness and self-recovery properties. However, it is still challenging to develop a hydrogel
exhibiting both high toughness and brilliant self-healing properties. Recently, dual physically
crosslinked DN hydrogels have been developed with favorable mechanical properties, fast self-
recovery properties, and good self-healing properties.!>*1%° The dual physically crosslinked DN
hydrogels usually need harsh conditions (e.g. high temperature) and long time to achieve self-
healing. To address these problems, DN hydrogels consist of a dynamic covalent crosslinked
network and a covalent crosslinked network may self-heal at room temperature in short time,
because the dynamic covalent crosslinked network (e.g. Schiff-base linkages) can break and
recover under moderate conditions.

The mechanical properties of self-healing hydrogels are usually determined by a rheometer or
universal test machine.’* 190-16! The mechanical strength of a hydrogel is quantified by determining
the stress-strain relationship depending on the types of applied loads, including shear stress
(Figure 2-14a), axial compressive stress (Figure 2-14b), and axial tensile stress (Figure 2-14c).'¢?
Viscoelastic properties are measured with a rheometer using parallel plates in the oscillatory mode.
Firstly, the hydrogels are loaded to the sample plate, and then the upper rotating plate is lowered

to a measuring gap size, and the test is started (Figure 2-14a-middle).'*® Oscillatory frequency
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sweep measurements are carried out within the viscoelastic region to quantify the mechanical
strength of hydrogels, in which the storage modulus (G’) and loss modulus (G’’) are measured as
a function of time (Figure 2-14a-right). G’ represents the elastic part of the hydrogel, while the
G’ associates with the viscous part.!'®* Self-healing hydrogels usually display an elastic
characteristic with G’ larger than G’’ at a high frequency region. Higher storage modulus refers to
stiffer hydrogel network.!'? Determining the mechanical properties of self-healing hydrogels under
dynamic conditions is necessary when applying the self-healing hydrogel to living tissues because
they are dynamic. On the contrary, compressive and tensile test are performed under static strain.'®
Compressive tests can be performed to obtain the compress stress-strain curve (Figure 2-14b-
right). A self-healing hydrogel with high compressive stress (6) means it has good fatigue
resistance, while a hydrogel that fractures at low strain is brittle. Furthermore, tensile tests are
conducted to examine the strength, extensibility, and elastic modulus of the self-healing hydrogels
(Figure 2-14c-right). The elastic modulus is calculated from the slope of the linear section of the
stress-strain curve.'® Strong hydrogels exhibit high failure stress (tensile strength), whereas elastic
hydrogels possess large elongation length. The toughness of a hydrogel can also be calculated from
the tensile stress-strain curve, which equals to the area under the stress-strain curve.'®” A tough
self-healing hydrogel shows high value of toughness. The tensile test is more suitable to the

stretchable hydrogels than the brittle hydrogels which cannot be fixed by the clamps of a universal

test machine.
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Figure 2-14. Schematic representation of methods for characterizing the mechanical properties of
self-healing hydrogels: (a) Rheological test, (b) uniaxial tensile test, and (c) unconfined
compressive test. (Left: test mechanism. Middle: test process. Right: typical results). Adapted with

permission from ref.'®! Copyright (2017) American Chemical Society, and ref.'®> Copyright

(2019) Springer Nature.
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2.4.3 Adhesive capacity

There is a significant medical need for hydrogel adhesives that can self-heal while remaining
strongly attached to tissues. Tissue adhesive capacity enables the hydrogels to attach to the target
tissue surface after implantation, which avoids disruption by the movement of surrounding

tissues. ' Tissue adhesives are used for would sealing instead of suture to prompt hemostasis and

wound healing.'® Besides, the application of tissue adhesive could simplify complex suturing
procedures, minimize damage, and reduce risk of infection.!”°

The cyanoacrylate tissue adhesives as a medical grade topical tissue adhesive have been
extensively used for almost seven decades. They can strongly bond the apposed wound edges
through polymerization of liquid monomers.!”! Nevertheless, the synthesized cyanoacrylates and
derivatives demonstrated potential toxicity within patients and among doctors and nurses who are
occupationally exposed when applying cyanoacrylates.!”>!” Thus, there is an urgent medical need
for tissue adhesives that are biocompatible. Fibrin tissue adhesive obtained from autologous
preparations showed good biocompatibility, but they lack the strength due to poor cohesive
properties.'™

It is a considerable clinical challenge to develop tissue adhesives with both good biocompatibility
and high tissue adhesive strength, especially for wet tissues. Researchers turn their attention to
nature. It is well known that a lot of living organisms (e.g. gecko, marine mussel, slugs) can
strongly adhere themselves to various surface. Mahdavi et al developed a gecko-inspired adhesive
by modifying the surface of a poly(glycerol-co-sebacate acrylate) elastomer to mimic the
nanotopography of gecko feet, which has the ability to adhere to vertical and inverted surfaces

through fibrillar arrays.!” Furthermore, the nanomolded pillars were coated with a thin layer of

oxidized dextran, which dramatically enhanced the interfacial adhesion strength on porcine
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intestine tissue in vitro. Moreover, the mussel-inspired biocompatible hydrogel adhesives that
covalently bond to wet tissues have been used in biomedical field.?> Marine mussels can attach to
various types of inorganic and organic surfaces in underwater environments, which lies in the
mussel foot proteins rich in catecholic 3,4-dihydroxy-L-phenylalanine (DOPA) and lysine amino
acids.!’® Shin et al developed a bioinspired, tissue-adhesive catechol modified hyaluronic acid
(HA-CA) hydrogel via oxidative crosslinking. Cell encapsulated in HA-CA hydrogel could be
easily and efficiently transplanted onto various tissues due to the strong tissue adhesiveness of
HA-CA hydrogels.>* Additionally, inspired by a defensive mucus secreted by slugs (4rion
subfuscus) that can strongly adhere to wet surfaces, Li et al prepared a tough tissue adhesive that
consisted of an adhesive surface and a dissipative matrix.!”” The adhesive surface comprised an
interpenetrating positively charged polymer, so it could strongly attach to the substrate through
electrostatic interactions, covalent bonds, and physical interpenetration. The matrix dissipates
energy through hysteresis under deformation.

The most widely used approach to measure the tissue adhesive strength is lap shear strength tests
(Figure 2-15A). Fresh pig skin is cut into small pieces, and the adhesive is spread to one end of a
piece of pigskin. Another pigskin piece is immediately covered onto the previous one to make the
overlapping area. The adhered samples are then processed for the tensile test. The adhesive
strength is calculated as the ratio of the tensile stress to the overlapping area. Additionally, pressure
testing has been used to evaluate the sealant capacity and adhesive properties of the tissue
adhesives. An incision has been made on an intact tissue (e.g. heart) and then sealed with the

adhesive (Figure 2-15B). The pressure within the system increases until the adhesive is broken.
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Figure 2-15. (a) Schematic illustration of lap shear strength tests, and (b) tissue adhesives served
as heart sealants. The tissue adhesive sealant could prevent liquid leakage as the porcine heart was
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inflated. Reprinted with permission from re Copyright (2017) The American Association for

the Advancement of Science.

In spite of high potential to develop multi-functional self-healing hydrogels for biomedical
applications, incorporating good mechanical properties, rapidly self-healing process, and strong
tissue adhesive capacity into one self-healing hydrogel system is still a daunting challenge. Self-
healing hydrogels possess poor mechanical properties as a consequence of the weaker nature of
the reversible interactions compared to that of covalent bonding. It seems that the self-healing and
mechanical properties are two contradictory characteristics, which makes it difficult to optimize
them simultaneously. Moreover, adhesion to wet and dynamic biological tissues is important in
biomedical fields but has proven to be extremely challenging. Thus, innovative design is still

required to improve these properties of self-healing hydrogels.
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2.5 Biomedical applications of chitosan-based self-healing hydrogels

Over the past decade, there has been a growing interest in chitosan-based self-healing hydrogels
due to the prolonged lifetime, rapid self-healing process, tunable mechanical properties,
injectability, biodegradability, and biocompatibility. They have demonstrated potential
applications in biomedical field, such as controlled drug release,®® *® 113 three-dimensional cell

99, 103

encapsulation and delivery,? ! tissue engineering,’!> 1*° hemostasis, and wound healing.”*

100
2.5.1 Drug delivery

Chitosan-based self-healing hydrogels are promising candidates as cargo delivery vehicles for
controlled release mainly due to the injectability and pH-sensitivity. The slow gelation of the
traditional injectable hydrogels resulted in cargos loss and diffusion from the target sites, while
the rapid gelation may lead to undesired premature solidification and blocking of needle. The
traditional injectable hydrogels are injected as liquids and then formed gel in situ, in contrast, self-
healing hydrogels loaded with cargos that are homogeneously mixed in the pre-gel solution are
injected to target sites as a gel status, which protects the sensitive drugs/cells in the hydrogel.!”
The self-healing hydrogels could smoothly pass through the narrow needle due to the shear-
thinning property, avoiding the risk of needle clogging.®® After injection, the broken self-healing
hydrogels could recover the integral network and remain at the target site.!”” Therefore, self-
healing hydrogel as a new drugs/cells delivery system can increase the cargos delivery efficiency
and improve the therapeutic effect. Self-healing hydrogels instead of traditional injectable
hydrogel are becoming increasingly popular in biomedical field.

A series of self-healing hydrogels with injectability and pH-sensitivity have been applied as drug

delivery vehicles. pH-responsive hydrogels exhibited pH-dependent gel degradation and release
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of antitumor drugs, which are suitable for chemotherapy. A chitosan (CS)/polyvinyl alcohol (PVA)
self-healing hydrogel was developed and used as an injectable drug carrier for localized
chemotherapy.!?’ The self-healing hydrogel exhibited good biocompatibility and could be easily
and rapidly formed. Moreover, the CS/PV A self-healing hydrogel could swell and degrade easily
in acidic environment, so the acidic environment of tumor cells could promote drug release, which
relied on the pH sensitivity of the Schiff-base linkages. The Schiff-base linkages are unstable under
acidic conditions, while they could be reconstructed by regulating the pH to neutral, leading to
recovery of the mechanical integrity of the hydrogel.!®® The CS/PVA self-healing hydrogel loaded
with fluorouracil (5-FU, a thymidylate synthase inhibitor and an antineoplastic) showed good drug
retention ability at pH 7 (60.8% 5-FU was retained in the hydrogel after 6 days), which could
prevent 5-FU from diffusing to normal cells and reduce the side effect. While the hydrogel
exhibited continuous and controllable drug release at pH 5, and the final cumulative releasing
amount reached to 84.8%. The CS/PVA self-healing hydrogel maintained a higher antineoplastic
concentration around tumor cells to improve the antitumor effect and achieved pH-sensitive
controllable drug release at the target sites.

Combination of two or more drugs into one delivery system has been considered to have significant
impact on cancer treatment due to their efficient synergistic effect. An injectable and self-healing
thermosensitive magnetic hydrogel, consisting of chitosan and DF-PEG, was applied for
asynchronous control release of doxorubicin (DOX) and docetaxel (DTX) to treat triple-negative
breast cancer.®® Iron oxide for magnetic hyperthermia could induce stimuli responsive drug release.
The DOX/DEX-laden chitosan/DF-PEG/Fe;O4 hydrogels not only exhibited self-healing and
injectable ability, but also good biocompatibility and asynchronous control release property.

Yavvari et al also utilized a chitosan-catechol/Fe** based self-healing hydrogel loaded with both
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DOX and DTX for localized combination therapy in murine lung and breast cancer models.'?’

They also found synergistic therapeutic effect from the sequential and sustained release of the
entrapped DOX and DTX from the hydrogel.

2.5.2 Cell therapy

Chitosan-based self-healing hydrogels have received increasing attractions in cell therapy. Self-
healing hydrogels as extracellular matrix mimics are suitable for the proliferation of cells
encapsulated in the hydrogel scaffold.'®® Moreover, gelation of most chitosan-based self-healing
hydrogels readily occurred under physiological conditions. In addition, cell-laden self-healing
hydrogels could be injected to desired sites through a minimally invasive way and accommodate
irregular shaped defects, which could protect cells from damage and deliver cells to the target sites.
Recent reports have demonstrated growth of cells encapsulated in self-healing hydrogels without
extra added growth factor.!> 8% 181-182 31y cell proliferation is a critical factor for cell therapy,
especially, after injection.

Yang et al demonstrated the proliferation regulation of the 3D-embedded HeLa cells in a modulus-
tunable and injectable self-healing hydrogel before and after injection without adding specific
growth factor.®” HeLa cells were suspended in culture media and mixed with glycol chitosan (GSC)
solution dissolved in the same media. Then the DF-PEG solution was added into the HeLa-GSC
suspension and gently mixed to induce gelation (Figure 2-16). The cell viability after one day and
three days was ~97% and ~87%, respectively, suggesting HeLa cells could tolerate the 3D
encapsulation in the hydrogels and live well in the hydrogel. To further investigate the effects of
injection through a needle on the cell viability, the cell-laden GSC/DF-PEG self-healing hydrogels
were prepared in a syringe and then extruded through a 21-gauge needle. The cell viability was as

high as ~87% after injection and self-healing processes, which indicated HeLa cells could only

50



tolerate 3D encapsulation, but also the following injection and self-healing processes. After 24 h,
there were ~85% of cells living in the hydrogel. The cell viability and the distribution are the most
important two aspects when determining the potential of self-healing hydrogels as cell delivery
vehicles. As shown in the 3D confocal microscopy image, the cells were homogenously distributed
in the hydrogel. The authors suggested that the GSC/DF-PEG self-healing hydrogel might have
potential for 3D cell culture and cell therapy. Lii et al encapsulated HeLa cells in a self-healing
hydrogel composed of chondroitin sulfate multiple aldehyde (CSMA) and N-succinyl chitosan
(SC). Cells encapsulated in the hydrogel remained viable and metabolically active.!!” The mouse
NIH 3T3 fibroblasts were encapsulated in a polysaccharide-based self-healing hydrogel
comprising N-carboxyethyl chitosan (CEC), adipic acid dihydrazide (ADH), and oxidized sodium
alginate (OSA). The cell viability of NIH 3T3 fibroblasts encapsulated in the hydrogel was 98.5%
£ 1.2%, 97.6% * 4.0%, and 95.3% = 3.4% after 12, 24, and 48 h in vitro culture, respectively.'?
CEC-OSA self-healing hydrogels were also applied to encapsulated neural stem cells (NSCs). The
NSCs were uniformly dispersed in CEC-OSA hydrogels and exhibited ~90% cell viability after
cultivation for 1, 3 and 5 days. After injection, the cell viability of NSCs loaded inside the self-

healed CEC-OSA hydrogel was ~80% after cultivation for 1, 3 and 5 days.'%
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Figure 2-16. Schematic of preparation of cell-laden self-healing hydrogel, and 3D confocal
microscopy images of cells encapsulated in hydrogel scaffold. Adapted with permission from ref.®’

Copyright (2012) Royal Society of Chemistry.

2.5.3 Tissue engineering

Self-healing hydrogels have shown potential for tissue engineering application. Neurological
disorders are diseases of the body nervous system. They have not yet been completely recovered,
especially for central nervous system disorders. Transplantation of neural stem cells (NSCs) is a
promising therapeutic strategy to treat neurological disorders. Chitosan-based self-healing
hydrogels have been developed to repair the central nervous system.”! 1% Neural stem cells were
encapsulated in the glycol chitosan(GSC)/aldehyde functionalized PEG (DF-PEG) self-healing
hydrogel. The neurospere-like aggregates of NSCs proliferated twice faster and had a much greater
tendency to differentiate neuron-like cells in the self-healing hydrogels than those in alginate

hydrogel. In the zebrafish embryo neural injury model, injection of the self-healing hydrogel alone
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partially rescued the neural nerous system (= 38% recovery), while injection of the self-healing
hydrogel encapsulated with neurosphere-like progenitors produced a much better healing effect on
neural development (= 81% recovery). The chitosan-based self-healing hydrogel encapsulating
aggregated neuro-progenitors represents a promising vehicle for treating the central nerve system
deficits due to their good injectable and self-healing properties. Self-healing hydrogels rapidly
break and reform according to cell activities, while retaining the physical integrity, which are
beneficial to the proliferation of cells encapsulated in the hydrogel.

A major challenge in tissue engineering is to generate a functional microvasculature that ensures
proper blood perfusion and connection with surrounding microenvironment. Although various
strategies have been applied to construct vascular network in a tissue engineering construct, they
are yet to be fully realized. Chitosan can promote angiogenesis in corneal and skin tissue, and
fibrin is a biological polymer in vertebrates that accounts for arterial endothelial cell adherence
and induces angiogenesis at the site injury.”* Vascular endothelial cells seeded in chitosan-
fibrin/DF-PEG based self-healing hydrogels were able to form capillary-like structures, which was
associated with the self-healing ability, the interpenetrating polymer network structure, and the
appropriate stiffness (~1.2 kPa) of the hydrogel.”* In addition, the chitosan-fibrin/DF-PEG self-
healing hydrogel alone promoted angiogenesis in the perivitelline space of zebrafish and rescued
the blood circulation in ischemic hindlimbs of mice. This self-healing hydrogel offers new
possibilities for future applications to vascular repair.

2.5.4 Hemostasis

Chitosan possesses good hemostatic properties mainly due to the positive charge, which can
interact with anions on the red blood cells, thus inducing platelet aggregation and finally stopping

bleeding ®!8% 183 Chitosan-based self-healing hydrogels could be injected to inner and irregular
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bleeding sites to promote the hemostatic process. An injectable conductive self-healing hydrogels,
consisting of quaternized chitosan-g-polyaniline (QCSP) and benzaldehyde group functionalized
poly(ethylene glycol)-co-poly(glycerol sebacate) (PEGS-FA), were chosen for in vivo hemostatic
study because it simultaneously possessed rapid gelling, autonomously self-healing ability, and
good blood compatibility, antibacterial activity, and adhesive property.” The hemostatic ability of
the QCSP/PEGS-FA self-healing hydrogel was evaluated using a hemorrhaging liver mouse model.
The amount of blood loss after either applying the hydrogel or without treatment (control group)
on the hemorrhaging site was determined by macroscopic observation and quantitatively weighing
the lost blood. Hydrogel group and control group had a total blood loss of 214.7 + 65.1 mg and
2025.9 + 507.9 mg, respectively. The QCSP/PEGS-FA self-healing hydrogels showed good blood
clotting capacity. The authors proposed that a synergistic hemostatic effect from the natural
hemostatic activity of chitosan, positive-charged quaternary ammonium groups and polyaniline
segments and the adhesive property of the hydrogel might contribute to the hemostatic
performance. Chen et al prepared a self-healing hydrogel composed of dodecyl modified chitosan
(DCS) and four-armed benzaldehyde-terminated polyethylene glycol (PEG-BA) exhibited good
hemostasis function because the dodecyl tails on the DCS could be inserted into and be anchored
onto the lipid bilayer of the cell membrane, thus, the blood cells could coagulate on the interface
of bleeding sites and hydrogels, forming clots to stop bleeding.'®> Although the use of self-healing
hydrogels has promoted hemostasis to a certain degree, the recently developed self-healing
hydrogels could only contribute to venous bleeding rather than hemorrhaging, which remains the
primary cause of prehospital trauma deaths.'®**!%° The low mechanical strength made self-healing

hydrogels easily be flushed away by the intensive blood pressure. A strategy that holds great
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potential to overcome this problem is the development of strong adhesive self-healing hydrogels,
which can stably adhere and stanch the injure.

2.5.5 Wound healing

Wound healing dressing could promote wound healing and reduce scar formation.'®¢ Chitosan-
based self-healing hydrogels as wound healing dressing present many unique properties, such as
injectability, self-adapting property (Figure 2-17), in situ encapsulating drugs and
biocompatibility. Conventional wound dressings like bandage faces considerable problems in deep
and irregular wounds as well as joint wounds. The unstable connection between dressings and
wound site weakens their availability and reliability. The self-healing hydrogels could be adjusted
to differently shapes according to the wound contour,'®” thus, the injectable self-healing hydrogels
can be simply injected into the deep and irregular wound beds and then recover to an integrate

hydrogel that fully fill the wound.

Traditional hydrogel Self-healing hydrogel
.. .o e .' S K.Drug\

Figure 2-17. Schematic illustration of wound-healing by a traditional hydrogel and a self-healing
hydrogel. The traditional hydrogel just could cover the top surface of wound beds, while the self-
healing hydrogel could self-adapt to fully fill the irregular and deep wound beds. Adapted with

permission from ref.”! Copyright (2018) American Chemical Society.
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Chitosan (CS)/oxidized konjac glucomannan (OKGM) based self-healing hydrogels with inherent
antibacterial capacity significantly shortened wound recovery time in a full-thickness skin defect
model.''? Wounds treated with the CS/OKGM hydrogel and chitosan solution exhibited closure
on day 12 and 16, respectively, but wounds without any treatment were not fully closed on day 16.
The QCSP/FEGS-FA self-healing hydrogel exhibited better wound healing effect than commercial
dressing (Tegaderm™ film) in a full-thickness skin defect model.”® Guo et al demonstrated that
Dex-AT-FA/CEC hydrogels could efficiently enhance the regeneration of the skeletal muscle
tissue in a volumetric muscle loss injury model.!” In addition to hemostasis, the DCS/PEG-BA
self-healing hydrogel encapsulated with vascular endothelial growth factor (VEGF) could also be
used as a wound dressing for chronic wound healing.!®> The GCS/DF-PEG hydrogels with
thrombin have been used to treat hemorrhaging livers in rats and exhibited excellent therapy effect
of wound-healing.”! Qu et al applied the QCS/PF127-CHO based self-healing injectable
micelle/hydrogel composites with multi-functions, including moderate stretchability,
compressibility, excellent self-healing ability and pH-responsive ability, as wound dressing for
joint skin damage. Curcumin was encapsulated in the hydrogel, which showed good antioxidant
ability and pH responsive release profiles. Curcumin-laden hydrogels accelerated wound healing
rate with high granulation tissue thickness and collagen disposition and upregulated VEGF in a
full-thickness skin defect model.”” Most of these hydrogels could only repair a simple wound,
which restricted their wide applications in the clinic. Compared with regular wounds induced by
mechanical factors, burn wounds, especially deep partially thickness burn wounds, are more
difficult to treat because they usually produce massive wound exudate and are easily infected, as
well as the wound area is large and irregular. Additionally, it is painful to remove the wound

dressing by mechanical and physical peeling at the wound dressing changes. Although the burn
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wounds can eventually heal, but it forms scars. Thus, the creation of new self-healing hydrogels
that can prompt burn wound healing without scarring and be painlessly removed is still anticipated.
2.6 Conclusions and outlook

Self-healing hydrogels is a smart material with reversible interactions that endow the hydrogel
with self-healing ability. Over the past few decades, there has been a growing interest in self-
healing hydrogels. Compared to conventional hydrogels, self-healing hydrogels have extended
life-times and improved product safety because they can autonomously repair hydrogel networks
following damage. The rise of self-healing hydrogels has created new opportunities and challenges
in materials area. Currently, most of researchers have focused on developing new self-healing
mechanisms and polymers to prepare self-healing hydrogels. Diverse chitosan derivatives and
cross-linkers have been utilized to form the chitosan-based self-healing hydrogels. Nevertheless,
as the self-healing hydrogels are just emerging, their poor mechanical performance restricts the
practical applications. Efforts should be made towards improving both the mechanical properties
and self-healing efficiency of self-healing hydrogels derived from natural polymers. In addition,
adhesion to biological tissues is a highly challenging task because the adhesive hydrogels should
possess an adhesive strength in the presence of physiological fluids. Endowing self-healing
hydrogels with adequate tissue adhesive capacity will widen their applications.

Currently, efforts have been focused on applications of self-healing hydrogels in industrial fields,
such as electronics, automotive and chemical production. The published papers on their
applications in biomedical areas are much less. Self-healing hydrogels derived from natural
polymers are biodegradable and biocompatible for biomedical applications, thus these areas of
applications such as hemostatic materials and wound healing dressing should be further addressed.

Moreover, current reports on self-healing hydrogels barely focused on synthesis and self-healing
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mechanisms of self-healing hydrogels, limited studies investigated the structure-function
relationship of the self-healing hydrogels. The compositions and interactions of the self-healing
hydrogels have significant effect on the self-healing efficiency and mechanical properties. A
deeper understanding of structure-function relationships of self-healing hydrogels will pave the
way for innovative strategies for synthesizing new self-healing hydrogels with desired features

and applying them in biomedical field.
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Chapter 3

Strong and Rapidly Self-healing Hydrogels: Potential Hemostatic Materials

3.1 Introduction

Self-healing hydrogels are a new class of emerging “smart” hydrogels with the ability to repair a
broken network without external stimuli. These hydrogels maintain and reconnect their integrated
network and mechanical properties even after being damaged. Currently, most researches on self-
healing hydrogels have focused on their synthesis and characterization, but very few practical
applications of self-healing hydrogels have been reported, especially for biomedical applications.
Until now, self-healing hydrogels have only been explored as biomaterials for three-dimensional
(3D) cell encapsulation and transplantation. This is because these self-healing hydrogels can repair
a fractured network destroyed by cellular actions. Self-healing efficiency and mechanical strength
are the most critical and limiting properties for their practical application. For example, the
dynamic behaviors of hydrogels show promise as extracellular matrix mimics for 3D cell
encapsulation. Normally, cell behavior, such as movement, growth, and proliferation, can degrade
the hydrogel network, and thus deteriorate its mechanical strength and even result in hydrogel
disappearance in long-term cell culture. This is not a problem in self-healing hydrogels because
they can spontaneously repair a broken network. Good self-healing systems can quickly re-form
broken matrices and well maintain the structure stability and mechanical strength of the hydrogel.
The spatial integrity and mechanical properties of hydrogels have a profound influence on cell
functions.® "> 188 For example, living cartilage tissue is a kind of multi-functional hydrogel.
Cartilage is strong and the resident chondrocytes do not live well in a very soft hydrogel, and their

fate depends on the mechanical strength of hydrogel.!® However, it is difficult to combine high
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self-healing efficiency with high mechanical strength. On the one hand, mechanical strength
normally comes from strong and stable cross-linking interactions, but on the other hand these
forces may restrict the mobility of polymer chains necessary for the recovery of a gel network.

Due to good biodegradability and biocompatibility, chitosan has been widely applied in
hemostasis, wound healing, and tissue engineering.!83 ¥-1% Chitosan can only dissolve in water
under acidic conditions, which limits its application as matrices of living cells and tissues that
prefer a neutral microenvironment. Thus the water-soluble derivative of chitosan, carboxymethyl
chitosan (CMC) presents a more appropriate material to form extracellular matrix mimics for

three-dimensional cell encapsulation.'8?

Chitosan or glycol chitosan cross-linked with
dibenzaldehyde-terminated telechelic polyethylene glycol (DE-PEG) can form a self-healing
hydrogel through dynamic Schiff-base linkages between amino groups on chitosan backbone and
aldehyde groups at the end of DF-PEG chains.?® 3 However, the self-healing efficiency is slow
and the mechanical strength is not ideal. Polyethylene glycol (PEG) is also biocompatible and has
been widely applied in tissue engineering.!** Star-shaped PEGs are especially popular cross-
linkers for forming hydrogels with good mechanical strength.'”!-'2 Hence, compared with linear
PEG, the four-arm PEG is a good potential material to form strong hydrogels since the four-arm
polymers behave as impenetrable space-filled spheres and there are only a few entanglements
frozen into the network. This is markedly different from that of conventional linear polymer-based
networks. Therefore, four-arm based networks are more resistant to fracture than equivalent two-
arm polymer based networks of the same average crosslink density.!?*1%4

In this project, in order to simultaneously improve both mechanical strength and self-healing

ability, benzaldehyde-terminated four-arm poly (ethylene glycol) (PEG-BA) was synthesized by

Steglich esterification of hydroxyl-terminated four-arm PEG with 4-formylbenzoic acid. A molar
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ratio of CMC to PEG-BA and the total solid content of hydrogels were optimized to obtain strong
and rapidly self-healing hydrogel. The gelation performance of the optimized CMC/PEG-BA
hydrogels was investigated by rheological analysis. Their self-healing behaviors were
systematically demonstrated by rheological recovery, macroscopic and microscopic observation
of self-healing process, and beam-shaped strain compression measurements. Furthermore,
cytotoxicity and biocompatibility were evaluated using normal adult human primary dermal
fibroblasts model via MTT assay and three-dimensional (3D) cell encapsulation, respectively. To
date, self-healing hydrogels have not been reported as hemostatic materials. Strong and rapidly
self-healing hydrogels are potential hemostatic materials, because they can be directly injected to
a trauma or surgical site and form a tough barrier to entrap platelets and stop bleeding. Therefore,
their hemostatic property was investigated in vivo using rabbit liver injury model.

3.2 Experimental section

3.2.1 Materials

Chitosan (viscosity-average molecular weight: 12.4 x 10°, degree of deacetylation: 80%), sodium
hydroxide (NaOH, ACS reagent, >97.0%), sodium chloroacetate (CICH2COONa, 98%), 4-
formybenzoic acid (97%), N, N -dicyclohexylcarbodiimide (DCC), diethyl ether (anhydrous, ACS
reagent, >99.0%), 4A molecular sieves, rhodamine B ( >95% (HPLC)), thiazolyl blue tetrazolium

bromide (MTT, >97.5% (HPLC)), dimethyl sulphoxide (DMSO, Hybri-max®), fluorescein

diacetate (FDA), and prodidium iodide (PI, >94.0% (HPLC)) were purchased for Sigma-Aldrich

Canada Ltd. (Oakville, ON, Canada) and were used without further treatment. Isopropanol
(Optima®), 4-(dimethylamino)pyridine (DMAP, 99%, Acros Organics), tetraphydrofuran (THF,
THF was dried prior to use), ethyl alcohol and methylene blue were purchased from Fisher

Scientific (Markham, ON, Canada) and were used as received unless otherwise described. Four-
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arm polyethylene glycol (4-arm PEG, Mw 10K Da, 99%) was supplied by Creative PEGWorks
(Chapel Hill, NC, USA). 1xDulbecco’s phosphate buffered saline (DPBS, GIBCO®) was obtained
from GIBCO (Burlington, ON, Canada). The normal adult human primary dermal fibroblasts cell

line (ATCC® PCS-201-012™), fibroblast basal medium (ATCC® PCS-201-030™), fibroblast

growth kit-low serum (ATCC® PCS-201-041™), trypsin-EDTA (ATCC® PCS-999-003™, 0.05%
trypsin and 0.02% EDTA in phosphate buffered saline without calcium or magnesium), and trypsin
neutralizing solution (ATCC® PCS-999-004™) were purchased from American Type Culture

Collection (ATCC, Manassas, VA, USA).

3.2.2 Synthesis of carboxymethyl chitosan (CMC)

Chitosan (10 g) was dispersed in 120 g 50 wt.% NaOH aqueous solution and then was kept at -20
°C for 12 h. The frozen alkali chitosan was transferred to a 500 mL three-neck glass flask and 100
mL isopropanol was poured into it. Subsequently, sodium chloroacetate (35 g) was added in
portions within 30 min and reacted for 2 h at room temperature (22 °C) with mechanical stirring,
and then reacted at 60 °C (water bath) for another 2 h. The reaction was stopped by adding 70%
ethyl alcohol (150 mL). The crude CMC was washed with 500 mL 70% ethanol and 500 mL
ethanol, and was dried at 60 °C. The dried crude CMC was dissolved in 300 mL deionized water
and then adjusted to pH 7 by adding 6 mol/L HCI aqueous solution. After dialyzing against
deionized water for one week, the CMC product was freeze-dried and stored at 4 °C for further
use. The synthesis of CMC was studied by Fourier transform infrared spectrometer (FT-IR) and

proton nuclear magnetic resonance spectrometer ('"H NMR, 400 MHz, D,0).
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3.2.3 Synthesis of benzaldehyde-terminated four-arm PEG (PEG-BA)

Four-arm PEG (2.00 g, 0.2 mmol), 4-formylbenzoic acid (0.24 g, 1.6 mmol), and DMAP (0.049
g, 0.4 mmol) were dissolved in 100 mL dry THF, followed by the addition of DCC (0.41 g, 2
mmol) in a 250 mL three-neck flask under nitrogen atmosphere. The system was stirred at room
temperature for 24 h and the solid powder was filtered. The product was obtained as white solid
powder after repeated dissolution in THF and precipitation in diethyl ether for three times. The
chemical structure of PEG-BA was invested via FT-IR and '"H NMR (‘H NMR, 400 MHz, D,0).

3.2.4 Preparation of CMC/PEG-BA hydrogel

CMC (400 mg) was dissolved in 10 mL of ultrapure water to prepare the 4% (w/v) CMC solution.
The 8% (w/v) PEG-BA solution was obtained by dissolving 800 mg of PEG-BA in 10 mL of
ultrapure water. As a typical hydrogel preparation, PEG-BA solution was added to CMC solution
at room temperature. The gelation occurred within ~100 s of vortex. Table 3-1 shows hydrogel

samples with various total concentrations of polymers (T) and mass ratios of CMC/PEG-BA (R).

Table 3-1. Components of various self-healing CMC/PEG-BA hydrogels.

Samples Mass ratio of Molar ratio of  Total solid content
CMC/PEG-BA (R) -NHy/-CHO* (T)
CMC/PEG-BA (R=1/2, T=4) 1:2 0.73 4 wt.%
CMC/PEG-BA (R=1/2, T =5) 1:2 0.73 5 wt.%
CMC/PEG-BA (R=1/1,T=5) 1:1 1.45 5 wt.%
CMC/PEG-BA (R=2/1,T=5) 2:1 291 5 wt.%
CMC/PEG-BA (R=3/1,T=5) 3:1 4.36 5 wt.%
CMC/PEG-BA (R=1/2, T=16) 1:2 0.73 6 wt.%

* Molar ratio of amino groups to aldehyde groups was calculated based on 'H NMR of CMC and
PEG-BA, there are 1.16 x 10 mol amino groups in 1 g CMC, and 0.8 x 10~ mol aldehye groups
in 1g PEG-BA.
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3.2.5 Characterizations

FT-IR spectra of the samples were recorded on a Nicolet 6700 spectrophotometer (Thermo Fisher
Scientific Inc., MA, USA). The chitosan powder, CMC powder, 4-arm PEG powder, PEG-BA
powder and freeze-dried CMC/PEG-BA hydrogel were vacuum-dried for 24 h and were pressed
into pellets with KBr powder for testing. Spectra were recorded as the average of 64 scans at 4
cm ! resolution and 25 °C, using the pure KBr pellet as blank. During measurements the accessory
compartment was flushed with dry air.

3.2.6 Rheological analysis

Dynamic rheological test was carried out on a DHR-3 rheometer (TA Instruments, DE, USA) at
25 °C unless otherwise description with a 40 mm diameter flat plate attached to a transducer. The
gap was set to 1 mm. (1) The storage modulus G’ and loss modulus G’ of CMC/PEG-BA hydrogel
discs (20 mm in diameter) with different weight ratios and total weight contents were tested under
a 1.0% strain level, and the angular frequency (o) was swept from 0.1 rad s! to 100 rad s'; (2)
The CMC/PEG-BA hydrogel (R = 1/2, T = 6) was measured under strain amplitude sweep (y=1%-
1000%) at 10 rad s angular frequency. (3) The alternate step strain sweep of CMC/PEG-BA
hydrogel (R = 1/2, T = 6) was measured at 10 rad s™' angular frequency, and amplitude oscillatory
strains were switched from y = 1% strain to large strain (y = 180%, 300%, 800%) with 100 s for
every strain interval. (4) Similar to step (3) experiments were carried out for y = 800% with loading
time changed from 100 s to 200 s for each strain level. (5) G” and G’ versus time were tested to
obtain the gelation time at 25 °C and 37 °C. The CMC solution was loaded onto test plate and then

the PEG-BA solution was added into CMC solution to form gel (time t = 0).
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3.2.7 Self-healing performance test

(1) Macroscopic hydrogel recovery experiment: CMC/PEG-BA hydrogel (R = 1/2, T = 6) was
added into 1 mL syringe (BD, Franklin lakes, NJ, USA) and injected to be strips on the surface of
a PTFE plate. Seven hydrogel strips were prepared successively and placed side by side. They
were then kept in a desiccator containing KNO3 saturated solution (HR = 93% (25 °C)) to avoid
dehydration for 30 min at room temperature and taken pictures after 0 min, 5 min, and 30 min to
test the self-healing properties. Self-healing was confirmed by the capacity of the healed hydrogel
to hold its structure when suspended under gravity.

(2) Microscopic hydrogel recovery experiment: A crack was created with a knife on CMC/PEG-
BA hydrogel (R = 1/2, T = 6). At various time intervals (1 h, 2 h), optical microscopy (ZEISS
Primovert, Carl Zeiss, Inc., Germany) images were taken to record the microscopic self-healing
process of the hydrogel.

(3) Healing efficiency of the CMC/PEG-BA hydrogel (R = 1/2, T = 6) was calculated by beam-
shaped strain compression measurement on an Instron 5967 universal testing machine (Instron
Corp., MA, USA).2! A hydrogel cylinder (diameter = 1 ¢cm, thickness = 0.5 cm) was cut by razor
in half, put together physically, and healed for 6 h or 12 h at 25 °C or 37 °C in a desiccator (KNO3
saturated solution, RH = 93% (25 °C)). Both the original hydrogel and the self-healed hydrogels
were compressed at a speed of 1 mm min™! by the beam-shaped mold until rupture occurred, and
the compressive load-strain curves were recorded. For the self-healed hydrogel compression, the
compression site was at the boundary between two semicircular hydrogels. The healing efficiency
was calculated by dividing the compressive load at breaking point of the healed hydrogel into that

of original hydrogel. This experiment was replicated at least three times.
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3.3.8 CMC/PEG-BA self-healing hydrogel injectability

(1) Two pieces of CMC/PEG-BA hydrogels (R = 1/2, T = 6) stained by rhodamine B and
methylene blue were separately put into two 3 mL Luer-Lok™ tip syringes with needle (20 gauge)
and injected into a 10 mL glass beaker. The hydrogel pieces in the bottom of the beaker formed a
whole hydrogel keeping for 5 min at room temperature, and then the composite hydrogel was
removed from the beaker. (2) A piece of blue hydrogel was added into 3 mL Luer-Lok™ tip
syringe with needle (20 gauge) and extruded on a PTFE plate to write words ABCD to test the
injectability of the hydrogel.

3.2.9 In vitro cytotoxicity evaluation of CMC/PEG-BA hydrogel

Normal adult human primary dermal fibroblast cells were grown in T-75 flasks at 37 °C in a
humidified atmosphere of 5% CO.. The cells were cultured in complete growth media (fibroblast
basal medium with fibroblast growth kit-low serum). The medium was changed every other day
until the cells reached 80% confluence. The cells were detached with 4 mL trypsin-EDTA solution
at 37 °C for 3-4 min, and then were neutralized with equal volume of the trypsin neutralizing
solution and passaged with fresh medium.

Cytotoxicity of CMC/PEG-BA hydrogel (R = 1/2, T = 6) on normal adult human primary dermal
fibroblast cells was examined by MTT assay. Cells were seeded in 96-well plates at a density of
10* cells per well in 100 pL culture medium. The cells were grown for 24 h to allow attachment
before the experiment. Hydrogel was added into each well to reach the final concentrations of 50
mg mL"' and 100 mg mL"!, respectively, and incubated with the cells for another 24 h. Then
hydrogel was removed and cells were washed with 100 uL DPBS. 100 pL of MTT solution (0.5
mg mL"! in DPBS) was then added to each well and incubated for 4 h at 37 °C. The above MTT

solution was aspirated off and 100 pL of DMSO was added into each well followed by the
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measurement of the absorbance at 570 nm using a microplate reader (SpectraMax, Molecular
Devices, USA). The viability was expressed by the percentage of living cells with respect to the
control cells. Five replicate wells were used for each control and test concentrations per microplate,
and the experiment was repeated three times. Results are presented as mean £ standard deviation
(SD).

3.2.10 Three-dimension (3D) cell encapsulation

Normal adult human primary dermal fibroblast cells were encapsulated in CMC/PEG-BA hydrogel
(R=1/2, T = 6). Firstly, 8% (w/v) PEG-BA solution and 4% (w/v) CMC solution were prepared
by dissolving PEG-BA and CMC in complete growth media. The fibroblasts were suspended in
above PEG-BA solution (cell concentration = 8.64 x 10° cells/mL, viability = 97.8 + 1.8%).
Subsequently, 1 mL CMC solution and 1 mL cells/PEG-BA solution were pipetted into a well of
12-wells plate and mixed gently by a pipette to induce gelation. No additional media was added
into the well. The hydrogels were incubated at 37 °C in the humidified atmosphere of 5% CO,
and took confocal images after 0 d, 1 d, 2 d, and 7 d incubation. To evaluate the viability of cells
encapsulated in hydrogel, each piece of hydrogel was rinsed in 2 mL FDA/PI solution (FDA stock
solution was prepared by dissolving 5 mg of FDA in 1 mL acetone, PI stock solution was prepared
by dissolve 2 mg of PI in 1 mL DPBS. The FDA/PI staining solution was prepared by mixing 8
pL and 50 puL in 5 mL DPBS) for 10 min in the dark and observed by a CLSM 710 Meta confocal
laser scanning microscope (Carl Zeiss, Jena, Germany). Images were processed with ZEN 2009LE
software (Carl Zeiss Microlmaging GmbH, Germany) and 3D confocal stacks were processed with

Imaris 8.0.1 Software (Bitplane AG, Zurich, Switzerland).
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3.2.11 CMC/PEG-BA hydrogel hemostatic ability

A rabbit hemorrhaging liver model was used to test in vivo hemostatic properties of CMC/PEG-
BA hydrogel. This animal study was performed at School of Basic Medical Sciences of Wuhan
University and all animal experiments in this study were carried out in accordance with the
guidelines and the ethics approval of the Laboratory Animal Center of Wuhan University. A total
of twelve adult white New Zealand rabbits with weight of about 2.5 kg (random distribution of
male and female) were used in this study. CMC/PEG-BA hydrogel was tested (n = 4) and
compared to negative control of no treatment (n = 4) and positive control of sterile gauze with
compression (n =4). An intravenous injection of sodium pentobarbital, at a dose of 35 mg/kg, was
administered as a general anesthetic. Rabbit was immobilized on a surgical corkboard and fur
surrounding the intended surgical area was removed. The exposed surgical area was wiped with
povidone iodine, followed by 75% ethanol. The liver of the rabbit was exposed by abdominal
incision, and then an incision (length of 1 cm) was prepared in liver lobe using a scalpel. The pre-
weighted sterile gauze was placed under the liver to absorb blood. Upon bleeding, site of bleeding
was treated with hydrogel, or gauze with compression for hemostasis or no treatment. Time taken
for hemostasis was recorded and total blood loss was weighted in each case. After bleeding stopped
completely, liver tissue around incision site was harvested and stained with hematoxylin-eosin
(H&E) for evaluation using light microscopy. The test was repeated three times in one rabbit liver
at different liver lobes.

3.3.12 Statistical analysis

All experiments were performed at least in three independent batches. Data were represented as
the mean + standard deviation (SD). For data in figures, error bars showed standard deviations.

Statistical evaluation was conducted by Student's t-test and analysis of variance (ANOVA). The
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multiple-comparisons were evaluated by Duncan's multiple-range test. Statistical differences
between samples were performed with a level of significance as p < 0.05.

3.3 Results and discussion

3.3.1 CMC and PEG-BA synthesis

Water-soluble carboxymethyl chitosan (CMC) was prepared by reacting chitosan with
monochloroacetic acid under alkaline condition. FT-IR (Figure 3-1b) and '"H NMR (Figure 3-2A)
in supporting document demonstrated the successful preparation of CMC. The FT-IR spectrum of
CMC showed a characteristic peak at 1603 cm™ corresponding to carboxylic acid group (-COO-
asymmetric stretch).’® Besides, the chemical shifts in 'H NMR at 3.3 and 3.8-4.0 ppm belonged to
the protons of —CH,—COO" at the N-position at C2 and the O-position at C3 and C6 of CMC,
respectively, which indicated that carboxymethyl substituents took place on both the amino and
hydroxyl sites of chitosan structure.'® The total degree of substitution (DS) of carboxymethyl was

0.26 as calculated from '"H NMR spectrum.'®®
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Figure 3-1. FT-IR spectra of (a) CMC/PEG-BA Hydrogel, (b) CMC, (c) chitosan, (d) four-arm

PEG, and (e) PEG-BA.
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Figure 3-2. 'H NMR spectra of (A) carboxymethyl chitosan (CMC), and (B) benzaldehyde-

terminated four-arm polyethylene glycol (PEG-BA).
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The benzaldehyde-terminated four-arm polyethylene glycol (PEG-BA) was synthesized by
conjugating 4-formylbenzoic acid to the terminal hydroxyl of 4-arm PEG via carbodiimide
coupling reaction (Figure 3-3).8% 1% The aldehyde and ester carbonyls at 1723 cm™! and benzene
at 1627, 1577, 1538, 1458 cm™ were identified in FT-IR spectrum (Figure 3-1¢) in a supporting
document. In 'H NMR spectrum of PEG-BA (Figure 3-2B), the protons of ether methylene (-CHa-
O-CHb»-) on polymer backbone showed signal at 3.6 ppm, and new peaks of the protons of aldehyde
(—=CHO) at 10.0 ppm, benzene ring at 8.0 ppm and 8.2 ppm, ester methylene (-CH2-COQO") at 4.5
ppm were clearly observed. All polymer chains were terminated with benzaldehyde groups at four

ends according to the integration ratio from '"H NMR spectrum.
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Figure 3-3. Synthesis scheme of benzaldehyde-terminated four-arm PEG (PEG-BA), and
benzaldehydes at ends of PEG-BA conjugated amino groups of CMC to form dynamic hydrogel

(CMC/PEG-BA hydrogel).
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3.3.2 CMC/PEG-BA hydrogel formation

The CMC/PEG-BA hydrogels were prepared through homogeneously mixing CMC solutions with
PEG-BA solutions at room temperature. The fluidic mixtures transformed into transparent
hydrogels within 2 min (Figure 3-4A and Figure 3-5B). The amino groups on CMC backbone
were cross-linked by aldehyde groups at the terminal of PEG-BA to form reversible imine bonds
(Figure 3-3). The dynamic hydrogel networks were based on the equilibrium between aromatic
Schiff-base linkages and the disassociated aldehyde and amino groups. FT-IR spectrum of
CMC/PEG-BA hydrogel (Figure 3-1a) showed a characteristic absorption of imine stretching
vibration (-C=N-) at 1608cm™!, which indicated the condensation reaction between CMC and PEG-

BA to form the Schiff-base linkages.

PEG-BA
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Figure 3-4. Preparation and self-healing process of CMC/PEG-BA hydrogel. (A) Gel formation
of CMC/PEG-BA self-healing hydrogel (The inset image showed the visibility of the hydrogel

with 0.5 cm thickness). (B) Schematic illustration of the gelation and self-healing process.
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Figure 3-5. Rheological properties of CMC/PEG-BA hydrogels. (A) Storage modulus (G’) and
loss modulus (G’”) of the hydrogels with different weight ratios of CMC and PEG-BA, and
different total solid contents: (a) CMC/PEG-BA (R =1/2, T = 6), (b) CMC/PEG-BA (R=1/2, T
=4), (c) CMC/PEG-BA (R=1/2, T =5), (d) CMC/PEG-BA (R =1/1, T =5), (¢) CMC/PEG-BA
(R=2/1, T =5), and (f) CMC/PEG-BA (R = 3/1, T = 5). Sweeps were performed at 1% strain.
Gelation kinetics of CMC/PEG-BA hydrogel (R =1/2, T =6) at (B) 25 °C and (C) 37 °C. (D) G’
and G** of CMC/PEG-BA hydrogel (R = 1/2, T = 6) on strain amplitude sweep (y = 1%-1000%)

at a fixed angular frequency (10 rad/s). (E) G’ and G”’ of CMC/PEG-BA hydrogel (R =1/2, T =
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6) when alternate step strain switched from small strain (1%) to large strain (y = 180%, 300%,
800%) in continuous step strain measurements at a fixed angular frequency (10 rad/s). (F) Cyclic
G’ and G’ values of CMC/PEG-BA hydrogel (R = 1/2, T = 6) for a large strain level (y = 800%)

and different loading period from 100 to 200 s.

As shown in Table 3-1, hydrogels samples with various total concentrations of polymers (T) and
mass ratios of CMC/PEG-BA (R) were prepared because they may impact the network density so
that may influence the mechanical strength and self-healing efficiency of hydrogels. The
viscoelastic properties of the CMC/PEG-BA were measured and the results are shown in Figure
3-5 and Figure 3-6. Components of various self-healing CMC/PEG-BA hydrogels. In the whole
frequency range tested (0.1-100Hz, Figure 3-5A), storage modulus (G’) was consistently greater
than loss modulus (G”’), indicating that the CMC/PEG-BA hydrogels were stable and behaved like
a viscoelastic solid. When CMC/PEG-BA ratio was 1:2 (R = 1/2), the storage modulus increased
from 944.55 Pa to 3162.06 Pa with the total solid content increased from 4% to 6% (Figure 3-6),
because of the formation of a denser polymer network with increasing of the polymer
concentration. When the total solid content was fixed at 5%, the storage modulus decreased
slightly with CMC/PEG-BA ratio increasing from 1/2 to 3/1, due to the decrease amount of large
molecular weight CMC. It is recognized that the hydrogel with shear modulus greater than 10* Pa
can potentially be used for stopping bleeding, and the stronger hydrogel is better for rapid
hemostasis.*> 7 The CMC/PEG-BA hydrogel (R = 1/2, T = 6) that exhibited the strongest

mechanical properties was selected for further tests.
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Figure 3-6. The storage modulus (G”) of CMC/PEG-BA self-healing hydrogels calculated from
Figure 3-5: (a) CMC/PEG-BA (R=1/2, T=6), (b) CMC/PEG-BA (R=1/2, T=4), (c) CMC/PEG-
BA (R=1/2,T=5),(d) CMC/PEG-BA (R =1/1, T=5), (¢) CMC/PEG-BA (R=2/1, T =5), and
() CMC/PEG-BA (R = 3/1, T =5). (Bars with the same alphabetical letters are not significantly
different at p < 0.05 according to one-way ANOVA, and the error bars represent standard

deviation.).

Gelation kinetics at 25 °C and 37 °C were evaluated in dynamic time sweep mode to test the
gelation time. The CMC and PEG-BA solutions were gradually mixed during the test, and
CMC/PEG-BA (R = 1/2, T = 6) formed hydrogel within 100 s at 25 °C, as indicated by the
crossover point of G’ and G” curves (Figure 3-5B). The solution instantly formed gel at

physiological temperature (37 °C) (Figure 3-5C), which allowed the rapid solidification when
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applied in vivo. Although at molecular level, Schiff bases were formed nearly instantaneously, it
took minutes to form strong gel networks because it took time for amino groups and aldehyde
groups to diffuse and mix in the bulk system. Zhang et al reported chitosan/dibenzaldehyde-
terminated telechelic polyethylene glycol solution formed gel within 20 s at 20 °C.* Gelation time
of hydrogel is important for practical applications because slow gelation would result in liquid
hydrogel precursors and cargos (i.e. cells/drugs) diffusing away from the injection site. In contrast,
it is difficult to homogeneously mix the raw materials if gelation process takes place rapidly, and
there is not enough operation time.

3.3.3 Self-healing performance

The rheological recovery tests were performed to evaluate the elastic response and self-healing
behaviors of CMC/PEG-BA (R = 1/2, T = 6) hydrogel. As shown in Figure 3-5D, the G’ curve
intersected the G’ curve at the strain of 180%. When the strain was larger than this critical value,
the G* was lower than G’, which indicated the collapse of the hydrogel, and solid hydrogel
transformed to fluid state. This can be attributed to the imine bonds that broke after being exposed
to large shear strain. With the increase of strain from 20% to 800%, the G’ steeply went down
from ca. 3485 Pa to ca. 37 Pa due to the dissociation of Schiff-base linkages.®® 13° Subsequently,
the hydrogel was subjected to alternate step strain sweep experiment. As the oscillatory shear strain
took steps from 1% to 180% for 100 s, the G’ overlapped G’’. When high strain was discontinued
and a low strain (1%) was applied, the hydrogel exhibited total recovery of both G’ and G’ within
a few seconds after strain-induced failure (Figure 3-5E), since the broken imine bonds re-formed
due to their reversible properties. Analogously, when large strains (300% and 800%) and a small
strain (1%) were alternatively applied, the G’ could rapidly restore to the initial value. The

influence of the duration at the breaking strain on the rheological recovery behavior was studied
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by fixing step strain to 800% but increasing the loading time from 100 s to 200 s (Figure 3-5F).
Here the G* was immediately recovered after the amplitude strain was removed, regardless of
loading time. The imine bonds between them are highly reversible and act as sacrificial bonds that
are ruptured under high stress, but readily reform upon the remove of stress. During the test, the
amino groups and aldehyde groups were at their positions, and those Schiff bases broke at large
strain level and reformed at small strain level nearly instantaneously, showing a quick recovery.
This dynamic equilibrium helps to rapidly stabilize the gel network under stress and allows for the

quick reformation of the gels.
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Figure 3-7. Self-healing properties of CMC/PEG-BA hydrogel (R=1/2, T=6). (A) Macroscopic
hydrogel recovery process: (a) one hydrogel strip extruded from syringe, (b) hydrogel strips drawn
by a syringe and separated hydrogel stripes couldn't stand by themselves and laid on a surface, (c)
hydrogel stripes healed to a whole piece and suspended under gravity, (d) the boundaries between
hydrogel stripes disappeared gradually. (B) Optical microscope images of hydrogel after healing
for 0 h, 1 h, and 2 h at room temperature. (C) The beamed-shaped strain compression curves of
the original hydrogel and the hydrogels after healing for 6 h and 12 h at 25 °C and 37 °C. (D)
Healing efficiency of the hydrogel after healing for 6 h and 12 h at 25 °C and 37 °C, respectively.
(Bars with the same alphabetical letters are not significantly different at p < 0.05 according to one-

way ANOVA, and the error bars represent standard deviation.)
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Macroscopic self-healing test was carried out by strip-to-film method to further evaluate the self-
healing ability of the CMC/PEG-BA (R = 1/2, T = 6) hydrogel. As shown in Figure 3-7A, seven
hydrogel strips were successively extruded from the syringe onto a PTFE plate and placed side by
side. At t= 0 min, the ‘whole’ piece could not be grabbed and held by the clips due to the lack of
enough interactions among the strips. After 5 min at room temperature without any external
intervention, the hydrogel strips were rapidly connected together and became an integrated film,
so the hydrogel suspended under gravity, indicating an efficient self-healing. Besides, the
boundaries between the adjacent hydrogel strips turned obscure gradually because of healing. It
was expected that the intimate contact of the separated hydrogel strips would promote new imine
bonds formation across the interface to affect covalent healing as the aldehyde groups at the chain
end of PEG-BA and amino groups on CMC backbone gradually diffused across the interface. As
mentioned earlier, it is usually difficult to combine high self-healing efficiency and mechanical
strength together, since the high mechanical strength comes from strong and stable cross-linking
interactions that restrict the mobility of polymer chains and slow down the recovery of gel network.
In previous work, it took 2 h to recover the chitosan/DF-PEG hydrogel when gel storage modulus
was 1150 Pa.?® In this study, the CMC/PEG-BA hydrogel with significantly higher storage
modulus (3162 Pa) took much less time (5 min) to heal since fewer imine bonds were required to
re-form with the same network density.

The self-healing process of the CMC/PEG-BA (R = 1/2, T = 6) hydrogel was monitored in real-
time using optical microscope as well. Optical images (Figure 3-7B) showed that the crack (width
276 um) made by a knife gradually disappeared after 1 h (width 143 pm) and no gap was observed
after 2 h, suggesting the rebuilding of the cross-linked gel network. Once a crack occurred, a

“mobile phase” was generated at the damaged interfaces, where the imine bonds were cleaved and
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free aldehyde and amide groups were exposed. The crack was then recovered by directed polymers
move towards the damaged interfaces, and local new imine bonds formed through reconnection of
crack planes due to their dynamic and reversible properties. As illustrated in Figure 3-4, once
CMC solution was mixed with PEG-BA, amino groups at carboxymethyl chitosan backbone react
with aldehyde groups at the chain end of benzaldehyde-terminated four-arm PEG to form dynamic
imine bonds, which in turn form a gel network. The gel network was damaged when cross-linking
imine bonds were cleaved and amino groups and aldehyde groups were exposed in the interface
of damage area. The exposed amino groups and aldehyde groups could re-form new imine bonds
due to their reversibility, which induced gel network reformation. In the end, the fragments of
hydrogel were recovered to form an integrated hydrogel like the original one.

To quantitatively analyze the self-healing efficiency of the CMC/PEG-BA (R = 1/2, T = 6)
hydrogel, beam-shaped strain compression test was performed.'> !°® As shown in Figure 3-7C and
D, after healing for 6 h at 25 °C, the healing efficiency was 64 + 3.8%, and it increased to 80 +
3.2% when the healing time prolonged to 12 h. However, the healing efficiency of the hydrogel at
physiological temperature (37 °C) reached as high as 80 + 8.6% and 94 + 9.8% after 6 h and 12 h,
respectively. It indicated that the hydrogel exhibited better self-healing property at physiological
temperature than room temperature, likely since the higher temperature enhanced the dynamic
kinetics of the reversible bonds and resulted in a faster recovery of the hydrogel network at the
molecular level.

3.3.4 Hydrogel injectability

According to the results of the rheological recovery tests (Figure 3-5E and F), the self-healing
hydrogel behaved like liquid under high shear strain and recovered when stress was removed, thus

can be used as injectable gel material. To confirm this, the CMC/PEG-BA hydrogel was loaded
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into syringe and extruded through 20-gauge needle. As shown in Figure 3-8A, four smooth letters
‘ABCD’ were successfully written, suggesting that the hydrogel was injectable. Moreover, two
pieces of hydrogel stained with different colors were injected through 20-gauge needles without
clogging into a beaker, respectively. After injection, the extruded CMC/PEG-BA hydrogel strips
healed to a holdable cylindrical hydrogel in 5 min (Figure 3-8B). This result further confirmed the
self-healing capability of CMC/PEG-BA hydrogel. When the hydrogel was compressed in the
syringe, pressure induced the dissociation of Schiff-base linkages and made the hydrogel deform
and ‘flow’ like liquid to pass through the thin needle. The extruded hydrogel came together to form
an integrated piece again due to its rapid self-healing ability. This means the hydrogel may be used

to encapsulate cells/drugs homogeneously and implant to tissue with a minimally invasive strategy.

Figure 3-8. The injectable process of the self-healing CMC/PEG-BA hydrogel (R=1/2, T=6). (A)
The self-healing hydrogel passed through a 20 G needle without clogging. (B) Two disk-shaped
hydrogels (diameter = 2 cm, height = 1 cm) stained with rhodamine B and methylene blue were
separately injected into a 10 mL beaker from 20 G needles and then combined into one piece after

5 min.
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3.3.5 Cytotoxicity and 3D cell encapsulation

To study the cytotoxicity of the CMC/PEG-BA (R = 1/2, T = 6) hydrogel, the viability of normal
adult human primary dermal fibroblast was measured by MTT assay after incubation with
hydrogel. Fibroblasts have been widely used as an in vitro model to investigate the cytotoxicity
and biocompatibility of biomaterials.'” As shown in Figure 3-9, the cell viability was 99.21 +
11.98% and 99.86 + 9.85% for cells incubated with 50 mg mL™! and 100 mg mL™! hydrogel for 1
d, respectively. These results suggested that the CMC/PEG-BA (R = 1/2, T = 6) self-healing

hydrogel was relatively nontoxic even at higher polymer concentration.
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Figure 3-9. Percentage of the viable cells evaluated by MTT assay on normal adult human primary
dermal fibroblast treated with increasing concentration of CMC/PEG-BA (R = 1/2, T = 6) self-
healing hydrogel for 24 h. Same symbol above the column indicate no significant difference (p <

0.05).
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Figure 3-10. 3D confocal microscopy images of cells encapsulated in CMC/PEG-BA hydrogel (R
=1/2, T =6) (viable cells: green spots, dead cells: red spots): (A) 0 day, (B) 1 day, (C) 2 days, and
(D) 7 days culture after encapsulation. (E) Cell viability versus different culture time. (Bars with
the same alphabetical letters are not significantly different, and different alphabetical letters are
significantly different at p < 0.05 according to one-way ANOVA, and the error bars represent

standard deviation.)
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Cell therapy is a very promising treatment strategy for many diseases, such as spinal cord injury?®
and cartilage disorder.?’! However, most of primary cells easily lose their viability and
functionality after isolation, especially as a single cell. /n vivo, cells live inside extracellular matrix,
and self-healing hydrogels are the potential mimics due to their dynamic behavior. Therefore, self-
healing hydrogels have been widely applied for cell encapsulation, culture, and transplantation.'>
7189 Three-dimensional encapsulation of normal adult human primary dermal fibroblast cells was
performed to test the cytocompatibility of the CMC/PEG-BA (R = 1/2, T = 6) self-healing
hydrogel. The cell viability of free fibroblast cells before encapsulation was 97.8 + 1.8%.
Fluorescent confocal microscopy images (Figure 3-10) of cells stained with fluorescein
diacetate/propidium iodide (FDA/PI) reagent showed fibroblast cells tolerated the 3D
encapsulation in the hydrogel, and it made no significant difference after encapsulation (95.8 £
1.2% viability), indicating that the fibroblast cells lived well in the hydrogel network. The cell
viability was as high as 92.3 + 2.8% and 90.7 + 6.8 % after 1 d and 2 d culture, respectively.
Moreover, the cell viability maintained at 90.3 + 1.5%, which didn’t significantly decrease after
one week culture, indicating cells still live well inside hydrogel, such an extended survival period
and good viability in the hydrogel are vital for cells to play their role in vitro.'>* Cells could live
well inside hydrogel for a long time probably because the hydrogel not only acted as extracellular
matrix mimic and provided a microenvironment for cell living, but also transported nutrition to
cells for living.

3.3.6 Hemostasis ability

The application of the CMC/PEG-BA (R = 1/2, T = 6) hydrogel as hemostatic material was
evaluated in rabbit hemorrhaging liver model. Figure 3-11 showed the amount of blood loss and

hemostasis time after applying hydrogel, gauze pad, or no treatment at the hemorrhaging site. The

85



total blood loss after applying the CMC/PEG-BA (R = 1/2, T = 6) hydrogel without compression
was 0.29 = 0.11 g, much less than the sample treated by the sterile gauze with compression and
the negative control (no treatment), which showed blood loss of 0.65 +0.10 g and 1.33 £0.45 g,
respectively. The hemostasis time was 120 + 10 s when the hydrogel was applied, which was much
shorter than those of gauze (167 = 21 s) and negative control group (311 £ 62 s). After treating
with hydrogel at the bleeding site, the total blood loss steeply decreased and hemostasis time
significantly shortened, which indicated that the CMC/PEG-BA (R = 1/2, T = 6) hydrogel
treatment significantly improved hemostasis over gauze pad. The negative control group stopped
bleeding finally because of the body’s normal physiological response for the prevention and
stopping of hemorrhage. After directly injecting the CMC/PEG-BA (R =1/2, T = 6) hydrogel onto
the bleeding site, it was very small pieces of hydrogel and act as fluid, thus it could quickly flow
into the injury and tightly cover the surface and reach into the incision to act as a bleeding-arrest
barrier to stop bleeding. The hydrogel was strong enough to remain at the bleeding site and wasn’t
swept away by the flowing blood. Additionally, chitosan is known to have a hemostatic ability due
to its positive charge.?’?> However, the gauze could only contact the outside wound surface with
the assistance of physical compression. Histological assessment (Figure 3-12) of the injured liver
surface showed that the gap in the incision of the negative control group was narrow because the
interfaces connected together during hemostatic process. In the positive group, sterile gauze was
applied on the incision with compression and adsorbed the blood, which resulted in a broad gap
between wound interfaces. However, a gap filled with blood cells was observed in the image of
hydrogel group. After applying hydrogel on the bleeding site, the hydrogel filled the incision and
trapped blood cells between the wound interfaces. This strong physical barrier resulted in the

shorter bleeding time and less blood lost compared to the traditional gauze treatment.
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Figure 3-11. The quantitative analysis of hemostatic ability of CMC/PEG-BA hydrogel (R = 1/2,
T = 6wt.%) compared with negative control (no treatment) and positive control (gauze with
compression) against a rabbit liver injury: (A) Total blood loss until bleeding stopped completely,

and (B) hemostasis time. (Different letters indicate significant differences between groups)

Figure 3-12. Histological Assessment: Representative tissue sections stained with hematoxylin
and eosin (H&E). (A) Untreated group (negative control group), (B) gauze group with compression

(positive control group), and (C) CMC/PEG-BA hydrogel (R = 1/2, T = 6wt.%).
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3.4 Conclusion

In this study, we developed self-healing and injectable CMC/PEG-BA hydrogel which possessed
both excellent self-healing efficiency and strong mechanical strength. The dynamic and reversible
Schiftf-base linkages in the hydrogel structure conferred the ability to spontaneously reconnect or
be “self-healing”. The resultant hydrogel showed the strong storage modulus of 3162.06 + 21.06
Pa, and excellent healing efficiency of 94 + 9.8% after 12h under physiological temperature. The
four-arm based networks of the hydrogel are more resistant to fracture than the equivalent two-
arm polymer based on the same average crosslink density. All the hydrogels could pass through
20 G needle without clogging because of the dissociation of dynamic Schiff-base linkages under
large shearing forces. The hydrogel was nontoxic based on the MTT assay when the gel
concentration reached to 100 mg ml, and showed good cytocompatibility as a 3D cell carrier.
Moreover, the hydrogel exhibited good ability to stop bleeding after direct application to a rabbit

liver incision; it could be potentially used as a hemostatic material.
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Chapter 4
On-Demand Dissolvable Self-healing Hydrogels Based on Carboxymethyl Chitosan and

Cellulose Nanocrystal for Deep Partial Thickness Burn Wound Healing

4.1 Introduction

Annually, more than 300, 000 people die or suffer from injuries caused by thermal, chemical,
electrical, radiation and other burns.??3-2% The deep partial thickness burn wounds are extremely
complicated in many cases, which would affect the tissues underneath the skin and internal organs.
Keeping the burn wound under a sterilized and moist wound dressing is highly desirable which
will facilitate faster healing.?’® However, it is challenging to manage the burn injuries due to
extensive burn size, irregular wound shape, difficult-to-access areas, and massive wound exudate,
etc.?”” Therefore, the desirable wound dressing should be well adapted to the irregular wound
shapes and conveniently applied to the extensive wound area. Besides, wound dressing should be
replaced when the fluids soak through it, otherwise, the infection will occur.?®® Considering that
the dressing tends to adhere to the wound once the absorbed blood and exudate dry out, it is
laborious and painful to surgically peel the old dressing from the wound area at wound dressing
changes. Consequently, the newly formed skin or tissue may be destroyed, causing re-injury of the
wounds and probably bleeding. In this context, a wound dressing that can be readily operated and
painlessly removed would be ideal to speed up healing and improve burn patient outcomes and
decrease mortality.

Hydrogels are promising materials as burn wound dressings to facilitate wound healing because
they absorb and retain the wound exudate, and sustain an ideal moisture environment for healing

while protecting the wound. However, the currently available hydrogel sheets cannot quite match
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the deep and irregularly shaped burn wounds, neither can they reach to some special areas, such
as joint and cavity wounds. To this end, self-healing hydrogels represent a new class of emerging
“smart” hydrogel, which can repair a broken network without any external stimuli.® Self-healing
hydrogels with injectable properties provide a solution to address the burn wound healing issues
more ideally because they can be quickly and directly injected to the large and irregular wounds
and even certain areas with difficult access. Subsequently, the hydrogel fragments can self-heal to
form a single piece of hydrogel with desirable shape and thoroughly fill the wounds. Once the
hydrogels possess both good mechanical strength and short self-healing time, they will efficiently
generate a mechanical barrier to protect the wounds from infections. Ideally, the hydrogels would
have on-demand dissolvable capacity to be removed easily and painlessly. This can be achieved
by self-healing hydrogels cross-linked by Schiff-base linkages. Zhang et al reported that primary
amines from amino acids could compete with amines of chitosan chain to react with aldehydes,
enabling shift of Schiff-base linkages and dissolution of the hydrogel.®® Despite the high potential,
the injectable self-healing hydrogel with on-demand dissolvable ability applied in deep partial
thickness burn wound healing has never been reported in the previous works.

Because of the growing environmental trends to switch from synthetic petroleum-based polymers
towards macromolecules obtained from renewable and sustainable sources, as well as the potential
of naturally occurring polymers in biomedical and pharmaceutical applications,?**!! hydrogels
made out of natural polymers, such as chitosan and cellulose, have attracted much attention in the
past few decades. Chitosan is a natural polysaccharide from renewable resource, for example shell
of crab and shrimp, which has been widely applied in the biomedical fields due to its
biodegradability and biocompatibility.?!>2!*> However, one of the most critical drawbacks

regarding the use of chitosan in biomedicine is its poor solubility in neutral water. Carboxymethyl
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chitosan (CMC) is a chitosan derivative with high solubility under physiological conditions, and
hydrogels made of CMC demonstrate good biocompatibility and moisture retention capacity.*
One of the most important features of chitosan and its derivatives is that the primary amine groups
are abundant. The amine groups from CMC can react with aldehyde groups of polymers to form
dynamic and reversible Schiff-base linkages which can be readily broken and re-formed, allowing
the hydrogel to self-heal rapidly. However, the swelling property of self-healing hydrogel
composed of chitosan derivatives is not favorable to burn wounds with massive wound exudate,
because the fluid uptake rate is low and the hydrogel degrades easily in aqueous system.

Cellulose nanocrystal (CNC), a natural biopolymer originated from natural renewable resources,
have drawn much attention as a promising biomaterial because of their good biocompatibility,?*
high specific surface area and aspect-ratio and high mechanical strength and stiffness.!>*2!> CNCs
are commercially available in Canada, U.S.A. and India et al., and have been approved as the first
safe nanomaterials on Environment Canada’s domestic substance list.?® °” These outstanding
characteristics enable CNCs to be widely incorporated in polymeric hydrogel matrices as
reinforcing nanofillers. However, in most of the CNC-reinforced hydrogels, the pristine CNCs are
only physically entrapped within the matrices and yield to mechanical properties improvement.
More recently, aldehyde-modified rigid rod-like cellulose nanocrystals were reported with
maintained crystal structure.?'® The aldehyde groups allow the cellulose nanocrystal to chemically
cross-link with the polymer chains in the matrix for improved reinforcing effect. Dash et al
prepared a gelatin hydrogel cross-linked by aldehyde-modified cellulose nanowhiskers, in which
the aldehyde groups could react with amine groups from gelatin through Schiff-base linkages to
reinforce the network.'>* However, the procedures to form gel are laborious (24 h at room

temperature and then 10 day at 4 °C) and self-healing capacity was not reported. Nevertheless, this
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has provided opportunities to develop self-healing hydrogels by combining aldehyde-modified
CNCs (DACNCs) and CMC via Schiff-base linkages. The CNCs can be easily transformed to a
highly reactive cross-linker by using aldehyde-modification. It is hypothesized that the self-healing
hydrogels comprised of CMC and DACNC quickly form gel, and rapidly self-heal upon breaking
under physiological conditions considering that the abundant amine groups in CMC and large
specific surface area and massive active aldehyde groups of DACNC, as well as the DACNCs in
the hydrogel can support and protect the network structure when immerse in aqueous system.
With these considerations in mind, herein, we reported the design and synthesis of the
CMC/DACNC nanocomposite self-healing hydrogels. The hydrogel’s mechanical strength and
self-healing efficiency were modulated by adjusting the substitution degree of aldehyde of the
modified cellulose nanocrystal and the molar ratio of the amine to aldehyde. The hydrogels’
injectable performance, swelling capacity and on-demand dissolving capacity were systematically
investigated, as well as the biocompatibility using cell models. In addition, these hydrogels were
evaluated for their applications for deep partial thickness burn wound healing through in vivo
models.

4.2 Experimental section

4.2.1 Materials

Chitosan (viscosity-average molecular weight: 12.4 x 10° degree of deacetylation: 72%),
monochloroacetic acid (ACS reagent, >99.0%), 2, 4, 6-trinitrobenzene sulfonic acid (TNBSA, 5
(W/v)% in water), D-glucosamine, sodium bicarbonate (NaHCOs3), sodium (meta) periodate
(NalO4, >99.0%), hydroxylamine hydrochloride (NH2OH-HCI, 99%), glycine (ACS reagent,
>98.5%), deuterium oxide (D>0), deuterium chloride solution (DCIl, 35wt.% in D,0), hydrochloric

acid (HCI, ACS reagent, 37%), ethylene glycol (=99.0%), and thiazolyl blue tetrazolium bromide
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(MTT, 98%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium docecyl sulfate
(SDS), sodium acetate trihydrate, potassium bromide (KBr, 99+%, for spectroscopy, IR grade,
Acros Organics), 2-propanol, sulfuric acid (H2SOs, certified ACS plus), and glacial acetic acid
(certified ACS) were purchased from Fisher Scientific (Markham, ON, Canada). Spruce cellulose
(bleached kraft pulp, My = 4.10 x 10° g mol!) with a-cellulose content of 87.3 % was provided by
Alberta Pacific Forest Industries Inc. (AB, Canada). Spectra/Por dialysis membranes with a
molecular weight cut off (MWCO) of 3.5 kDa were supplied from Spectrum Labs. Primary dermal
fibroblasts (Normal, Human, Adult, ATCC® PCS-201-012™), fibroblast basal medium (ATCC®
PCS-201-030™), fibroblast growth kit-low serum (ATCC® PCS-201-041™), trypsin-EDTA for
primary cells (ATCC® PCS-999-003™), and trypsin neutralizing solution (ATCC® PCS-201-
004™) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA).
4.2.2 Synthesis of carboxymethyl chitosan

Carboxymethyl chitosan (CMC) was synthesized by a procedure described in our previous work
with slight modifications.!% 2172 Chitosan powder (20.0 g) was dispersed in 100 g 50 wt.%
NaOH aqueous solution and kept at -20 °C overnight for alkalization. After thawing, the alkaline
chitosan was transferred to a 1000 mL round-bottom flask, followed by addition of 100 mL
isopropanol. With vigorous mechanical stirring at room temperature (22 °C), monochloracetic acid
(57.0 g) dissolved in another 100 mL isopropanol was then added dropwise to the flask over 30
min. Stirring was continued for one and half more hours. Then, the mixture was refluxed at 60 °C
water bath under stirring for another 2 h. At end of the reaction, the residual solvent was discarded.
The solid product was washed with 70% (v/v) ethanol aqueous solution and ethanol, and then dried
in a fume hood at room temperature. The dried crude CMC was dissolved in distilled water (1500

mL) and neutralized with 6 mol/L HCI aqueous solution. The crude CMC solution was centrifuged
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(5000 g, 10 min) to remove the undissolved residue. Refined CMC product was obtained after
dialyzing the supernatant against distilled water for 5 days at room temperature and freeze-drying.
The content of primary amino group in CMC was 0.56 mmol/g CMC as determined by the 2, 4, 6-
trinitrobenzenesulfonic acid (TNBSA) assay.?'???° The degree of carboxymethyl substitution (DS)
of CMC was 0.31, which was determined from the '"H NMR spectra using the method reported in
the literature.!?> 22!

4.2.3 Synthesis of dialdehyde cellulose nanocrystal

The cellulose nanocrystal (CNC) was prepared by sulfuric acid hydrolysis of wood cellulose,
followed by periodate oxidation to obtain dialdehyde cellulose nanocrystal (DACNC).!5% 222223
Briefly, wood cellulose pulp sheets were ground to small fibers in a mill (Retsch GmbH, Haan,
Germany) with screen aperture size of 0.75 mm. The ground wood cellulose fibers (10 g) were
mixed with 65 wt.% sulfuric acid solution (100 mL) and stirred at 45 °C for 1 h. Immediately
following hydrolysis, the suspension was diluted with 10-fold iced water to stop the reaction,
centrifuged (10 000 rpm, 10 min) and washed several times with distilled water until the
supernatant became turbid. The resulting product was loaded in dialysis tubing (MWCO 3.5 KDa)
and dialyzed against distilled water. The resulting suspension was then dispersed via sonication
for 30 min in an ice bath. Subsequently, the CNC suspension (pH 3, 333 g) was transferred to a
500 mL beaker and 3.33 g NalO4 was added. The beaker was covered with aluminum foil to
prevent the entry of light. The mixture was stirred at room temperature for a certain period of time
(12, 24, and 48 h) before the oxidation reaction was quenched by addition of ethylene glycol. The
oxidized product was washed several times with distilled water by centrifugation (10 000 rpm, 10
min). The product in dialysis tubing (MWCO 3.5 kDa) was dialyzed against distilled water for

several days to remove residuals and freeze-dried to obtain DACNC. DACNC was coded as
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DACNC-12, DACNC-24, and DACNC-48, corresponding to periodate oxidation time of 12 h, 24
h, and 48 h, respectively.

4.2.4 Determination of aldehyde content

The dialdehyde content of the DACNC was determined by an oxime reaction. The above never-
dried DACNC solution (20 g) and 1.39 g of NH,OH HCI dissolved in 100 mL of 0.1 M acetate
buffer (pH 4.5) were added into a beaker (250 mL) and stirred at room temperature for two days.
Product was centrifuged and washed with distilled water, and then freeze-dried. The nitrogen
content of the oxime derivate of DACNC was measured with an elemental analyzer (LECO CN628,
USA). One mol of aldehyde reacts with one mol of NH,OH HCI and the amount of aldehyde
groups was obtained directly from the measured nitrogen content.

4.2.5 CMC/DACNC hydrogel formation

CMC solution (4 wt.%) was prepared by dissolving CMC powder in distilled water and stirring at
room temperature overnight. Suspensions of 4 wt.% DACNC were prepared by dispersing 400 mg
of DACNC powder in 9.6 g distilled water and stirring at 80 °C water bath for 4 h.?** The
CMC/DACNC hydrogels were made through homogeneously mixing CMC solution with the
solution of DACNC at room temperature at different molar ratios (MR = n (amines from CMC)/n
(aldehydes from DACNC)) of 5, 4, 3, 2, 1, 0.5, 0.33, 0.25, 0.2, respectively. Gelation was
confirmed using the vial tilting method.??*> The hydrogels were named as CMC/DACNC-t (MR =
x), where t and x are the values of oxidation time (12, 24, 48 h) and molar ratio (5, 4, 3,2, 1, 0.5,
0.33, 0.25, 0.2), respectively.

4.2.6 Characterizations

Fourier transform infrared (FT-IR) spectra of samples were recorded on a Nicolet 6700

spectrophotometer (Thermo Fisher Scientific Inc., MA, USA) in the range from 4000 to 800 cm’!
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with 64 scans and 4 cm! resolution. Samples used for FT-IR analysis was vacuum-dried for 24 h
pressed into pellets with KBr.

The proton nuclear magnetic resonance ('"H NMR) spectra of chitosan and CMC were acquired at
25 °C by using a 400 MHz spectrometer (s400). Chitosan (10 mg/mL) was dissolved in 2%
DCI1/D20 and CMC (10 mg/mL) was dissolved in D>O.

The morphologies of CNC, DACNC-12, DACNC-24, and DACNC-48 were observed by
transmission electrical microscopy (TEM, Morgagni 268, Philips-FEI, Hillsboro, USA) at an
accelerating voltage of 80 kV. The dimensions of CNC and DACNC were measured using the
ImageJ image analysis software (NIH, USA).?%¢

To understand the crystal structure of DACNC, the XRD measurements were carried out using a
wide-angle X-ray diffractometer (Ultimate IV, Rigaku, Japan) in symmetric reflection mode,**’

and samples were scanned from 20 = 4° to 40° at a scanning rate of 1°/min. The crystallinity index

(CI) was calculated using the following equation:

C1 = loezZlam o 10004 (4-1)

ooz

Where /yo> refers to the height intensity of the crystalline peak for the (002) cellulose plane around
22.8. L. refers the height intensity of the minimum between the 002 and 101 peaks around 18.7,
which is attributed to the amorphous cellulose peak.??®

Morphologies of hydrogel were characterized by utilizing field emission scanning electron
microscopy (FE-SEM). The hydrogels were frozen in liquid nitrogen and freeze-dried before test.

Cross-sections of hydrogels were coated with carbon. The cross-sectional morphologies were

observed using a Zeiss Sigma FE-SEM operated at 5 kV accelerating voltage.
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4.2.7 Rheological properties test

All rheological studies were performed on a DHR-3 rheometer (TA Instruments, DE, USA) using
a 40 mm parallel plate and a 1.0 mm gap distance at 25 °C, unless otherwise specified. Although
the pre-gel solution gelled quickly in all cases, the hydrogels were allowed to equilibrate for
another 30 min before testing to ensure each sample was analyzed under comparable conditions.
Frequency sweeps were performed at 1% strain and at oscillation frequencies from 0.1-100 rad s
!, Strain sweeps had a fixed oscillation frequency of 10 rad s and variable applied strain of 1-
1000%. For the cyclic strain measurements, the alternate step strain sweep was measured at a fixed
oscillation frequency of 10 rad s, and amplitude oscillatory strains were switched from y = 1%
strain to large strain (y = 100%, 200%, 800%) with 100 s for every strain interval.

4.2.8 Self-healing assay and injectable analysis

The self-healing ability of the CMC/DACNC hydrogel was tested by macroscopic observations
and quantitative method. In the macroscopic self-healing experiment, the CMC/DACNC-48 (MR
= 2) hydrogel was used as a representative. Two pieces of cuboid-shaped hydrogels (20 mm length,
5 mm width and 4 mm thickness) stained with rhodamine B and methylene blue were cut into
halves, respectively. Then the cut interfaces of each piece were put together immediately without
any external stimuli at room temperature. Pictures were taken to record the self-healing process of
the hydrogel. Healing was confirmed by stretching the healed hydrogel with fingers from both
ends.'®!> 229239 Fyrthermore, the rheology analysis of hydrogel was performed to monitor
qualitatively the self-healing process. Based on the strain amplitude sweep results, the continuous
alternate step strain measurement was carried out to test the rheology recovery behavior of the
hydrogel.?”® 1°! To test the injectable capability of the CMC/DACNC hydrogel, the CMC/DACNC-

48 (MR = 2) hydrogel was chosen as an example. CMC solution and DACNC-48 solution were
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mixed for 20 s by a vortex mixer to obtain a homogenous mixture. After gelation, the hydrogel
was loaded into a 5 mL syringe with a 20-gauge (20 G) needle and injected out to draw letters on
a plate.

4.2.9 Swelling test

To study the swelling kinetics of the CMC/DACNC-48 (MR = 2) hydrogels, cylindrical hydrogels
(20 mm in diameter, 6 mm in height) were immersed in 10 mL of distilled water at room
temperature. At specific time intervals, the samples were removed from the water and were blotted
with a piece of paper towel to absorb excess water on the surfaces. The weight of the samples was
measured and compared with initial weight. The swelling ratio was calculated as the following

equation:

Wi—Wo

Swelling ratio (%) = o X 100 (4-2)
0

Where W; and W) are the weights of hydrogel at time t and the weight of hydrogel right after
gelation, respectively.?3!-232

4.2.10 On-demand dissolution of hydrogel with amino acid

The dissolution of CMC/DACNC hydrogel was studied by using amino acid as the stimuli.
Typically, glycine aqueous solution (100 mg/mL) was added to CMC/DACNC-48 (MR = 2)
hydrogels (Diameter = 20 mm, Height = 4 mm) in a 20 mL of disposable scintillation vial. The
mixture was kept at room temperature with gentle shake. The dissolution of hydrogel was
confirmed by turning the vial upside down.¢ Furthermore, quantitative rheological measurement
was used to test the dissolution of hydrogel. A time sweep was run on the DHR-3rheometer under

the same conditions as described in section 4.2.7, except for the exposure of the hydrogel to glycine

solution.??
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4.2.11 In vitro cytotoxicity of hydrogel and dissolved hydrogel products
Normal adult human primary dermal fibroblasts were cultured in fibroblast basal medium

supplemented with fibroblast growth kit and grown at 37 “C incubator with 5% CO>. The in vitro

cytotoxicity of hydrogel and dissolved hydrogel products was assessed by MTT method.
Fibroblasts were plated in a 96-well plate at 8000 cells/well and cultured for 24 h in fresh complete

growth media at 37 “C incubator with 5% CO». Afterwards, the medium was replaced with 100 pL

of fresh media, and hydrogel disks (2.5 mg, and 5.0 mg) and dissolved hydrogel products were
introduced into the wells, followed by further 24 h culture. After incubation, spent media and
hydrogel disks were discarded and cells were washed with DPBS followed by adding 100 uL MTT

(0.5 mg/mL) into each well. After 4 h of incubation at 37 “C in the dark, remove out the MTT

solution and add 100 pL. DMSO into each well, absorption at 570 nm was detected by a microplate
reader (SpectraMax, Molecular Devices, USA). The viability was expressed by the percentage of
living cells with respect to the control cells. Five replicate wells were used for each control and
test concentrations per microplate, and the experiment was repeated three times. Results are
presented as mean + standard deviation (SD).

4.2.12 Three-dimensional (3D) cell encapsulation and cytotoxicity essay

Normal adult human primary dermal fibroblasts were cultured in fibroblast complete growth media
(fibroblast basal medium supplemented with fibroblast growth kit) and grown at 37 °C incubator
with 5% COz. For preparing the CMC/DACNC-48 (MR = 2) hydrogel encapsulated cells, the
CMC and DACNC powder were dissolved in the complete growth media in a biosafety cabinet
first and then the cells were suspended in the DACNC solution. The CMC solution and DACNC
solution containing cells were loaded into a 24-well plate and mixed by a pipette to form hydrogel

(2x10° cells/mL hydrogel). The plate was cultured in a 37 °C incubator with 5% CO> and 100%
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relative humidity. The cell viability inside the hydrogel was evaluated by living/dead staining after
0, 1, 4, and 7 days.!® The cells encapsulated in the hydrogel were also observed by a CLSM 710
Meta confocal laser scanning microscope (Carl Zeiss, Jena, Germany). Images were processed
with ZEN 2009LE software (Carl Zeiss Microlmaging GmbH, Germany) and 3D confocal stacks
were processed with Imaris 8.0.1 Software (Bitplane AG, Zurich, Switzerland). Cell density in the
hydrogel is defined as the number of cells per unit hydrogel volume. Additionally, cytotoxicity
assay was conducted for the dissolved hydrogel using the same cell model. After incubating for
seven days, the hydrogel was dissolved by glycine for releasing the encapsulated cells. The free
cells were cultured in the plate for another 12 h, and then stained as the cells encapsulated in the
hydrogel.

4.2.13 In vivo deep partial-thickness burns healing test

The burn wound healing capacities of hydrogels were evaluated using a rat model. All animal
experiments were performed under the approval of the Institutional Animal Care and Use
Committee of General Hospital of Guangzhou Military Command of PLA. White female Sprague
Dawley (SD) rats, aged 6-8 weeks (200-300 g) were purchased from Laboratory Animals Center
of General Hospital of Guangzhou Military Command of PLA. All rats were housed in standard
cages, and they had ad libitum access to food and water throughout the experiment. Animals were
allowed to adapt to the laboratory for one-week prior to experiment.

Rats were firstly anaesthetized with intraperitoneal injection of 10% chloral hydrate (300 mg/kg),
and the dorsal hair of rat was shaved by an electric shaver and the skin was cleaned with sterile
normal saline and disinfected using 70% ethanol. Two deep partial thickness burns (Diameter = 2
cm), one on either side of the mid-dorsal line, were created with a pre-heated soldering iron (50 g)

at the temperature of 100 °C for 15 s the dorsal area of each rat. Twelve rats were randomly divided
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into four groups with different treatments, namely (1) Control group in which no treatment was
applied to the wounds. (2) Gauze group in which sterile petrolatum gauzes were applied to cover
the wounds. (3) Hydrogel group in which the CMC/DACNC-48 (MR = 2) hydrogels were loaded
into a syringe and then injected to the wound sites. For group (2) and (3), the petrolatum gauze
and the hydrogel were surgically debrided from the wounds when they were changed. (4) D-
Hydrogel group in which the hydrogels were applied to the wound as described in (3), but removed
by dissolving the hydrogel with the aid of glycine solution at hydrogel changes. Specifically, sterile
glycine solution (100 mg/mL, 5 mL) was sprayed to the hydrogel surface to dissolve the gel and
make it painless to remove from the wounds. After treatment, a piece of Vaseline® petrolatum
gauze was applied to cover the hydrogel, and the rat body was further wrapped in a reticular elastic
bandage to protect the hydrogel and gauze from moving. The wound dressings and covers were
replaced every two days until wound healing or sacrifice. The residents on wounds were gently
cleaned by gauze and the wounds were gently washed by sterilized saline to remove the residents
thoroughly at every wound dressing change. The appearance of the wound was
photographed. Wound area was measured by ImageJ software (NIH, USA) to trace the wound

margin, and the unclosed wound rate was calculated as follows.

Unclosed wound rate (%) = % x 100 (4-3)
0

Where Ao and A are the initial wound area and wound area at day t, respectively.

The rats were anesthetized at day 14 after burn induction and the full-thickness skin around the
wound sites was dissected, washed with normal saline solution, fixed in 4% phosphate-buffered
polyformaldehyde solution, embedded in paraffin and sectioned in 5 mm increments. The sections

were made perpendicular to the surface of the wound and were fixed on a slide and stained with

101



hematoxylin-eosin (H&E) reagents and Masson’s trichrome staining reagents for histological
analysis.

4.2.14 Statistical analysis

All experiments were performed at least in three independent batches. Data were represented as
the mean =+ standard deviation (SD). Statistical evaluation was conducted by Student's t-test and
analysis of variance (ANOVA). The multiple-comparisons were evaluated by Tukey’s multiple
comparison tests. Statistical differences between samples were performed with a level of
significance as p < 0.05.

4.3 Results and discussion

4.3.1 Formation of CMC/DACNC hydrogels

The molecular structure of the carboxymethyl chitosan (CMC) was identified by Fourier transform
infrared spectroscopy (FT-IR) (Figure 4-1) and proton nuclear magnetic resonance (‘H NMR)
spectra (Figure 4-2). Compared with chitosan, the FT-IR spectrum of CMC shows characteristic
peaks at 1601 cm™! for v,s (COO) and 1410 cm™ for vs (COO) attributed to carboxylate band of —
COQO, indicating that carboxymethyl groups were successfully introduced to chitosan molecular
chains.*® In the 'H NMR spectrum of CMC, the chemical shifts at 3.06 and 4.28 ppm are the
protons of —CH2-COO- introduced to N-position at C> and O-position at C3/Cs of the CMC,
respectively. These results suggest that carboxymethyl substitution occurs at both the amino and

primary hydroxyl sites of the chitosan molecules.
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Figure 4-1. FT-IR spectra: (a) Chitosan, (b) CMC, and (¢) CMC/DACNC hydrogel.
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Figure 4-2. '"H NMR spectra of (a) chitosan, and (b) CMC.
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Rod-like CNCs with 122 £ 36 nm in length (Figure 4-3b) were directly obtained from wood

cellulose fibers using sulfuric acid-catalyzed hydrolysis. The stable suspension of CNCs were
obtained because the negative sulfate groups were introduced into the outer surface of cellulose
during the hydrolysis process. CNCs were oxidized in presence of sodium periodate to yield the
corresponding C2/C3 dialdehyde modified CNCs (DACNC) and the aldehyde content was
quantified from the nitrogen content of the corresponding oximes.'>* 2423> The aldehyde groups
in turn could function as cross-linkers to react with free amine groups of polymer chains through
Schiff-base linkages. The introduction of aldehyde groups reduced the dispersibility of CNCs, so
three DACNCs with different aldehyde content were synthesized in this study. The aldehyde
content of DACNC increased with oxidation time, which was calculated to be 0.80, 1.12 and 1.71
mmol/g DACNC for DACNC-12, 24 and 48, respectively, and their lengths slightly decreased to

114 = 29 nm, 112 £ 16 nm and 100 = 18 nm, but the morphology of DACNC was almost the

same as CNC. In comparison to CNC (Figure 4-3b), the FT-IR spectrum of DACNC exhibits a
new peak at 1732 cm’! (Figure 4-3c), which is the characteristic peak of the carbonyl (-C=0-)
group. The result confirms that the aldehyde groups were successfully introduced into CNC by
periodate oxidation. Furthermore, the crystallographic properties of DACNC were analyzed by X-
ray diffraction (XRD) using CNC as the control. As shown in Figure 4-3d, CNC possesses typical

peaks of cellulose with main peaks at 26 of 16.5° and 22.6° , which are assigned to (110) and

(200), respectively.?!¢ Although the cellulose crystallinity decreased to certain extent after
oxidation depending on the reaction time, there was no significant change in angles of the

diffraction peaks, suggesting the DACNC still maintained the cellulose nanocrystal structure.
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Figure 4-3. Synthesis and structural characterizations of DACNC: (a) Schematic of fabrication of
DACNC by hydrolyzing and oxidizing. (b) TEM images of CNC and DACNC with different
oxidation time (12, 24, 48 h). (c) FT-IR spectra and (d) XRD patterns of cellulose, CNC, DACNC-
12, DACNC-24, and DACNC-48. (Inset numbers in (d) are the corresponding crystallinity

indexes).
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An array of hydrogels was formulated by homogeneously mixing CMC aqueous solution and
suspensions of DACNC containing varying number of aldehydes at room temperature under
physiological pH (Figure 4-4). When the MR (molar ratio of amines to aldehydes) was larger than
5, the mixture could not form self-standing hydrogels, whereas when MR was less than 0.2, the
mixture quickly formed hydrogel before sufficient mixing. Thus, the MR range of 0.2~5 was
selected for this work. It is worth highlighting that only water was used as the solvent to prepare
the hydrogel, the gelation time is short (less than 2 min), and no stimuli (e.g. pH, temperature,
light) are needed for gelation, which enable the CMC/DACNC hydrogels suitable for biomaterials.
The gelation mechanism of the CMC/DACNC hydrogel was attributed to the formation of
reversible and dynamic Schiff-base linkages (-C=N-) between amine groups (-NH3) from flexible
CMC polymer chain and aldehyde groups (-CHO) from rigid rod-like DACNC (Figure 4-3b). In
the hydrogel network, rigid rod-liked DACNCs not only function as cross-linkers, but also nano-
reinforcing fillers. The large specific surface area and aspect ratio of DACNC provide massive
active junctions in the network. This highly reactive cross-linker gives a fast gelation to the
hydrogel. The SEM images (Figure 4-5) revealed the inner structure morphologies of
CMC/DACNC hydrogel. The hydrogel displays a honeycomb-like macro-porous structure with a
pore size distribution of 50-300 um. Moreover, there is a small second nano-net inside the macro-

pores. As shown in Figure 4-5d, the rod-like DACNC could be clearly observed in the hydrogel.
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Figure 4-4. Gel formation: (a) Pictures of hydrogel gelation and dissolution process. Adding
DACNC solution into CMC solution and mixing, the mixture gelled within 2 min at room
temperature. The CMC/DACNC hydrogel dissolved after the addition of glycine solution. (b)
Schematic illustration for gelation and on-demand dissolution of CMC/DACNC hydrogel. Amine
groups (-NH»2) of CMC reacted with aldehyde groups (-CHO) of DACNC to form reversible and
dynamic Schiff-base linkages (-C=N-). After adding glycine into the dynamic CMC/DACNC
hydrogel, the amine groups of glycine replaced the amino groups of CMC and reacted with
aldehyde groups of DACNC to form new Schiff-base linkages, and finally the hydrogel network

was broken.
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Figure 4-5. SEM images of CMC/DACNC-48 (R =0.33) hydrogel: Cross-sectional morphologies

of hydrogels with different magnifications of (a) 2 000 x, (b) 15 000 %, (c¢) 10 000 x, and (d) 60

000 x.

4.3.2 Viscoelastic behaviors and mechanical strength

Substitution degree of aldehyde group on DACNC and molar ratio of the amine to aldehyde are
two essential parameters to determine the network structures and properties of CMC/DACNC
hydrogels. Thus, their impacts on the hydrogel mechanical properties were first studied by
measuring the storage modulus (G’). The tested samples included DACNC-12, DACNC-24, and
DACNC-48 and the molar ratios (MR) were 5, 4, 3, 2, 1, 0.5, 0.33, 0.25, and 0.2. Generally, with
the same molar ratio, the storage modulus of CMC/DACNC-48 hydrogel is higher than

CMC/DACNC-24 hydrogel followed by CMC/DACNC-12 hydrogel (Figure 4-6 and Figure 4-
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7). This indicates that increasing substitution degree of aldehyde group results in stronger hydrogel,
because there is higher probability for aldehyde groups in DACNC-48 than in DACNC-12/24 to
interact with amine groups from CMC, leading to more compact networks to sustain stress. For
CMC/DACNC-48 hydrogel, the storage modulus increased with molar ratio decreasing until MR
=(0.33, followed by a decrease in modulus below the critical molar ratio. This is probably because
the excessive DACNCs tended to aggregate to reduce their dispersion ability, resulting in the
decrease of active junctions in the network and cross-linking density of hydrogel.?%23¢ Specifically,
the maximum storage modulus (G’) for CMC/DACNC-48 hydrogel was around 4 kPa at 0.33
molar ratio of amines to aldehydes, which improved by 17 times compared with hydrogel at molar
ratio of 5. This is higher than many other chitosan based self-healing hydrogels reported in
literatures due to the reinforcing effect of DACAC in addition to its role as chemical crosslinker,
such as chitosan/dialdehyde poly(ethylene glycol) (DF-PEG) and glycol chitosan/DF-PEG self-
healing hydrogels (G’ = 0.2-1 kPa),”" ¥ as well as the acrylamide-modified chitosan/oxidized
alginate (G’ = 0.5 kPa).!*> The mechanical strength of the CMC/DACNC hydrogel could be
tailored by adjusting the aldehyde contents of DACNCs and molar ratio of amines to aldehydes,
which implies potential applications for these CMC/DACNC hydrogels for tissue engineering of
soft tissues, whose elasticity scales range from 0.1 to 10 kPa.?*’-23® Moreover, gelation time is
important when designing hydrogels for biomedical applications, such as injectable gels and gels
for cell/drug encapsulations. Slow gelation leads to uneven distribution of components, whereas
too fast gelation results in insufficient handle time.?*” The gelation time shortened as the molar
ratio of amine to aldehyde decreased, while the strength of hydrogel increased until MR reached

to 0.33 and then decreased. Usually, the strength of hydrogels for burn wound healing dressing is
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about or less than 1 kPa.”® Given the rapid gelation time (2-5 min) and mechanical strength (1 kPa),

we chose CMC/DACNC-48 (MR = 2) hydrogel for the following experiments.
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Figure 4-6. Frequency sweep of the (A) CMC/DACNC-12 hydrogel, (B) CMC/DACNC-24
hydrogel, and (C) CMC/DACNC-48 hydrogel at different molar ratios of amine groups from CMC
to aldehyde groups from DACNC: (a) MR =5, (b) MR =4, (c) MR =3, (d) MR =2, (¢) MR =1,

(f) MR = 0.5, (g) MR = 0.33, (h) MR = 0.25, and (i) MR = 0.2.
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Figure 4-7. Molar ratio dependent viscoelastic properties of CMC/DACNC hydrogel at key
frequencies. Storage modulus G’ at different frequency (a) 0.1, (b) 1.0, (¢) 10, and (d) 100 Hz VS
molar ratio of amines in CMC to aldehydes in DACNC for CMC/DACNC-12, CMC-DACNC-24,

CMC-DACNC-48 hydrogel.
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4.3.3 Self-healing performance and injectable capacity

The self-healing ability of the CMC-DACNC-48 (MR = 2) hydrogel was confirmed by reforming
the hydrogel from two separated pieces without any external stimuli and the healed hydrogel was
obtained within 5 min at room temperature (Figure 4-8a). The re-formed hydrogel maintained its
integrity even when it was stretched at both ends, indicating that the two separated hydrogels
healed into an integrate hydrogel and it was strong enough to bear tensile stress.

Furthermore, rheological recovery test was used to quantitatively determine the self-healing
capacity of the CMC/DACNC hydrogel. As shown in Figure 4-8b, the intersection point between
the storage modulus (G’) and loss modulus (G’’) was at strain of 134%, which implies that the
hydrogel was liquefied at a shear strain above the critical point. Afterwards, alternate continuous
step-strain measurements were conducted to evaluate recovery of the hydrogel mechanical
properties following network rupture at high strains. Storage modulus (G’) recovered completely
and instantaneously after a repeated strain decrease from 100%, 200%, and 800% to 1% (Figure
4-8c). When the CMC/DACNC hydrogels were subjected to high dynamic strains (200% and
800%), G’ dropped to ~10 Pa, alone with the corresponding inversion of G’ and G’ as a result of
the collapse of the hydrogel network. When high strain was replaced by a low strain (1%), the
hydrogel exhibited complete restoration of both G’ and G’ immediately after strain-induced
failure. All these results indicate that the network of the CMC/DACNC hydrogel exhibits rapid
recovery when the hydrogel sustains oscillatory shear strain, which is attributed to the existence
of the dynamic Schiff-base linkages. Schiff-base linkages as reversible covalent bonds exist in the
dynamic networks of the CMC/DACNC hydrogel, which enables the hydrogel to possess self-

healing and injectable ability. As diagrammatized in Figure 4-4b, rapidly breaking and reforming

113



of the reversible Schiff-base linkages make the CMC/DACNC hydrogel autonomously heal and

maintain its integrity for long-term.
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Figure 4-8. (a) Macroscopic photographs of self-healing process of the CMC/DACNC-48 (MR =

ey W/

2) hydrogel. Two pieces of hydrogels with different color (red hydrogel was stained with
rhodamine B and blue hydrogel was stained with methylene blue) were immediately brought into
contact without any external intervention after exposing fresh interfaces. After five minutes, the
healed hydrogel was stretched and no crack was observed, indicating that the two pieces healed
into an integrate hydrogel. (b) Strain sweep and (c) alternate strain sweep of the CMC/DACNC-
48 (MR = 2) hydrogel at frequency 10 rad s'. (d) Injectable process of the CMC/DACNC-48 (MR
=2) hydrogel. The hydrogel stained with rhodamine B passed through the needle without clogging,

and the extrusive hydrogel was used as ‘ink’ to write letters ‘ABCD’ smoothly.
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Surface-modified cellulose nanocrystals have been widely induced into hydrogel either as
reinforcement agent or cross-linker to improve their mechanical properties. However cellulose
nanocrystal crosslinked self-healing hydrogels have only been reported very recently with limited
effort yet.!®26:240-242 For example, Shao and co-workers reported a self-healing hydrogel composed
of furyl-modified cellulose nanocrystal (CNC-F) and dimaleimide poly(ethylene glycol) (Mal-
PEG-Mal), which heals via thermally reversible covalent Diels-Alder bond after incubating in
90 °C under nitrogen.?*> Besides, a self-healing hydrogel, consisting of cellulose acetoacetate,
hydroxypropyl chitosan, and amino-modified cellulose nanocrystals, heals after 1 h under acidic
conditions (pH 3.5) via the re-formation of the dynamic covalent enamine bonds between amino
groups and acetoacetyl.”*! The CMC/DACNC hydrogel prepared in this study could heal within
five minutes at room temperature without any stimuli. The large-aspect ratio and specific surface
area of DACNC raise massive active junctions in the hydrogel network to help recover the broken
Schiff-based linkages rapidly. This highly active aldehyde groups in DACNC:s is easy and quick
to re-crosslink with amine groups in CMC chain. In addition, the shear-thinning behavior of the
hydrogel was visualized by successful injecting CMC/DACNC hydrogel through a narrow 20 G
needle (Figure 4-8d). In contrast to sheets and membranes-based burn wound healing dressings,
the injectable self-healing CMC/DACNC hydrogel could be easily injected to irregular wound
beds and rapidly molded into the shape of wound to fully cover the large and irregular wound area.
4.3.4 Fluid absorption capacity

Hydrogels used for wound healing, especially for burn and scald wounds, should have high fluid
absorption capacity to remove wound exudates and maintain a moist environment for the wound
sites.?3!: 243 The swelling ability was investigated by immersing the CMC/DACNC-48 (MR = 2)

hydrogels into distilled water for different periods of time. As shown in Figure 4-9, after seven
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hours of incubation, the hydrogel was stable and still maintained its integrity in water, which was
different from the conventional ‘soft’ chains comprised self-healing hydrogels whose structure
couldn’t remain in one piece upon soaking. Analogously, Yang et al reported self-healing
hydrogels, composed of carboxymethyl cellulose-hydrazide (CMC-NHNH») and dextran-
aldehyde (Dextran-CHO) ‘soft’ chains with rigid CNCs or modified CNCs, could keep their
structure better than unfilled polymeric hydrogels.?® Moreover, the hydrogel reached high swelling
ratio of 350% at the equilibrium state, which was higher than the swelling ratio (260%) of the
CMC-NHNH/Dextran-CHO/aldehyde modified CNCs-based self-healing hydrogels.?® The
integrated structure and high water uptake ratio of CMC/DACNC hydrogel rely on two factors.
Rigid rod-liked DACNCs induced physical “obstruction effect”. The DACNCs was trapped and
entangled in the hydrogel network, which restricted the mobility of the ‘soft” CMC chains. On the
other hand, the formation of a network structure with linkages among the DACNCs may provide
another “locking effect” to maintain the structure of the hydrogel network, the aldehyde groups in
DACNC:Ss cross-linked with amine groups in CMC chain, which reduced free volume and chain
mobility within the hydrogel, inhibiting water penetration, adhesion and uptake while maintain a
rigid and compact hydrogel structure.?** Both effects from rigid rod-liked DACNCs contribute to
the integrated hydrogel structure and high water uptake ratio. The high-water absorption while still
maintaining the hydrogel integrity is crucial for uses as wound dressing to remove the large

amounts of excessive exudates in a long duration.
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Figure 4-9. (a) Swelling kinetics of the CMC/DACNC-48 (MR = 2) hydrogels soaked in distilled

water for different time, and (b) photographs of swollen hydrogel immersed into distilled water

for 0, 1, 2,4, 5, and 7 hours.

4.3.5 On-demand dissolution of hydrogel in amino acid solution

Usually, the burn wound healing dressings are surgically and mechanically removed from the
wound, which causes additional injury to the newly formed tissue and it is painful without
analgesia, while the anesthetics prevent wounds from healing.*! The hydrogel with on-demand
dissolvable property can eliminate the need for mechanical and surgical debridement and alleviate
pain at wound dressing changes. The on-demand dissolution of the hydrogel by amino acid was
investigated and results were showed in Figure 4-10. Amino acids can shift the equilibrium of
Schiff base, leading to the decomposition of the hydrogel.®%2* In addition, amino acid is beneficial
for wound and has been widely used for diet supplements to enhance wound healing.?*®
Specifically, glycine was applied as a model amino acid and the CMC/DACNC-48 (MR = 2)
hydrogel was incubated in glycine aqueous solution (100 mg/mL) at room temperature. The

hydrogel completely dissolved after one hour of incubation (Figure 4-10a). Furthermore, the
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quantitative rheological measurements were used for real time study of the dissolution behavior.
A time sweep was run in which the CMC/DACNC-48 (MR = 2) hydrogel was exposed to glycine
aqueous solution. As shown in Figure 4-10b, the storage modulus of hydrogel decreased with time,
indicating the hydrogel dissolved progressively. When in contact with air, the hydrogel storage
modulus remained unchanged and no hydrogel dissolution was observed. Similarly, the storage
modulus of hydrogel just slightly decreased because of swelling when contacting with water.
These results verified that the ability of the CMC/DACNC hydrogel to be dissolved on-demand is
satisfying and the hydrogel is promising as an ideal alternative to debridement of the wound
dressing. The on-demand dissolution was induced by Schiff-base transfer between the Schiff-base
linkages present in the hydrogel network and an exogenous solution with amine groups.®® More
specifically, the equilibrium of Schiff-base reactions shifted by the addition of glycine in this work.
Amine groups in free amino acid are more reactive than those in CMC to react with aldehyde
groups on DACNC. Thus, glycine acts as a competitor of CMC to react with the aldehyde groups

on DACNC, which resulted in the CMC/DACNC hydrogels break down and dissolve.
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Figure 4-10. On-demand dissolution of the CMC/DACNC-48 (MR = 2) hydrogel: (a) Photographs
of the dissolution of the hydrogel after treatment with water and a glycine solution (100 mg/mL,

pH 6.3), (b) time sweep of hydrogel exposed to water and glycine solution.

4.3.6 In vitro cytotoxicity and 3D cell encapsulation

Biocompatibility is an important property for wound dressing materials. Preliminary in vitro
cytotoxicity of the hydrogel and on-demand dissolved hydrogel solution was evaluated using MTT
assay with normal adult human primary dermal fibroblasts, which has been widely used to
investigate the cytotoxicity and biocompatibility of materials.?*’ After cells were attached to the

well bottom, hydrogel disks were introduced into the wells. Figure 4-11 shows the cell viability
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was 88.6 = 11.1% and 89.9 &= 11.6% after 24 h when the cells were exposed to 100 uL complete
growth media with 2.5 mg hydrogel and 5.0 mg hydrogel disks, respectively. Then we further
tested the cytotoxicity of the dissolved hydrogel solution by MTT assay. The result shows that the
cell viability was as high as 98.1 = 8.0% after 24 h of cell exposure. These results suggest that
the CMC/DACNC-48 (MR = 2) hydrogel and dissolved hydrogel solution are relatively nontoxic

with good potential for biomedical applications.

120

100 I S

)
e

o
b

IS
T

Cell viability (%)

)
>

25 m'gImL 50 mg/mL Hyél.;ogel
hydrogel hydrogel hydrolysate

Figure 4-11. Cell viability of hydrogel and dissolved hydrogel product.

The ability of hydrogel to absorb massive liquid while maintain the hydrogel integrity is crucial
for extracellular matrix (ECM) materials to support cell growth. In addition, cell spreading and
migration destroy the hydrogel matrix, but self-healing capacity of the reversible hydrogel enables
the recovery of the broken network and prolongs the lifetime of the hydrogel matrix. Thus, we
performed the three-dimensional (3D) encapsulation of fibroblasts to test the feasibility of the

CMC/DACNC hydrogel for cell growth. Fibroblasts were suspended in the DACNC solution
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followed by addition of CMC to form hydrogels. Uniform cell distribution and excellent cell

viability (98.6 = 6.4%, Figure 4-12a) were confirmed by hydrogel observation using confocal
microscopy. The cell viability was as high as 97.8 = 4.2% and 96.7 & 5.4% after one- and four-

days encapsulation, respectively (Figure 4-12b-c). After seven days of incubation, not only the
cell viability remained high (97.3% = 5.2%), but also the cell numbers jumped from 2 x 10°

cell/mL in the beginning to 7 x 10° cell/mL on day 7 (Figure 4-12d). The cell viabilities in different
culture day have no significant difference, which demonstrated the excellent cytocompatibility of
the hydrogels. After incubated for seven days, the hydrogel was dissolved by glycine solution. The
polymer solution with free cells was cultured in the tissue culture plates for another 12 h. The free
fibroblasts attached to the plate bottom and exhibited normal cell morphology (Figure 4-12c),
further confirming good cytocompatibility and capacity to support fibroblasts growth of the

CMC/DACNC hydrogel.
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Figure 4-12. Cell encapsulation within the CMC/DACNC-48 (MR = 2) hydrogel scaffolds:

Representative 3D images of encapsulated cells inside hydrogel network after (a) 0 day, (b) 1 day,
(c) 4 day, and (d) 7 day encapsulation (green and red dots mean live and dead cells, respectively).
There were ca.98% of cells survived after one week in culture. (e) The released fibroblasts from
3D cell encapsulation were cultured on tissue culture plates for 12 h. The free fibroblasts attached

to the plate bottom and exhibited normal cell morphology.
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4.3.7 Burn wound healing effect

In the animal model, deep partial thickness skin burn wounds were created on the dorsal area of
SD rats which extended fully through the epidermis and dermis layers of skin. The CMC/DACNC
hydrogel was injected into the wound to fully cover the wound bed. Figure 4-13a showed the
photographs of burn wounds during healing process for (1) control group, (2) gauze group and (3)
hydrogel group, and (4) D-hydrogel group, respectively. For group (3), CMC/DACNC-48 (MR =
2) hydrogels were injected into the wound beds followed by surgical removal, whereas for group
(4), the injected CMC/DACNC-48 (MR = 2) hydrogels were removed by on-demand dissolving
using glycine solution. On day 0, the skin was typically splotchy red and burns were extended to
the reticular region of the dermis layer, which is classified as a deep partial thickness burn. In all
four groups, the burn wounds contracted with time (Figure 4-13b). The four groups had no
significant effects on the wound size after two days treatment (p < 0.05). Difference occurred after
four days treatment. On day 4 and 6, compared to the control group, wound size reduced more in
the other three groups, but there was no significant difference between Gauze group and Hydrogel

group. There was less than one quarter of unclosed wound area (22.1 = 8.0%) in D-Hydrogel

group after eight days of healing while it took ten days for Hydrogel group to reduce the wound

area to 23.0 =11.4%, 12 days for the Gauze group (26.0 = 3.8%) and 14 days for the Control
group (22.3 = 5.9%), indicating that wounds in D-hydrogel group demonstrated a faster healing
rate. On day 14, D-hydrogel group showed the smallest unclosed wound area (0.6 = 2.7%) among
all groups, lower than that of Gauze group (13.1 £ 5.4%) and Hydrogel group (6.3 £ 3.1%).

There were no obvious wounds and only small line-liked wound in the D-Hydrogel group on day
14, which is comparable or better than most of polymeric hydrogels-based wound healing

dressings. For example, about 5% unclosed wound area was identified on day 14 by using keratin-
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chitosan/n-ZnO nanocomposite hydrogel wound dressing,>*® and 4.7% unclosed wound area on

day 15 for hydrogel wound dressing made from gelatin, oxidized alginate and borax.>*
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Figure 4-13. Wound healing progress: (a) Images of a representative wound site from each group
taken on post-injury days 0, 4, 8, 10, 12, and 14. (b) Unclosed wound area rate of initial wound
untreated or treated with petrolatum gauze, hydrogel, and hydrogel with glycine at day 0, 2, 4, 6,
8, 10, 12, and 14. Values are mean = standard deviation for each group. ns p > 0.05, * p <0.05,

**p <0.01, *** p <0.001. (c) H&E staining and Masson’s trichrome staining of wounds at day

14.
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Haemotoxylin and Eosin staining (H&E) and Masson trichrome staining were applied to further
investigate wound repair of hydrogel on rats with deep partial thickness burn. Figure 4-13c
displayed the histological results of the wounds in Control group, Gauze group, Hydrogel group,
and D-Hydrogel group on postoperative day 14, respectively. As shown in the representative
images of H&E stained wound, many hair follicles and blood vessels were observed in the
Hydrogel and D-Hydrogel groups. In the Control and Gauze groups, however, no obvious
cutaneous appendages regeneration was observed. Furthermore, collagen deposition after
treatments was detected by Masson trichrome staining. In the D-Hydrogel group, wounds showed
more densely packed collagen fibers with parallel arrangement, leading to less scar on the wound
area. In contrast, collagen fibers were irregular in the other three groups. In summary, burn wounds
in the D-Hydrogel group exhibit rapid skin regeneration and fewer visible scars compared with the
Control, Gauze, and Hydrogel groups.

4.4 Conclusion

A novel injectable nanocomposite self-healing hydrogel was constructed by combining flexible
CMC chain and rigid rod-like cellulose nanocrystal functionalized with aldehyde groups
(DACNC). To achieve the CMC/DACNC nanocomposite hydrogel, the DACNCs of around 110
nm in length were fabricated through hydrolysis and periodate oxidation of wood cellulose. The
CMC/DACNC hydrogels exhibit high self-healing efficiency (~ 5 min), injectability, good
mechanical strength, and high equilibrium swelling ratio of 350% while maintaining the gel.
Moreover, the hydrogel possesses unique on-demand dissolving ability by subjecting to amino
acid solution, thereby enabling painless removal at wound dressing changes. Three-dimensional
(3D) cell encapsulation demonstrated that the hydrogel has potential to be used as extracellular

matrix to support cell growth with cell viability of 97.3% after seven days of incubation.
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Importantly, the CMC/DACNC hydrogels could be injected and completely cover the large and
irregular-shaped wounds to maintain a moist environment and absorb massive wound exudate, and
then could be easily removed from the wound beds by on-demand dissolving the hydrogel. In vivo
tests demonstrated that the self-healing hydrogel could effectively treat deep partial thickness burn
wounds with only 0.6% wound area remaining unclosed after two weeks of healing without the
formation of scars. In summary, this work presents a uniquely designed on-demand dissolvable
nanocomposite self-healing hydrogel with multiple advantages and good potential as wound

dressing materials for deep partial thickness burn patients.
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Chapter 5
Stretchable and Tough Nanocomposite Hydrogels with Excellent Self-Recovery and
Cytocompatibility

5.1 Introduction

Hydrogel, as a soft material, has been widely applied in the biomedical field due to its high water
content, and similarity to the extracellular matrix. However, the insufficient mechanical properties
and short lifetime of traditional hydrogels impede their applications. For example, artificial
cartilage is expected to be as strong as natural cartilage, which provides the smooth load-bearing
surfaces in freely moving joints. The structural deformation and mechanical strength reduction of
cartilage are responsible for joint disorders.*® Hydrogels with excellent mechanical properties as
well as self-recovery and self-healing capacity could be employed as artificial cartilage and
skeletal muscle tissue, because they can reform their structure after a break and restore their
functions, thereby extending their lifetime in such load-bearing applications. Over the past decades,
numerous strategies have been explored to enhance the mechanical properties of hydrogel by
designing distinctive structure or introducing effective dissipation mechanism, such as
nanocomposite hydrogel,?!?>* tetra-arm poly (ethylene glycol) hydrogel,>* supramolecular
hydrogel,>>2%¢ dual-crosslinked hydrogel, 7 and double-network hydrogel.> 12* 238 Particularly,
double network (DN) hydrogels have drawn extensive attention recently due to their extraordinary
mechanical performance. The DN hydrogels consist of a rigid and fragile first network and a
ductile second network. The sacrificial bonds in the first network break to effectively dissipate
energy, protect the second network and sustain stress, and the second network provides elasticity

to the hydrogel % 15525
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Polyacrylamide (PAAm) has been widely used to prepare hydrogels due to its hydrophilicity, non-
toxicity and bio-inert nature, long chain lengths. PAAm also has a capacity to preserve their shape
and mechanical properties. It is easy to adjust the mechanical, chemical and biophysical properties

of PAAm hydrogels.?* Hence, PAAm hydrogels have a wide-ranging applications, such as waste

260 261-262

treatments,”" controlled drug release, and tissue engineering.?®® Until now, a lot of reports
on DN hydrogel employing PAAm network as the second network to improve the elasticity of the
hydrogel.!>” The cooperation of these two networks reinforces the hydrogel, leading to tough and
elastic hydrogel. Unfortunately, the traditional covalently cross-linked DN hydrogels fail to restore
their initial mechanical properties following loading and unloading cycle, since the covalent bonds
in the first network can’t be regenerated after a break.?64-265

To address this issue, introducing a reversible network to replace sacrificial covalent bonds in the
original irreversible covalent network both improves mechanical properties and generates self-
recovery and self-healing ability.?64-26¢ Physically cross-linked bonds in the first network serve as
the sacrificial bonds to dissipate energy when force is applied in the hydrogel, and then reform
when the stress is released. Previously, Suo’s group designed and prepared an alginate-
Ca”**/polyacrylamide DN hydrogel with ionically crosslinked alginate and covalently crosslinked
polyacrylamide as the first and second network, respectively.!>” This hydrogel displays excellent

stretchability and high fracture energy. However, the fracture strength of this DN hydrogel is

below 160 kPa, and the hydrogel recovers only 74% of its first loading after being stored at 80 “C

for one day. Following this work, a series of recoverable DN hydrogel consisting of thermos-
reversibly physically crosslinked polysaccharide network as the first rigid network and covalent

cross-linked polyacrylamide as the second elastic network were reported, such as «-

1 267-268 1 269-271
b 2

carrageenan/polyacrylamide DN hydroge agar/polyacrylamide DN hydroge and
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xanthan gum/polyacrylamide DN hydrogel.?®> However, these DN hydrogels exhibit recovery and
self-healing properties only under high temperature because the composites of the first network,
such as x-carrageenan, agar and xanthan gum, only re-dissolve at high temperature to reform the
hydrogel. Although the broken bonds could be regenerated through re-heating and cooling the DN
hydrogels, the requirement to prepare and recover the gels at high temperature extensively hampers
their applications. Therefore, a stretchable and tough hydrogel that could self-recover and self-heal
at ambient temperature without any external stimuli is more desirable.

Recently, our group reported a nanocomposite self-healing hydrogel composed of carboxymethyl
chitosan (CMC) and dialdehyde cellulose nanocrystals (DACNCs)."* DACNCs as both
reinforcements and cross-linkers significantly reinforce the mechanical properties of hydrogels
due to their rigid mechanical properties, large surface area, and high aspect ratios.?’?*’* The amine
groups in CMC react with the aldehyde groups in DACNC to generate reversible and dynamic
Schiff-base linkages, which render the CMC/DACNC hydrogel self-healing at ambient
temperature without any external stimuli. With these concerns in mind, we envisioned that the
combination of CMC/DACNC reversible network with elastic polyacrylamide (PAAm) network
might create a novel stretchable and tough hydrogel with self-recoverable and self-healable
capacities in favor of reforming the structure of hydrogel after deformation and restoring their
functions. Most importantly, these self-recoverable and self-healable functionalities can be
achieved easily at ambient temperature without any external stimuli, which mimics the biological
systems that could spontaneously self-repair following mechanical deformation.?’*2"> Thus the
tough and self-recoverable CMC/DACNC/PAAm hydrogel has potential applications towards

load-bearing tissues, such as artificial cartilage and muscle tissue.
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Herein, a novel double-network hydrogel consisting of Schiff-base linkages-based first network
and covalent crosslinked PAAm second network was prepared. The effects of CMC percentage,
polymer concentration, and DACNC concentration on mechanical properties of the hybrid
hydrogel were investigated. In addition, the self-recovery, self-healing, swelling, and
biocompatible properties of the CMC/DACNC/PAAm hybrid hydrogels were studied.

5.2 Experimental section

5.2.1 Materials

Chitosan (viscosity-average molecular weight: 12.4 x 10°, degree of deacetylation: 72%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Spruce cellulose (bleached kraft pulp, M
=4.10 x 10° g mol!) with a-cellulose content of 87.3 % was provided by Alberta Pacific Forest
Industries Inc. (AB, Canada). Monomers acrylamide (AAm, for electrophoresis, > 99% (HPLC),
Sigma), N, N’-methylenebis (acrylamide) (MBAA, 99%, Sigma-Aldrich), free-radical initiator
ammonium persulfate (APS, ACS reagent, > 98.0%, Sigma-Aldrich), polymerization accelerator
tetramethyl-ethylenediamine (TEMED, electrophoresis grade, Fisher BioReagents). Primary
dermal fibroblasts (Normal, Human, Adult, ATCC® PCS-201-012™), fibroblast basal medium
(ATCC® PCS-201-030™), fibroblast growth kit-low serum (ATCC® PCS-201-041™), trypsin-
EDTA for primary cells (ATCC® PCS-999-003™), and trypsin neutralizing solution (ATCC®
PCS-201-004™) were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). Thiazolyl blue tetrazolium bromide (MTT, 98%), fluorescein diacetate (FDA), and

prodidium iodide (PI, > 94.0% (HPLC)) were purchased from Sigma-Aldrich.
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5.2.2 Formation of CMC/DACNC/PAAm hybrid hydrogel

The preparation and characterization of carboxymethyl chitosan (CMC, amine group content:
0.285 mmol/g CMC) and dialdehyde cellulose nanocrystal (DACNC, aldehyde group content:
1.426 mmol/g DACNC) were reported in Chapter 4. Briefly, chitosan (10 g) dispersed in 120 g 50
wt.% NaOH aqueous solution was kept at -20 °C for 12 h. The frozen alkali chitosan was
transferred to isopropanol (100 mL), and then sodium chloroacetate (35 g) was added in portions.
Under vigorously mechanical stirring, the mixture reacted at room temperature for 2 h, and then
at 60 °C for another 2 h to form CMC. Wood cellulose fibers (10.0 g) were hydrolyzed by sulfuric
acid (100 mL, 65 wt.%) at 45 °C for 1 h to obtain cellulose nanocrystals (CNCs) and then the
CNCs was oxidized by periodate oxidation (NalOs4, 3.33 g) at room temperature for 48 h to obtain
the DACNC:s.

The CMC/DACNC/PAAm hybrid hydrogels were prepared by a one-pot method. CMC and
acrylamide were first dissolved in distilled water with various CMC concentration (2, 3, 4, 5 wt.%)
and polymer concentration (14, 18 wt.%), and stirred until a clear solution was obtained. This
CMC and acrylamide solution of 10 g was then mixed with covalent cross-linker MBAA, thermo-
initiator APS and polymerization accelerator TEMED (0.12%, 0.30%, and 0.3875% based on the
amount of acrylamide, respectively), as well as 1 mL of 4 wt.% (or 2, 6, 8 wt.%) DACNC
suspension. The mixture was transferred into the molds of a I mL syringe and 48-well plate, which

was then put into an oven at 50 “C for 3 h to form the hydrogel. For comparison, the CMC/DACNC

hydrogel was prepared by mixing 4 wt.% CMC solution and 4 wt.% DACNC suspension at room
temperature. The PAAm hydrogel was prepared by mixing 14 wt.% acrylamide solution with

MBAA, APS and TEMED, followed by treatment at 50 °C for 3 h.
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5.2.3 Characterizations

To investigate the possible crosslinks in the hybrid hydrogel network, the Fourier transform
infrared (FT-IR) spectra of CMC, DACNC, PAAm hydrogel, and the CMC/DACNC/PAAmM
hybrid hydrogel were collected by using a Nicolet 6700 Fourier transform infrared
spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Hydrogel samples were frozen in
liquid nitrogen and freeze-dried before testing. All samples were pressed to pellets with KBr. FT-
IR spectra were recorded between 4000 and 800 cm™! at a resolution of 4 cm!.

5.2.4 Mechanical tests

The mechanical properties of hydrogels were measured using an Instron 5967 universal testing
machine (Instron Corp., MA, USA) at room temperature. Tensile tests of rod-like hydrogel
samples (30 mm length and 4.78 mm diameter, prepared in the 1 mL syringe mold) were carried
out using a 50 N load cell at a crosshead speed of 50 mm/min. The stress-strain curves were
recorded, which were converted into stress-stretch curves, in which the stretch ratio (A) = strain (g)
+ 1. The tensile strength was equal to the maximum tensile stress, and the elastic modulus was the
slope over 1.1-1.3 of stretch ratio from the stress-strain curve.

The unconfined compression tests of the cylindrical hydrogel samples (6 mm height and 11 mm
diameter, prepared in the 48-well plate mold) were conducted by using the Instron equipped with
a 5 kN load cell at a crosshead speed of 1 mm/min. The compressive stress-strain curves were
recorded. Maximum stress (Gmax), strain (&€max), and compressive modulus (E£) were calculated from
the compressive stress-strain curves. Maximum stress/strain was the stress/strain at fracture or
until a strain of 90% since some hydrogels did not fracture. Compressive modulus refers to the

average slope of the initial linear region (elastic range, € = 0%-10%) of the stress-strain curve.
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5.2.5 Self-healing test

The self-healing ability of the CMC/DACNC/PAAm hybrid hydrogels was first evaluated by
macroscopic self-healing tests. The original rod-like hydrogel samples and pink color samples
(stained with rhodamine B for better observation) were cut into halves, and immediately, the cut
interfaces of each piece were brought to contact. The newly contacted hydrogels were sealed in
plastic bags and put in a desiccator with saturated KCl solution to prevent water from evaporation,
and stored at ambient temperature without any external stimuli. The new hydrogels were stretched
from both ends to confirm that they were healed. To quantitatively measure the self-healing
efficiency, the tensile tests of original and healed hydrogel samples were conducted as described
in the mechanical test section. The self-healing efficiency was defined as the tensile strength of
healed hydrogels divided by the original hydrogels. Besides, the microscopic observation was
performed to assess the self-healing ability of the hybrid hydrogels. Cracks were created by a blade
on the surface of hydrogel and observed under a microscope until the cracks disappeared.

5.2.6 Self-recovery test

To quantitatively measure the self-recovery rate, the tensile tests of original and recovered
hydrogel samples were conducted as described in the mechanical test section. In a hysteresis
measurement, the rod-like hydrogel samples were first stretched to various stretch ratios (A = 2,
2.5, 3, or 3.5) and then unloaded. For the tensile recovery test, the hydrogel samples were first
stretched to 3 times its initial length, and then unloaded to zero force. The hydrogel samples were
then stored in a plastic bag at room temperature to prevent water from evaporation. The second
loading and unloading was applied after different resting time (0.5, 1, 6, and 12 h). The recovery
rate was defined as the dissipate energy of the second cycle divided by the first cycle. The dissipate

energy during a cycle was estimated from the area under the loading-unloading curves. In the
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compression recovery test, successive loading-unloading compressive tests were conducted 10
times under varying strain (70%, 85%, and 90%).

5.2.7 Water swelling test

The swelling ratio of the CMC/DACNC/PAAm hybrid hydrogel was measured using a gravimetric
method at room temperature. In brief, the as-prepared cylindrical hydrogels (11 mm in diameter
and 5 mm in height) were completely immersed in the distilled water (100 mL). The swollen
hydrogels were weighed at designed time intervals until they reached swelling equilibrium. The
swelling ratio of the CMC/DACNC/PAAm hybrid hydrogels was calculated as the following
equation: Swelling ratio (%) = (Wi-Wo)/Wy x100%, where W; and W refer the swollen weight and
the initial weight of hydrogels, respectively.

5.2.8 In vitro cell compatibility

The preliminary in vitro cytotoxicity of the hybrid hydrogels was assessed by MTT assay. The
hybrid hydrogel (200 g) was first immersed in 70% ethanol for 30 min, and then washed with PBS
(pH 7.4) three times. Next, the hydrogel was washed with completed growth media and incubated
for 30 min at 37 °C. The hybrid hydrogel was incubated in 10 mL completed growth media at
37 °C for 24 h to obtain the hydrogel extract. Normal adult human primary dermal fibroblasts were
seeded in the 96-well plate at a density of 7500 cells/well (100 pL cell suspension each well, n =
6 per condition) and incubated at 37 °C for 24 h to allow the cells to adhere. Fibroblasts were
treated with 100 pL different concentrations (0, 1, 5, 10, 50, 100%) of hydrogel extract and
incubated at 37 °C for 24, 48, or 72 h. The hydrogel extract was discarded and the MTT solution
(0.5 mg/mL in PBS, 100 puL) was added to cells and incubated for 4 h. The MTT solution was
removed and 100 pL of DMSO was added into each well to dissolve the formazan crystals

followed by measurement of the optical density at 570 nm using a microplate reader (SpectraMax,
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Molecular Devices, USA). The cell viability was defined by the percentage of living cells with
respect to the control cells.

To further confirm the biocompatibility of the hybrid hydrogels, the fibroblasts were directly
seeded on the surface of the hydrogel. Briefly, the hydrogel (10 mm diameter, I mm thickness)
was placed into the center of glass bottom microwell dish (MatTek Corporation, USA), and then
cell suspension (1 mL, 75 000 cells/mL) was added above the hydrogel. After 3 days of incubation,
the spent media was discarded, and cells were stained with FDA/PI solution (1 mL, 10 min).!%
The hydrogel was washed with PBS to remove excess dye and observed by a CLSM 710 Meta
confocal laser scanning microscope (Carl Zeiss, Jena, Germany).

5.2.9 Statistical analysis

Experiments were replicated five times and the data are expressed as mean + standard deviation
(SD). Differences between treatments were determined via student's T-test and analysis of variance
(ANOVA). The Post-hoc multiple-comparisons were evaluated by Duncan's multiple-range test.
Statistical differences between samples were performed with a level of significance of p < 0.05.
5.3 Results and discussion

5.3.1 Synthesis and characterization of CMC/DACNC/PAAm hybrid hydrogel

Figure 5-1 illustrates the scheme to prepare the CMC/DACNC/PAAm hybrid hydrogel. CMC and
monomer AAm were dissolved in distilled water to get a clear solution, and then cross-linker
MBAA, initiator APS, and accelerator TEMED were added into the CMC/A Am solution, followed
by adding DACNC suspension. Immediately, amine groups in CMC reacted with aldehyde groups
in DACNC to generate the dynamic Schiff-base linkages, which served as the first and reversible
covalently cross-linked CMC/DACNC network. Subsequently, the chemically cross-linked PAAm

was formed under heating as the second network. As shown in the central pictures of Figure 5-1,
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the CMC/DACNC/PAAmM hybrid hydrogels were tough and could tolerate high-level deformations
of knotting without any observable damage. Because of the adaptable gel-forming ability, the

hybrid hydrogels can be readily adapted to different complex shapes, for example, maple leaf.
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Figure 5-1. Schematics of preparation route for stretchable, tough and self-recovery

CMC/DACNC/PAAmM hybrid hydrogel.

As shown in Figure 5-2, the FT-IR spectrum of CMC exhibits characterized absorption peaks at

1602 cm™ and 1411 cm’!, corresponding to the stretching vibrations of asymmetric and symmetric

1

carboxylic groups (-COO-), respectively, and the band at 1323 cm™ was assigned to C-O
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stretching.?’¢2’® The DACNC exhibited a broad peak at 3345 cm (O-H stretching) and
characteristic peaks at 1729 cm™! (the aldehyde group), 1163 cm™ and 1046 cm™ (the asymmetric
stretching vibration of C-O-C and C-OH stretching), respectively.?”” The peaks at 3360 and 3190
cm’! in the spectrum of PAAm hydrogel were assigned to the stretching vibration of N-H, 1670
cm™! to C=0 stretching, 1612 cm™ to N-H cm™' deformation, 1414 cm™ to C-N stretching, and
1123 cm™! to -NH; in-plane rocking vibration.?*® In the spectrum of the CMC/DACNC/PAAmM
hybrid hydrogel, a band at 1666 cm™ for imine stretching vibration (C=N) was observed, indicating
that Schiff-base reactions had occurred.'> '1° The peaks at 1587 cm™ and 1274 cm™! were assigned
to amide bending vibration (N-H) and C-N stretching of secondary amide, respectively. Besides,
the band around 3500-3100 cm™ (O-H and N-H stretching vibration) becomes broader in the
spectrum of CMC/DACNC/PAAm hybrid hydrogel, which was attributed to the formation of
hydrogen bonds.?®! Thus, the hybrid hydrogels with double-networks of CMC/DACNC and

PAAm were obtained.
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Figure 5-2. FT-IR spectra of (a) CMC powder, (b) DACNC powder, (c) PAAm single hydrogel,

and (d) CMC/DACNC/PAAm hybrid hydrogel.
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5.3.2 Mechanical properties

The CMC/DACNC/PAAm hybrid hydrogel exhibited excellent stretchability and high strength.
As shown in Figure 5-3A, the hybrid hydrogel could be stretched to about four times of its original
length, and the hybrid hydrogel could be repeatedly stretched as a rubber ribbon. After the force
applied to the hydrogel was removed, the hydrogel immediately restored to its original shape,
indicating its excellent elasticity. Figure 5-3B-E shows the tensile stress-stretch results of the
CMC/DACNC/PAAm hybrid hydrogels. Under the same total polymer concentration, the stretch
value (1) of the hybrid hydrogel decreased with higher amount of the CMC in the hybrid hydrogel.
In contrast, the fracture stress drastically enhanced when the percentage of CMC content increased
from 2% to 4%, and then reached the plateau. There was no statistically significant difference in
elastic modulus among hybrid hydrogels with 14% total polymer concentration, while the elastic
moduli of hybrid hydrogels with 18% total polymer concentration increased with CMC content
from 2 wt.% to 4 wt.% and then decreased. The stretch value, fracture stress and elastic modulus
of the hybrid hydrogels with 18% total polymer concentration were higher than those with 14%

total polymer concentration.
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Figure 5-3. The effect of composition on tensile behavior of the CMC/DACNC/PAAm hybrid
hydrogel. (A) A strip of hydrogel was fixed between the two clamps and the stretched hydrogel.
(B) Representative tensile stress-stretch curves. (C) Stretch value. Stretch A = L/Lo= strain + 1, Lo
is the initial length and L is the length of stretched hydrogel, (D) Strength value. (E) Elastic moduli
of hydrogels with various CMC content and polymer concentration. Each test was conducted by
pulling the sample to rupture. (Values in Figures C, D, and E are Mean + SD, n > 5). The
CMC/DACNC/PAAm hybrid hydrogel was prepared by mixing 10 g CMC and AAm mixed

solution, with MBAA, APS, TEMED and 1 g 4 wt.% DACNC suspension.
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Figure 5-4. The effect of composition on compressive behavior of the CMC/DACNC/PAAmM
hybrid hydrogel. (A) Unconfined compressive test process of 4% CMC-18%-4% DACNC hybrid
hydrogel. (B) Representative unconfined compression stress-strain curves. (C) Maximum
compressive stress (Omax), and (D) compressive modulus (£). The hybrid hydrogel was prepared
by mixing 10 g CMC and AAm mixed solution, with MBAA, APS, TEMED, and 1 g 4 wt.%
DACNC suspension. The hydrogel could return to its original shape after undergoing a

compressive strain of 90% and relaxation.

In addition to the tensile properties, the CMC/DACNC/PAAm hybrid hydrogels also exhibited
fantastic compression properties. The hybrid hydrogel did not fracture even when the compressive
strain reached 90% (Figure 5-4A) and the test was stopped at 90% compressive strain in order to
protect the machine. Results showed that the hybrid hydrogel could immediately recovered its
original shape even if it was repeatedly compressed 50 times, suggesting that the hybrid hydrogel

had good fatigue resistance. Figure 5-4B shows the typical compressive stress-strain curves of the
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hybrid hydrogels. All samples did not break when the compressive strain reached up to 90%, so
we defined the compressive stress at compressive strain 90% as the maximum compressive stress.
The compressive stress and modulus of the hybrid hydrogels were summarized in Figure 5-4C
and Figure 5-4D, respectively. The compressive stress of all samples slightly increased with
increasing compressive strain until about 70%, but above this point, the compressive stress
increased sharply. At the same total polymer concentration, the compressive stress (Omax) at €=90%
increased with CMC%, whereas the modulus (£) decreased with CMC%. When CMC% was kept
the same, omax and E of the hybrid hydrogels enhanced when the polymer concentration increased
from 14% to 18%. The omax and £ of hybrid hydrogel with 5% CMC and 18% total polymer were
up to 4.4 £ 0.7 MPa and 25.9 £ 1.1 kPa, respectively. However, the 5% CMC solution was too
viscous to handle. The gelation time of CMC/DACNC/PA Am hybrid hydrogel with 5% CMC and
18% total polymer concentration was too short to mix homogeneously. Based on the above tensile
and compression results and ease of operation, the hybrid hydrogels with 4% CMC and 18% total
polymer were selected for further tests.

The content of DACNC in the hybrid hydrogels may impact the mechanical properties of the
hybrid hydrogels as it serves as both cross-linker and reinforcing reagent. Therefore, the hybrid
hydrogels were prepared with DACNC of different concentration (2, 4, 6, 8%). With increasing
DACNC from 2% to 8%, the tensile strength and elastic modulus gradually enhanced, while the
stretch reached peak at 4%. At DACNC concentration of 8%, the maximum tensile strength (336.6
+ 49.9 kPa) and elastic modulus (80.7 + 4.9 kPa) were obtained (Figure 5-5A-B), which were
much higher than those of classic alginate/polyacrylamide DN hydrogels.!>” At the compressive
stress of 90%, omax increased with the increasing concentration of DACNC, and reached 7.95 +

0.69 MPa at 8% DACNC concentration (Figure 5-5C-D), which was comparable to the highly
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mechanical agar/polyacrylamide DN hydrogels reported by Zheng’s group (5 MPa compressive
stress at 90% compressive strain).?®* The compressive modulus reached a plateau at 6% DACNC

concentration.
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Figure 5-5. The effect of concentration of the nanocrosslinker DACNC on mechanical behaviors

of the CMC/DACNC/PAAm hybrid hydrogel. (A) Representative tensile stress-stretch curves. (B)

Stress, moduli, and stretch value. (C) Representative unconfined compression stress-strain curves.

(D) Maximum compressive stress (¢ max) and modulus (£). The CMC/DACNC/PAAm hybrid

hydrogel was prepared by mixing 10 g CMC and AAm solution, with MBAA, APS, TEMED, and

1 g4 wt% (or2, 6,8 wt.%) DACNC suspension.
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5.3.3 Hysteresis of the CMC/DACNC/PAAmM hybrid hydrogel

Loading-unloading tensile tests with varying stretch ratios were conducted to assess the
mechanical properties of the CMC/DACNCN/PAAm hybrid hydrogel by investigating the
capability of energy dissipation. Figure 5-6A shows the typical loading-unloading curves of the
CMC/DACNC/PAAm hybrid hydrogels at varying stretch ratios (A = 2, 2.5, 3, 3.5), which
exhibited an evident hysteresis loop and relatively small permanent deformation in every loading-
unloading curve, revealing that the hybrid hydrogels could dissipate energy effectively. The
dissipated energy per unit volume equals to the area between the loading and unloading curves of
a hydrogel.!>” In addition, a more pronounced hysteresis was observed when the hybrid hydrogel
was stretched to a larger ratio, which suggested that the energy dissipation increased with higher
stretch ratio. As the stretch increased, the dynamic and reversible Schiff based linkages broke
progressively and served as the sacrificial bonds to dissipate energy, while the covalent cross-
linked PAAm network remained intact to stabilize the integral structure of the hybrid hydrogel,'%’
so the CMC/DACNC/PAAm hybrid hydrogel exhibited obvious hysteresis and litter permanent
deformation.

In the consecutive compressive tests (Figure 5-6B, C, and D), when the hybrid hydrogel was
compressed by 70%, the hydrogel restored the initial strength and exhibited overlapping hysteresis
loops under 10 cycles of the successive compressive loading-unloading tests. This complete
recovery feature demonstrates that the covalent PAAm network has survived by reversibly
breaking and reforming sacrificial bonds. However, the area of the hysteresis loop increased with
higher compressive stain (85% and 90%), which implies that more energy was dissipated, mainly
due to the cleavage of Schiff-base linkages between the CMC and DACNC. When the compressive

strain increased to 85% and 90%, the hysteresis loop of the second cycle was smaller than that of
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the first cycle, and the remaining cycles overlapped with the second cycle. This indicates that both

the first and second networks are broken, because the covalent bonds in PAAm network may

fracture and could not be reformed under ambient conditions.
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Figure 5-6. Cyclic tensile and compressive performance of 4% CMC-18%-4% DACNC hybrid
hydrogel. (A) Samples of the hybrid hydrogel are subjected to a cycle of loading-unloading tensile
test of varying maximum stretch (A = 2, 2.5, 3, or 3.5) that is lower than the yielding strain of the
hybrid hydrogel. Typical successive loading-unloading compression tests for 10 times at (B) 70%

strain, (C) 85% strain, and (D) 90% strain.
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5.3.4 Selt-healing and self-recovery performances

The tough hydrogels with recoverability are promising for biomedical applications. The poor long-
term mechanical stability of hydrogels employed for cell encapsulation results in unintended cell
release and death,® ' and a desirable engineered skeletal muscle tissue is expected to have
adequate mechanical durability.?#>?%} Considering that the CMC/DACNC network in the hybrid
hydrogel was crosslinked via dynamic Schiff-base linkages, the self-healing behaviors of the
hybrid hydrogel were investigated. The hydrogels were completely divided into two parts, and the
self-healing was evaluated through macroscopic self-healing test by direct visual inspection and
microscopic observation. The rod-liked hybrid hydrogels (one was stained with rhodamine B for
better observation) were cut into half to expose fresh interfaces, and then the two fresh interfaces
were brought together immediately (Figure 5-7A). The hydrogels were stored in a desiccator with
saturated KCI solution to prevent water in hydrogel from evaporation. After 24 h at ambient
temperature without any external stimuli, the combined hydrogel was healed to a whole piece and
could sustain stretch. Figure 5-7B shows the optical microscope photos recording the self-healing
process of the incision created by a scalpel. It was observed that the notch on the hydrogel could
automatically heal within 2 h at ambient temperature without any external stimuli. Although the
combined hydrogels could recover the macroscopic structure integrity, they couldn’t completely
restore the mechanical strength. The self-healing efficiency was about 8% after 24 h at room
temperature, and it did not increase with longer time (Figure 5-7C), which was similar to the
previous reports on double network (DN) hydrogel containing PAAm network. For example, k-
carrageenan/polyacrylamide DN hydrogels only recover almost 12% of its original stress after

fracture even when the broken hydrogels were incubated in a bath of 90 °C .2’ It was assumed that

the healing process was due to the dynamic cleavage and regeneration of the reversible Schift-
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base linkages, but the broken covalently cross-linked polyacrylamide network in the hybrid

hydrogel can’t be regenerated.
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Figure 5-7. Self-healing performance of 4% CMC-18%-4% DACNC hybrid hydrogel: (A)

Photographs of self-healing process. (B) Microscopic images of the self-healing process. (C)

Tensile stress-strain curves of the original and healed hydrogels at various healing time. Scale bar:

500 um. (D) Recovery of samples stored at room temperature for different durations of time:

typical cyclic loading-unloading tensile test curve. (E) Recovery rate for the hydrogel after resting

for 0.5, 1, 6, and 12 h at room temperature.
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The CMC/DACNC/PAAm hybrid hydrogel couldn’t completely self-heal when it was split to two
parts, but it could recover small damage when the hydrogel was partially deformed. Therefore, we
further conducted the loading-unloading tests to investigate the self-recovery properties of the
hybrid hydrogels at room temperature without any external stimuli. The self-recovery properties
of the CMC-DACNC/PAAm hybrid hydrogels were evaluated when the applied strain is lower
than the yielding strain (Amax). The ability of the CMC/DACNC/PAAm hybrid hydrogel to recover
the initial dissipated energy was assessed by firstly stretching to a ratio of 3, and then the force
was released to zero. Afterwards, the hybrid hydrogel samples were sealed into plastic bags to
prevent water evaporation and stored at room temperature for a certain time, followed by a second
loading-unloading test. As shown in Figure 5-7D-E, the area enclosed by the loading-unloading
curves is defined as the dissipated energy of the cycle. The hybrid hydrogel in the second
measurement after 0.5, 1, 6, 12 h could recover 24.2, 49.1, 71.4, and 81.3% in dissipated energy
at A = 3 and the recovery rate of the hybrid hydrogels increased with the longer resting time. An

Alginate/PAAm hybrid hydrogel could only recover 74% at 80 “C after 1 day.'>” When the hybrid

hydrogel was stretched, part of Schiff-base linkages were cleaved and energy was dissipated.
Because of the dynamic and reversible nature of the Schiff-base linkages in the hybrid hydrogels,
these bonds can be re-formed once the external load is removed, partially recovering the original
mechanical properties. With longer resting time, more Schiff-base linkages could be re-established,
which resulted in higher dissipated energy recovery rate of the hybrid hydrogels. Since only the
reversible Schiff-base linkages were broken, they could quickly reform at room temperature even
without any external stimuli, leading to the self-recovery of the internal damage of hydrogel

network.
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5.3.5 Toughening mechanisms of CMC/DACNC/PAAm hybrid hydrogel

The mechanical properties of the optimized CMC/DACNC/PAAm hybrid hydrogels with 4%
CMC, 18% total polymer and 4% DACNC were compared with the CMC/DACNC hydrogels and
PAAm hydrogels (Figure 5-8) to investigate the toughening mechanism of the
CMC/DACNC/PAAm hybrid hydrogels. The percentage of CMC, DACNC and AAm in these
hydrogels was kept the same as those in the CMC/DACNC/PAAm hybrid hydrogels. The
CMC/DACNC hydrogel was too weak to be fixed by the clamps for tensile test. The tensile stress
and stretch at rupture were 206.32 + 26.93 kPa and 3.50 £ 0.27 for the CMC/DACNC/PAAmM
hybrid hydrogel, and 65.27 + 9.58 kPa and 9.04 + 0.96 for the PAAm hydrogel (Figure 5-8A, B,
and C). The tensile stress of the hybrid hydrogel was almost three times that of PAAm hydrogel.
Meanwhile, the CMC/DACNC hydrogel broke at a strain of 67.94 + 3.64% with a compressive
stress 0f 0.10 + 0.02 MPa. The PAAm hydrogel exhibited a compressive stress of 0.70 + 0.04 MPa
when it was compressed by 90%. However, the CMC/DACNC/PA Am hybrid hydrogel possessed
a compressive stress of 3.77 £ 0.24 MPa at the strain of 90% (Figure 5-8D, E, and F), which was
36 times and 5 times higher than those of the CMC/DACNC hydrogel and the PAAm hydrogel,
respectively. In addition, the PAAm single hydrogel didn’t recover its original shape after the force
was released (Figure 5-8G, H, and I). These results suggested that the hybrid hydrogels were
generated not only from a simple interpenetration of the CMC/DACNC hydrogel network and the
PAAm hydrogel network, but also through a possible synergistic interaction of two networks,
including entanglements of the polymers and covalent crosslinks formed between PAAm and
DACNC and CMC (e.g. hydrogen bonds). As the rigid DACNC with large specific surface area
and aspect ratio functions as both reinforcing filler and cross-linkers in the hybrid hydrogel

network, its incorporation improved the hydrogel mechanical properties and self-healing capacity
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of the first network crosslinked by the reversible Schiff-base linkages. Those results explained
why the CMC/DACNC/PAAm hybrid hydrogels showed extraordinary mechanical properties.

Moreover, the self-healing ability of the first network cross-linked by reversible Schiff-base
linkages could improve fatigue resistance and self-recoverable property of the hybrid hydrogel.
Small damage zones formed in the first network could accumulate to large damage, and
macroscopic crack propagation can be produced.?®* The self-healing ability of the first network is
beneficial to recovering the small damage zones and stopping the damage accumulation. After the
Schiff-base linkages break, they can quickly reform between CMC and DACNC at room
temperature even without any external stimuli, leading to the self-healing of the first network and
repair of the internal damage of hydrogel network, thereby improving the mechanical properties

and durability of hydrogel.
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Figure 5-8. Mechanical behaviors of single and hybrid hydrogel: (A) Representative tensile stress-
stretch curves. (B) Stretch value. (C) Tensile strength. CMC/DACNC single hydrogels are too
mechanically weak to be fixed by the clamps for tensile test. (D) Representative compressive
stress-strain curves. (E) Compressive strain until rupture or 90% strain. (F) Maximum compressive
stress of the CMC/DACNC hydrogel, PAAm hydrogel, and CMC/DACNC/PAAm hybrid
hydrogel. Hydrogel status after compression: (G) CMC/DACNC hydrogel, (H) PAAm hydrogel,
(I) Hybrid hydrogel. 4%CMC-18%-4% DACNC hybrid hydrogel was tested as a representative
hydrogel of the CMC/DACNC/PAAm hybrid hydrogel. For the CMC/DACNC single hydrogel
and the PAAm single hydrogel, the contents of the CMC and acrylamide in the single hydrogel

are identical to those in the CMC/DACNC/PAAm hybrid hydrogel.
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5.3.6 Swelling behaviors

As shown in Figure 5-9, the hybrid hydrogels swelled in the first 24 h and then slowed down and
finally reached equilibrium after approximately 120 h, when the swelling ratio reached 1556%,
suggesting the swelling behavior of the hybrid hydrogel was in accord with the diffusion
mechanism.?*® The DACNC s interacted with CMC and acted as nanofiller that occupy void space
in the hybrid hydrogel network, leading to compact hydrogel. The combination of double-network
and rigid DACNC in the hybrid hydrogel enabled the hybrid hydrogel to uptake large amounts of
water and remain stable shape after equilibrium. The DACNCs occupation of the void space was
important against hydrogel dissolution during swelling. This phenomenon was also observed in
phosphate buffer. The high swelling ratio and stable shape after equilibrium suggested that the
hybrid hydrogels could be applied as long-term drug delivery carrier, for example, loading
antibiotic in the CMC/DACNC/PAAm hybrid hydrogel for anti-infection of the total hip

arthrophasty.?%*
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Figure 5-9. (A) Swelling ratio of CMC/DACNC/PAAm hybrid hydrogels that were incubated in
distilled water at room temperature until swelling equilibrium. The error bars represent standard

deviation (SD). (B) Pictures of the initial hydrogel and swollen hydrogel.
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5.3.7 Cytocompatibility

There are different culturing methods to evaluate the in vitro cytotoxicity of biomaterials,?®
including direct contact, indirect contact and extract tests. The extract test evaluates the
cytotoxicity of any leachable agents from the materials. In this study, in vitro cell viability of the
extracted media leached from the hybrid hydrogels was evaluated by the MTT method using
human primary dermal fibroblasts. The effect of the concentration of hydrogel extract and culture
time on cell viability are shown in Figure 5-10A. All the samples showed cell viability higher than
86%. The cell viability of the hydrogel extract with different concentration for different culture
time showed negligible differences. When the concentration of the hydrogel extraction reached up
to 100%, which means the hydrogel extract was directly applied for test without dilution, the cell
viability remained as high as 86.07 + 4.64%, 89.26 + 9.57%, 94.26 + 4.03% after 1, 2, 3 days of
culture, respectively. Usually, a material with cell viability higher than 80% is regarded to be
noncytotoxic.?®® Then the fibroblasts were cultured on the hydrogel surface for three days. Figure
5-10B exhibits that the fibroblasts could grow well and spread on the surface of the hydrogel.

These results suggest that the CMC/DACNC/PAAm hybrid hydrogel is relatively safe and could

be potentially used for biomedical applications.
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Figure 5-10. Cytotoxicity test of the CMC/DACNC/PAAm hybrid hydrogel: (A) Cell viability of
hydrogel on day 1, day 2, and day 3. (B) Confocal fluorescent microscopy images of human

primary dermal fibroblast cultured on the surface of hydrogel for three days.
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5.4 Conclusion

This study introduces a biocompatible hydrogel that combines excellent mechanical properties and
good self-recovery at room temperature without any external stimuli, which is important for
fatigue resistance and extending its service life. A self-healing nanocomposite network
collaborates with a chemically cross-linked elastic network to form a double-network hydrogel.
The incorporation of rod-like rigid DACNC further strengthens the hydrogel, and DACNC:s act as
reinforcing agent and multifunctional cross-linker in the hybrid hydrogel network. The optimal
hydrogel possesses high tensile strength (ca. 250 kPa), large elongation (> 4 times), ultrahigh
compression strength (ca. 8 MPa), and good self-recovery (12 h at room temperature restore to
81.3%). Moreover, the CMC/DACNC/PAAm hybrid hydrogels exhibit good biocompatibility.
The combination of great mechanical properties, self-recoverability and biocompatibility, along
with a facile method of synthesis, empowers the hybrid hydrogel an ideal candidate for further

biomedical applications, such as hydrogel contact lenses, and artificial cartilage.
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Chapter 6

Mussel-Inspired Tissue-Adhesive, Moldable, and Self-Healing Nanocomposite Hydrogels

6.1 Introduction

Tissue adhesives are becoming increasingly popular in medical applications, such as sealing
surgical incision, filling the wound cavity, and stopping bleeding, due to their fascinating features,
including facile manipulation, less traumatic closure, no suture removal, less pain, and satisfying
cosmetic result. The current commercial medical glues, such as synthetic glue cyanoacrylate and
natural protein fibrin, have been widely applied in various surgical procedures. However the

degradation products of cyanoacrylate are toxic,!”* 27

and fibrin exhibits poor adhesion to tissues
in the presence of body fluid.***%® Since most of cross-linked hydrogels containing a large amount
of water do not exhibit strong adhesive strength to wet tissue surface, synthesis of adhesive
materials with good biocompatibility and high wet adhesive strength remains a challenge.

Recently, mussel-inspired tissue adhesives have been developed as promising candidates due to
their remarkable wet adhesion ability and biocompatible nature. Mussels can strongly attach to
various surfaces under saline environment by mussel byssal.?***® The major functional
components accounting for remarkable underwater adhesion are mussel foot proteins composed
of catecholic amine acids, which can undergo oxidation and form effective adhesion interactions
with solid substrates via a wide range of physical and chemical interactions.?> ** In particular,
catechol group has high binding affinity to amine, thiol, and imidazole groups in tissue via strong
covalent and noncovalent bonds formed through reactions such as Michael addition and Schift-

base formation.>* Catechol conjugated polymers have significant potential in biomedical

applications as tissue adhesives, but they are rarely employed to prepare self-healing hydrogels.
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Self-healing hydrogels are promising biomaterials because they can autonomously repair physical
damage and restore function, which prolongs their lifetime and cuts maintenance costs.?’!Self-
healing hydrogels can be injected to irregular and deep wound beds through needle with very
narrow gauge, followed by recovery to an integrated hydrogel at target sites.?” ''° However, classic
self-healing hydrogels usually lack tissue adhesive capacity, thus can move around the target area
triggered by tissue and cell actions, causing in inflammation or damage to surrounding tissues.®
Traditional tissue adhesives without self-healing ability normally adhere to the top surface of
tissues. They are not capable of fully matching the wound contour that can be deep and irregularly
shaped. Thus, the traditional tissue adhesives are not adequate as healing materials for deep
wounds. For example, internal hemorrhaging is a leading cause of death after traumatic injury, the
traditional adhesives cannot be used for incompressible wounds.?*> Combining the adhesion with
self-healing capacity allows the hydrogel to be highly preferable as tissue adhesives due to their
easy application and their viscoelastic nature resembling extracellular matrices. Adhesive self-
healing hydrogels could be injected to wound beds to fully fill deep and irregular wounds and
adhere to the tissues quickly with sufficient stability.

Hydrogels made out of natural renewable polymers are growing in popularity for their
environmental friendliness, biodegradability, and biocompatibility.'3® 2> Among these bio-
renewable polymers, cellulose and chitosan are the two most abundant organic polysaccharides on
earth, and have been widely applied in biomedical fields ranging from wound healing to drug
delivery and tissue engineering.?**2°> Chitosan is a naturally occurring polysaccharide derived
from chitin and it has found wide biomedical applications, as it exhibits favorable properties of
biocompatibility, biodegradability, tissue adhesion, hemostatic activity, anti-infection and

antibacterial activities.?*®**” The primary amine groups endow chitosan with tissue adhesion, but
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the tissue adhesion ability of cationic chitosan-based hydrogels is weak and short-lasting, because
the electrostatic interactions and hydrogen bonds between chitosan and tissue surfaces are
reversible.*>> 2°® One of the most critical drawbacks regarding the use of chitosan as a functional
biomaterial is its poor solubility in neutral aqueous solution. To address this issue, the Lee group
reported that catechol-conjugated chitosan with low catechol substitution degree was soluble in
acidic, neutral, and basic solutions.*>> ¥’ Moreover, amine groups and catechol groups have
synergistic effects on adhesion, which is similar to mussel foot proteins composed of abundant
positively charged amino acid residues and catechol motif.* Catechol-conjugated chitosan
exhibits excellent solubility in neutral pH solutions and strong adhesiveness to the wet surface of
tissue. Despite good adhesive strength of catechol-based adhesives, the use of chemical oxidants
as cross-linkers like FeCls, NalO4, H202, or base buffer impairs the biocompatibility of the
adhesives, and the long polymerization time hinders their practical applications, especially for use
as an internal tissue adhesive.?®® Besides, the intermolecular crosslinking occurs at the expense of
reducing adhesive strength, because they compete for catechol groups and amine groups. In this
context, Ryu et al constructed a thermally sensitive tissue adhesive by crosslinking catechol-
functionalized chitosan with thiol-terminated Pluronic F-127.* Nevertheless, the catechol-
conjugate chitosan/Pluronic F-127 hydrogel could not be injected in a gel state.

Derived from cellulose, cellulose nanocrystals (CNCs) have rod-like shapes, which range between
0.1-3 um in length and 3-70 nm in width.?”> CNCs have been widely entrapped within hydrogel
matrices to improve its mechanical properties. It has been reported that incorporating CNCs into
polymer matrix through the covalent bonding significantly improves the mechanical properties
compared to simply adding the pristine CNCs as nanofillers.!6: 26: 240. 300-301 CNCs with surface

modifications act as both reinforcing fillers and cross-linkers to improve the hydrogel. Aldehyde
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modified CNCs crosslink with amines-rich polymers to form dynamic hydrogel network rapidly
at room temperature because of the formation of reversible Schiff-base linkages between aldehyde
groups and amine groups.

In this study, we crosslinked a catechol-conjugated chitosan (CHI-C) self-healing hydrogel using
aldehyde modified cellulose nanocrystal (DACNC). Gelation occurred quickly at room
temperature through dynamic Schiff-base linkages between amine groups from CHI-C and
aldehyde groups from DACNC. The use of DACNC as crosslinker instead of oxidized catechols
allowed for full exploitation of the bio-adhesive properties of catechol groups, as shown by the
high adhesive strength evaluated by porcine skin lap shear tests. The enhanced mechanical strength
of hydrogels was measured by rheological tests. In addition, the self-healing, injectable, and
moldable behaviors were investigated by macroscopic observation.

6.2 Experimental section

6.2.1 Materials

Chitosan powder (Mw: 2.3x10° Da, degree of deacetylation: 87 %) was purchased from Zhejiang
Golden-Shell Pharmaceutical Co., Ltd. (Zhejiang, China). Hydrocaffeic acid (HCA, 3-(3.4-
Dihydroxyphenyl) propionic acid, 98+%) was purchased from Alfa Aesar (Ward Hill, MA, USA).
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 98+%) was purchased
from Acros Organics (NJ, USA). N-Hydroxysuccinimide (NHS, 98%) was purchased from Sigma-
Aldrich (St-Louis, USA). Spruce cellulose (bleached kraft pulp, My= 4.10x10° g mol™!) with a-
cellulose content of 87.3 % was kindly provided by Alberta Pacific Forest Industries Inc. (AB,

Canada). All chemicals were of analytical grade.
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6.2.2 Synthesis and characterizations of CHI-C

Catechol moieties were conjugated onto the chitosan backbone using EDC/NHS coupling reaction.
The catechol-conjugated chitosan (CHI-C) was synthesized as previously reported with slight
modification.*> 47-3%2 Briefly, chitosan (504.2 mg, 3 mmol amines) was hydrated in 5 mL 1 mol/L
HCI solution, followed by slowly adding deionized (DI) water and adjusting pH to 5.0 with 6
mol/L NaOH solution. The final concentration of the chitosan solution was 1 wt.%. Afterwards,
HCA (546.5 mg, 3 mmol) dissolved in 5 mL DI water was added into the chitosan solution. EDC
(575.1 mg, 3 mmol) and NHS (345.3 mg, 3 mmol) were dissolved in 50 mL ethanol and DI water
solution (1:1, v/v), and then the solution was added dropwise to the chitosan/HCA solution. The
reaction mixture was stirred vigorously at room temperature for 10 h and its pH value was
maintained at 5.0. To remove the unreacted residues, the crude CHI-C solution was dialyzed
against acidified deionized water containing 10 mM NaCl for two days to inhibit oxidation of
catechol groups and then deionized water for half day to neutralize the solution. The resulting
solution was freeze-dried to obtain CHI-C powder, which was stored in a moisture-free desiccator
placed in a refrigerator (4 °C) before use. The final CHI-C product was a pale yellow fluffy powder.
To synthesize CHI-C with different degrees of catechol conjugation, the same procedure was
repeated with varying molar ratio of amine/HCA/EDC/NHS of 1:2:1:1 and 1:2:2:2. The chemical
structure of CHI-C was analyzed by FT-IR and "H NMR. The amount of catechol groups in CHI-
C was quantified by ultraviolet (UV)-vis spectrometer (SpectraMax, Molecular Devices, USA),
measuring absorbance at 280 nm. Serially diluted solution of HCA (10, 20, 25, 40, 50 pg/mL) was
used to obtain a calibration curve to determine the degree of catechol conjugation. According to

the molar ratio of materials, the products were denoted as CHI-C1, CHI-C2, and CHI-C3,
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respectively, and their catechol content in percentage and mmol catechol per gram CHI-C are listed
in Table 6-1.
Table 6-1. The conditions applied for synthesizing various CHI-C and their corresponding

catechol content.

Molar ratio of

Polymer amine: HCA: EDC: NHS DOC* (%) mmol Catechol/g CHI-C
CHI-C1 1:1:1:1 8.08 0.4436
CHI-C2 1:2:1:1 8.95 0.4913
CHI-C3 1:2:2:2 11.28 0.6197

*DOC means degree of catechol conjugation of CHI-C.

6.2.3 Synthesis of DACNC
The synthesis and characterization of dialdehyde cellulose nanocrystal (DACNC) was carried out
according to our previous work (Chapter 4 in this thesis).'*° Briefly, wood cellulose fibers (10.0 g)

were hydrolyzed with sulfuric acid (100 mL, 65 wt.%) at 45 °C for 1 h under continuous stirring.

The hydrolysate was washed and centrifuged (10 000 g, 20 min) until the supernatant became
turbid, followed by dialyzing (3.5 kDa MWCO) until the pH value of the CNC suspension
increased to 3. The resulting CNC suspension was diluted to 333 g and ultrasonicated (10 min, ice-
water bath) prior to periodate oxidation. A total of 3.33 g NalO4 was added into the above CNC
suspension. The reaction container was covered by aluminum foil to protect from light. The
mixture was stirred for 48 h at room temperature (22 °C) before ethylene glycol (5 mL) was added
quickly to quench the reaction. Finally, the oxidized product was dialyzed and lyophilized to obtain

dialdehyde oxidized CNC (DACNC) and the DACNC powder was stored at 4 “C for further use.

The aldehyde content of DACNC was 1.42 mmol/g, which was determined by elemental analyzer

after oxime reaction.
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6.2.4 Preparation of hydrogel
To prepare the CHI-C/DACNC hydrogel, CHI-C (300 mg) was dissolved in DI water (10 mL) to
get a 3% CHI-C solution. DACNC (300 mg) powder was dispersed in DI water (10 mL) and heated

at 80 °C for 4 h, followed by ultrasonicating to obtain 3% DACNC suspension.??* A series of

hydrogel with varying formulas were prepared by homogeneously mixing CHI-C solution and
DACNC suspension. Gelation occurred quickly upon mixing and hydrogel formation was
confirmed via the tilting method. The vials were inverted and the samples that did not flow were
regarded as gel.!> Nanocomposite hydrogel with different formulas was coded as CHI-
Cx/DACNC-a/b, where x and a/b mean the type of CHI-C, volume ratio of CHI-C solution to
DACNC suspension, respectively.

6.2.5 Characterizations

Fourier transform infrared (FT-IR) spectra of chitosan powder, CHI-C1 powder, CHI-C2 powder,
CHI-C3 powder, and dried CHI-C/DACNC hydrogel were recorded using KBr disks on a Nicolet
6700 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). The scans were carried
out in the spectral range varying from 800 cm™ to 4000 cm™ with a resolution of 4 cm™'. Proton
nuclear magnetic resonance ("H NMR) spectra of the chitosan (100 mg/mL in 2% DCI/D,0), CHI-
C1, CHI-C2, and CHI-C3 (100 mg/mL in D>O) were recorded on an Agilent/Varian 400 MHz
spectrometer. Stock solutions of CHI-C1, CHI-C2, CHI-C3 (2 mg/mL) and chitosan (10 mg/mL
in 0.1M HCI) were prepared and diluted to 0.4 mg/mL with their corresponding solvent. The
absorbance of chitosan, CHI-C1, CHI-2, and CHI-C3 solution (0.4 mg/mL) were measured from

200 nm to 500 nm using a UV-vis spectrophotometer (SpectraMax, Molecular Devices, USA).
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6.2.6 Rheological studies
To understand the viscoelastic properties of the hydrogels, rheological studies were performed on

a DHR-3 rheometer (TA Instruments, DE, USA). All the experiments were carried out at 25 C

using a 40 mm parallel plate with plate gap of 1.0 mm. The viscoelastic properties of CHI-
C/DACNC hydrogel were tested immediately after gelation, but the pure CHI-C hydrogels were
tested after 3 days of gelation to allow the autoxidation cross-linking in the CHI-C solution.
Frequency sweeps were conducted at oscillation frequencies from 0.1-100 rad s under a 1.0%
strain level. Strain sweeps had a fixed oscillation frequency of 10 rad s! and variable applied strain
of 1-1000%. To observe the damage—healing properties of the hydrogels, the storage modulus (G’)
and loss modulus (G’”) of the hydrogel were measured by a continuous step change of the strain
between high strain (200%, 500%) and 1% with a frequency of 10 rad/s.

6.2.7 Determination of hydrogel adhesion

The wet tissue adhesive properties were evaluated by porcine skin lap shear tests based on
previously reported methods.?®’- 3% The specimens were tensile tested in an Instron 5967 universal
testing machine (Instron Corp., MA, USA) equipped with 50 N load cell under a crosshead speed
of 5 mm min™' and a gauge length of 50 mm. Fresh and shaved porcine skin without excess fat was
obtained directly from a local market, and was cut into rectangular strips (50 mm long x 10 mm
wide x 2 mm thick). Prior to test, the cut porcine skin pieces were washed with saline solution (0.9

wt.% NaCl), and soaked in PBS buffer solution (pH = 7.4) at 4 “C overnight to ensure the porcine

skin samples remain moisturized. A total of 60 uL. of CHI-C and DACNC solution was spread
onto two pieces of porcine skin strips surface (1 cm % 1 cm), respectively, followed by addition of
NalOg4 solution (10 pL) on the porcine skip strip containing DACNC solution, and the molar ratio

of catechol to 104 was adjusted to 1:0 and 1:1. Then the two pieces of porcine skin strips were
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immediately pressed together by hand. Following this, the adhered porcine skin pieces were pulled
apart by the universal testing machine. The lap-shear adhesion strength (Pa) was calculated by
dividing the maximum load (N) by the area of the adhesive overlap (m?).

6.2.8 Self-healing test

The self-healing performance of the CHI-C/DACNC hydrogel was investigated with both
macroscopic and quantitative methods using the CHI-C3/DACNC-1/1 hydrogel as an example. In
the macroscopic observation test, two disk-shaped hydrogels (diameter = 10 mm) were prepared
and one was stained with methylene blue. Subsequently, the two hydrogels were cut in half. Finally,
the two different colored semicircular hydrogels were put together to heal at room temperature
without any external stimuli, and pictures were taken to record the self-healing process of the
hydrogel. In addition, the rheological analysis of the hydrogel was carried out to monitor
quantitatively the self-healing process of the CHI-C/DACNC hydrogel. Elastic response of the
hydrogel was analyzed through strain amplitude sweep. Based on the strain amplitude sweep
results, the continuous step strain measurements were carried out to study the rheology recovery
behavior of the hydrogel.

6.2.9 Injectability and moldability assay

To further observe the capability to be injected after gelation of CHI-C/DACNC hydrogels, the
hydrogel was prepared, loaded into a syringe with a 23-G needle, and extruded through the needle
directly into a plate or maple leaf shape mold. Photos and video were taken to record the process
of injection and appearance of the united hydrogel.

6.2.10 Statistical analysis

All experiments were performed at least in three independent batches. Data were represented as

the mean + standard deviation (SD). For data in figures, error bars are standard deviations.
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Statistical evaluation was conducted with Student's t-test and analysis of variance (ANOVA). The
multiple-comparisons were evaluated by Duncan's multiple-range test. Statistical differences
among samples were determined with a level of significance as p < 0.05.

6.3 Results and discussion

6.3.1 Synthesis and characterization of CHI-C/DACNC hydrogel

The adhesive and self-healing hydrogels were derived from naturally occurring polymers including
chitosan and cellulose. First, catechol-conjugated chitosan (CHI-C) was synthesized by grafting
the hydrocaffeic acid (HCA) to the chitosan backbone via a carbodiimide coupling reaction using
EDC and NHS (Figure 6-1A). The conjugation of HCA to chitosan was confirmed by 'H NMR,
as indicated by the presence of catechol proton-specific peaks at around 6.7 ppm (Figure 6-1B).
In addition, the functional groups and chemical bonds of CHI-C were identified by FT-IR (Figure
6-1C). Compared with chitosan, the characteristic absorption of CHI-C located at 1560 cm™ was
attributed to aromatic C=C ring stretching vibrations, which was consistent with the main vibration
modes of catecholic moiety. These results suggested that HCA was conjugated successfully to the
chitosan backbone by forming an amide bond between carboxylic acid group (-COOH) in HCA
and primary amine group (-NH3z) in chitosan. Finally, the UV-vis profiles of the CHI-C show a
broad band peak around 280 nm, which was the characteristic peak of the catechol moiety (Figure
6-1D). No absorption was observed around 400 nm for catechol-quinone, which suggested that the
oxidation of catechol was absent. The degree of catechol substitution (DOC) onto chitosan
backbone was quantitatively determined by UV-vis absorbance to be 8.1% (CHI-C1), 9.0% (CHI-
C2), and 11.3% (CHI-C3), corresponding to 0.44, 0.50, and 0.62 mmol catechol/g CHI-C,
respectively. Chitosan is only soluble in acidic solution, while CHI-C prepared in this study exhibit

excellent solubility in a neutral pH solution, which is beneficial for the applications under
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physiological conditions. Second, dialdehyde cellulose nanocrystal (DACNC) was prepared by
oxidizing cellulose nanocrystal obtained from the acidic hydrolysis of wood cellulose. The
structure and morphology of DACNC were described in Chapter 4.
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Figure 6-1. Properties of CHI-C: (A) Scheme of synthesis of catechol-conjugated chitosan. (B)
'"H NMR spectra of (a) chitosan, (b) CHI-C1, (¢c) CHI-C2, (d) CHI-C3. (C) FT-IR spectra of (a)
chitosan, (b) CHI-C1, (c) CHI-C2, (d) CHI-C3, (e) CHI-C/DACNC hydrogel. (D) UV-vis profiles
of the catechol conjugated chitosan showing increased intensity of the peak around 280 nm with

increasing degree of substitution.
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As shown in Figure 6-2, a series of CHI-C/DACNC hydrogels containing various formulas were
prepared by homogeneously mixing CHI-C aqueous solution with DACNC aqueous suspension at
room temperature. Upon mixing CHI-C and DACNC, a CHI-C/DACNC hydrogel was rapidly
formed via the dynamic covalent Schiff-base linkages between amine groups from CHI-C and
aldehyde groups from DACNC (Figure 6-2A). FT-IR was used to confirm the cross-linking, with
a characteristic peak at 1644 cm™! corresponding to the newly formed Schiff-base linkages.

6.3.2 Rheological properties

The mechanical properties of the hydrogels were investigated by dynamic frequency sweep
rheological tests. Figure 6-3A-C shows the storage modulus (G’) and loss modulus (G’”) of the
hydrogels with different catechol conjugation degree of CHI-C and mass ratio of CHI-C to
DACNC (M = 1/0, 1/0.2, 1/0,5, 1/1, 1/2, and 1/3) as a function of frequency. The CHI-C and

DACNC solution formed gel rapidly, so the G’ and G’ of CHI-C/DACNC hydrogels (M = 1/0.2,
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1/0,5, 1/1, 1/2, and 1/3) were measured immediately after mixing and gelation. However, the intra-
molecular cross-linking between catechol and amine groups in CHI-C occurred very slowly, thus
the G’ and G’ of pure CHI-C hydrogel were measured after three days of gelation. All of the CHI-
C/DACNC hydrogels exhibited higher G’ than G’’ over the frequency range, indicating that the
hydrogel behaved as viscoelastic solids. The quantitative analysis results of G” were summarized
in Figure 6-3D. Regarding the same mass ratio of CMC to DACNC, CHI-C2/DACNC hydrogels
have higher storage modulus than those of CHI-C1/DACNC hydrogels, followed by CHI-
C3/DACNC hydrogels. This result suggests the hydrogel’s strength increased with increasing
catechol content until reaching a plateau, then decreased with further increase in catechol
conjugation degree. Excessive substitution of catechol groups resulted in less amino groups for
hydrogel crosslinking, leading to reduced hydrogel strength. For the hydrogels containing the same
CHI-C, with the addition and increase of DACNC content in CHI-C polymer, the storage modulus
of the hydrogels increased steeply from 41-55 Pa at mass ratio of 1/0, to 669-1402 Pa at a mass
ratio of 1/1, and then slightly dropped when mass ratio continuously decreased from 1/1 to 1/3.
This behavior is probably because at low concentration of DACNC, the crosslinking density
between CHI-C and DACNC increased with the addition of DACNC, which acts as both
reinforcing nanofiller and crosslinker, thus resulted in higher G’. However, excessive DACNCs
tended to aggregate to reduce their dispersion, resulting in the decrease of active junctions in the
hydrogel network and cross-linking density of hydrogel.?® %3¢ There was no significant difference
in G” among the pure CHI-C1, CHI-C2, and CHI-C3 hydrogels. Even though the CHI-C alone
formed gel at room temperature by intramolecular crosslinking between oxidized catechol groups
and amine groups in CHI-C, the G’ of pure CHI-C hydrogel (~50 Pa) was much lower than that of

CHI-C/DACNC hydrogel. Both chemical and physical crosslinking have been involved in CHI-C
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hydrogel preparation. CHI-C underwent intermolecular crosslinking under oxidative conditions
via the transformation of catechol to o-quinone, which subsequently reacted with catechol groups
and amine group presented by molecules nearby mainly through Michael-type addition and Schift-
base formation. Besides, reversible physical crosslinking, including hydrogen bonding, n-n
stacking, m-cation interaction, and metal coordination, also contribute to the hydrogel network
formation. Once DACNC was mixed with CHI-C, the Schiff-base linkages formed quickly
between amine groups of CHI-C and aldehyde groups of DACNC. The addition of DACNC not
only shortened the gelation time, but also dramatically increased the hydrogel strength. Rapid
gelation and high hydrogel strength are essentially required for practical applications of hydrogels
as tissue adhesives. Moreover, the intra-molecular crosslinking of CHI-C consumes catechol
groups, which reduces the amount of catechol groups required for adhesion. However, the
formation of CHI-C/DACNC hydrogel doesn’t need the catechol groups, which can save the
catechol groups for adhesion. Therefore, CHI-C cooperated with DACNC to synthesize fast-

gelling and strong hydrogels with strong adhesiveness
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Figure 6-3. The rheological properties of CHI-C/DACNC hydrogel. Effect of mass ratio of CHI-
C to DACNC on the strength of the hydrogels formed by (A) CHI-C1, (B) CHI-C2, (C) CHI-C3
with DACNC: mass ratio of (a)1/0, (b)1/0.2, (c) 1/0.5, (d) 1/1, (e) 1/2, (f) 1/3. (D) The storage
moduli (G’) of hydrogel with different mass ratio of CHI-C to DACNC: (a)1/0, (b)1/0.2, (c) 1/0.5,
(d) 1/1, (e) 1/2, (f) 1/3. The data were extracted from the plateaus of variation of storage moduli

versus angular frequency (1 rad/s to 10 rad/s). (E) The G’ and G’ of the hydrogel from strain



amplitude sweep (y = 1%—-1000%) at a fixed angular frequency (10 rad/s). (F) The G’ and G’’ of
the hydrogel when alternate step strain switched from small strain (y = 1.0%) to large strain (y =

200% and 500%) at a fixed angular frequency (10 rad/s). Each strain interval was kept as 100 s.

6.3.3 Self-healing performance

The self-healing behavior of the CHI-C/DACNC hydrogel was assessed by macroscopic
observation and rheological recovery tests. Taking the CHI-C3/DACNC (1/1) as an example, as
shown in Figure 6-4A-C, two hydrogel disks with different color were cut in half, and then two
semicircles were brought together at room temperature without any external stimuli. It was
observed that the two semicircles healed into one single hydrogel disk, which could be held up
under the force of gravity. The cut hydrogel healed together within one min, which was strong
enough to withstand a stretch along the direction vertical to the cut surface without splitting. The
main forces contributing to the rapid healing include both the dynamic Schiff-base linkage between
the amine groups and aldehyde groups, and the reversible physical interactions in the hydrogel
network. The self-healing efficiency was higher than most of that of self-healing hydrogels based
on Schiff-base linkages and catechol-conjugated chitosan self-healing hydrogel crosslinked by
metal ions. Zhang et al developed a self-healing hydrogel composed of chitosan and
dibenzaldehyde-terminated telechelic poly(ethylene glycol) (DF-PEG), which formed hydrogel
through Schiff-base linkages.®® It took two hours for the chitosan/DF-PEG to heal. A mussel-
inspired self-healing hydrogel crosslinked by iron ion (Fe*") took 45 min to recover its external
structure.>** Furthermore, a rheological recovery test was used to determine the self-healing
performance of the hydrogel. From the results of strain amplitude sweep of CHI-C/DACNC
hydrogel, the storage modulus (G”) and the loss modulus (G’”) curve intersect at the strain of 170%,

indicating that the state of hydrogel is between gel and sol near this critical point. Based on the
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strain amplitude sweep results, the continuous alternative step strain measurements were
conducted to evaluate the rheological recovery behavior of the CHI-C/DACNC hydrogel. Figure
6-3F shows that as the oscillatory shear strain stepped from 1% to 200% and maintained for 100
s, the G’ and G’ overlapped, while they immediately recovered their original values after the strain
was back to 1%. Even at a larger dynamic strain of 500%, the G’ of the hydrogel was dropped
from 652 Pa to 9 Pa due to the collapse of the hydrogel network. While the strain was back to 1%,
the G’ of the hydrogel was returned rapidly to the initial value with the restoration of the hydrogel
structure. All these results indicate that the CHI-C/DACNC hydrogel network exhibit rapid
recovery capacity when the hydrogel is subjected to oscillatory shear strain due to the dynamic

Schiff-base linkages.
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Figure 6-4. (A-C) Macroscopic self-healing behavior of CHI-C/DACNC hydrogel: (A) Two disk-
shaped original hydrogels (one of the hydrogels was colored with a dye for clarity), (B) hydrogels
were cut in half and then put together, (C) the hydrogels healed completely into one block
immediately at room temperature without any external stimuli. Injectable performance of CHI-
C/DACNC hydrogel: (D) The hydrogel was loaded into a syringe with a needle (23-gauge) and
then was extruded directly through the needle without clogging, (E) the broken hydrogel fragments
were reformed an integrate hydrogel immediately at room temperature without any stimuli. (F)

and (G) The CHI-C/DACNC adhesive self-healing hydrogel could be molded into various shapes.
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6.3.4 Injectable and moldable ability

Traditional hydrogels often fail to adapt to changing environmental conditions, which limits their
practical application that require flow and injection. The self-healing hydrogels have good
injectability because of the shear-thinning property. The CHI-C/DACNC hydrogel can be injected
after gelation. Figure 6-4D-E shows that the hydrogel could be extruded through a 23 G needle
without clogging and then the hydrogel fragments rapidly recovered the gel state and healed into
an integrate hydrogel after injection. The dynamic Schiff-base linkages of the CHI-C/DACNC
hydrogel network dissociated under pressure when the hydrogel was pushed out from the syringe.
The hydrogel network broke, and then the broken hydrogel flowed like a liquid to pass through
the narrow needle. Subsequently, the linkages re-associated and the broken hydrogel was
recovered into an integrate hydrogel outside the syringe once the pressure was removed. These
interactions can be readily broken and reformed, enabling the hydrogels to self-heal. These results
suggest that the CHI-C/DACNC hydrogel could be applied by injection.

Moreover, the ability of the CHI-C/DACNC hydrogel to be molded into different shapes is shown
in Figure 6-4F-G. As discussed above, the oscillatory rheology test shows that the hydrogel
structural collapse at large shear strain (500%) was rapidly restored upon the removal of shear
force. The ability of the hydrogel to rapidly restore their viscoelastic solid features allows fixing
sequential shapes. The round hydrogel disk is able to mold into different shapes, such as maple
leaf, strip, and helix shape. The reversible Schiff-base linkages in the network endow the hydrogel
with the ability to rearrange their shape in response to applied stress because the self-healing
hydrogels exhibit viscous flow under shear stress (shear-thinning property) and rapid recovery
when the applied stress is relaxed (self-healing property). Rapid structure recovery allows the

hydrogel to be played as dough and plasticine. These results demonstrate remarkable moldable
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and self-healing properties of the CHI-C/DACNC hydrogel. Combined with injectability, this
unique moldable characteristic is beneficial for materials employed in biomedical area to
completely fill deep and irregular hollow shapes, such as junctions and wounds inside the body.
6.3.5 Wet tissue adhesion

Strong tissue adhesion would be favorable for the practical applications of the tissue adhesive.
Therefore, the adhesive performance of the CHI-C/DACNC hydrogels was studied by wet pigskin
lap shear test and macroscopic adhesion test. Figure 6-5SA shows the wet lap shear adhesive
strength of the CHI-C/DACNC hydrogels with different catechol conjugated degree of CHI-C and
varying mass ratio of CHI-C to DACNC. The adhesive strength increases with the increasing of
catechol conjugated degree and DACNC content. The adhesive strength of pure CHI-C1, CHI-C2,
and CHI-C3 solution were 0.26 = 0.08, 0.38 = 0.17, and 0.55 £ 0.09 kPa, respectively, and they
increased to 20.47 £ 1.89, 27.05 +2.90, and 37.90 + 3.99 kPa at the mass ratio of 1/1. The adhesive
strength of CHI-C3/DACNC (1/1) hydrogel was almost 70-fold higher that of CHI-C3/DACNC
(1/0) hydrogel. The adhesive strength of CHI-C/DACNC hydrogel was higher than that of CHI-
C/thiol-terminated Pluronic F-127 (Plu-SH) hydrogel (~15.0 kPa).* There are two steps to achieve
adhesion—contact step and solidification step.*3

Although the CHI-C solution could contact the surface of pigskin, the CHI-C solutions alone can’t
be solidified in a short time by themselves, resulting in negligible adhesive ability. However, with
the addition of DACNC, the CHI-C solution solidified rapidly. The adhesiveness of the CHI-C
hydrogel was attributed to the presence of sufficient free catechol groups and aldehyde groups in
the hydrogel. Under physiological conditions, catechol groups of CHI-C were partially
deprotonated and transformed to reactive catechol-quinone groups, which subsequently reacted

with amine, thiol, and imidazole groups in extracellular matrix proteins and carbohydrates on the
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surface of pigskin through Michael-type addition and Schiff-base formation.?* 4> Schiff-base
formation between the aldehyde groups from DACN and the amine groups on the pigskin surface
also contributes to the adhesion.>* In addition to those chemical crosslinking, various physical
crosslinking, such as hydrogel bonding, n-n stacking, and m-cation interaction, also account for the
adhesion.?> ¢ The formation of these bonds allowed catechol-conjugated chitosan to be stably
attached to the pigskin surface for an extended period of time. Furthermore, the free catechol
groups in the hydrogel network lead to intermolecular crosslinking, which results in further
solidification of adhered CHI-C/DACNC hydrogel.

Figure 6-5B shows the effect of strong oxidant sodium periodate (NalO4) on the adhesive strength
of the CHI-C/DACNC hydrogel. Once the sodium periodate was added into the CHI-C solution as
a curing agent, catechol groups were immediately oxidized to catechol-quinone, which triggers
intermolecular crosslinking and promotes the adhesion of pigskin.*°® Compared with pure CHI-
C1, CHI-C2, and CHI-C3 solution, their corresponding adhesive strength were 9.18 + 0.49, 9.13
+0.70, and 11.02 + 2.63 kPa after the addition of sodium periodate, which were much higher than
that of pure CHI-C solution. However, the addition of sodium periodate didn’t make significant
difference to the CHI-C/DACNC hydrogels. Moreover, NalOy is substantially cytotoxic to cells.*"”
These results suggest that replacing sodium periodate by DACNC in the adhesive hydrogel make
the hydrogel more biocompatible considering that DACNC is biocompatible, and the sodium
periodate presents the potential toxicity.

Furthermore, taking the CHI-C3/DACNC (1/1) hydrogel as an example, as a potential candidate
for practical applications, the hydrogel exhibits the great adhesive performance on the skin surface
of human body. As shown in Figure 6-5C-E, the hydrogel strip not only adheres to the finger

surface, but also accommodates the finger movements and was easily peeled off without any
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residue. Moreover, the CHI-C hydrogel could easily adhere to various solid materials, such as
glass and plastic. The CHI-C/DACNC hydrogel exhibits effective adhesion on the various
substrates. Even when the glass vial and plastic tube were vigorously shaken, the hydrogel still

strongly adhered on their surface.
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Figure 6-5. Lap-shear adhesion strength of (A) CHI-C/DACNC hydrogel, inset picture is the
experimental setup for the adhesion strength tests on porcine skin, and (B) CHI-C/DACNC/NalO4
hydrogel on porcine skin. All tests were conducted at room temperature after 1 h of adhesion. (C-
D) A hydrogel film was adhered to a finger, which dynamically adapted to the figure surface and

accommodated the finger movements, and (E) the hydrogel film was peeled from the skin easily.
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6.4 Conclusion

In this study, a nanocomposite adhesive hydrogel with self-healing and moldable capacity was
constructed by combining catechol-conjugated chitosan (CHI-C) and dialdehyde modified
cellulose nanocrystals (DACNC). Due to the reversible Schiff-base linkages between the amine
groups from CHI-C and aldehyde groups from DACNC, the hydrogel was endowed to be self-
healing and injectable. DACNC acted as crosslinker and reinforcing filler in the hydrogel network,
which inhibited the intermolecular crosslinking of CHI-C, sped up gelation, and improved the
mechanical properties of the hydrogel. The cocktail of CHI-C and DACNC solution formed gel
rapidly at room temperature without any cytotoxic oxidants, whereas the CHI-C solution became
gel after 3 days. The storage modulus of CHI-C/DACNC hydrogel was almost 20 times as large
as that of CHI-C hydrogel. Catechol group had high binding affinity to amine, thiol, and imidazole
groups in the tissue via strong covalent and noncovalent bonds. In addition, aldehyde groups from
DACNC could react with amine groups on the tissue surface by Schiff-base formation. This
synergistically adhesion mechanism endowed the hydrogel with excellent tissue adhesive strength.
The wet tissue adhesive strength of CHI-C/DACNC was as high as 37.90 + 3.99 kPa, which was
higher than the CHI-C hydrogel triggered by an oxidant. Additionally, the hydrogel could be
molded to different shapes, restore from large strain deformation, and be injected through a syringe

to adhere to irregularly shaped wounds.
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Chapter 7
Conclusions and Perspectives

7.1 Summary and conclusions

Self-healing hydrogels are promising smart materials because of their capacity to autonomously
heal upon damage, which prolongs their lifetime, reduces replacement costs, and improves product
safety. Chitosan, partially deacetylated chitin, is a well-known biocompatible and biodegradable
cationic polysaccharide used in biomedical applications. The abundant amino groups on chitosan
are favorable to developing self-healing hydrogels based on reversible Schiff-base linkages. In
addition, the chitosan based self-healing hydrogel can smoothly pass through the narrow needle
and the broken hydrogel fragments can be reformed to a completely homogeneous hydrogel,
suggesting good injectability. Thus, they can be injected in to irregular wound beds to stop
bleeding and be used as a wound healing material. Despite these advancements, achieving
chitosan-based self-healing hydrogels with both high self-healing efficiency and excellent
mechanical performance has remained elusive because they are contradictory properties, making
it difficult to optimize them simultaneously. Thus, novel self-healing hydrogels that have both
good mechanical strength and high self-healing efficiency are required. In addition, tissue adhesive
capacity is necessary for self-healing hydrogels to stably stay at designated sites, avoiding moving
around to trigger inflammation or damage to surrounding tissues.

This research demonstrated that incorporation of aldehyde modified four-arm polyethylene glycol
(PEG-BA) or oxidized cellulose nanocrystals (DACNC) into the chitosan-based self-healing
hydrogel network could improve both self-healing performance and mechanical properties. The
dynamic and reversible Schiff-base linkages in the hydrogel network endow the hydrogels with

self-healing ability. The four-arm polymers behave as impenetrable space-filled spheres and have
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small hydrodynamic size and low solution viscosity, so the four-arm polymers-based networks are
more resistant to fracture than the equivalent two-arm polymers-based networks with the same
average crosslink density, leading to strong hydrogel. DACNCs function as both cross-linkers to
form hydrogel network with CMC and as nano-reinforcing fillers to strengthen the network.
Gelation occurred within 2 min and storage modulus reached to approximately 3 kPa and rapidly
self-healing process (5 mins at room temperature). The self-healing hydrogels could be injected to
thoroughly cover the wounds of varying size, depth, shape and location. Additionally, the hydrogel
could be painlessly removed from wounds by on-demand dissolution of the hydrogel with amino
acid.

Afterwards, combining a self-healing network (CMC/DACNC) with an elastic network
(polyacrylamide) improved the stretchability and toughness of hydrogels. The hybrid hydrogel
could be repeatedly stretched to 4 times its initial length and had tensile strength of 244 kPa.
Moreover, the hydrogels could be compressed to 90% of their initial height without any damage
and rapidly recover to its original shape upon release of the load, and had the compressive strength
up to 8 MPa, comparable to that of skeletal muscle tissue. In addition, at ambient temperature
without any external stimuli, the deformed hydrogel recovered 81.3% of its dissipated energy.
Tissue adhesive ability is important to hydrogels applied in biomedical field. This feature was
achieved by modifying chitosan with catechol moieties carrying adhesive capacity, and then
catechol conjugated chitosan crosslinked with DACNC to prepare adhesive self-healing hydrogels.
The wet tissue adhesive strength of CHI-C/DACNC was as high as 37.90 + 3.99 kPa, which was
higher than the CHI-C hydrogel triggered by oxidant.

The hydrogel exhibited good cytotoxicity and could be used as 3D cell carrier. Hemostatic capacity

of the hydrogel was investigated in a rabbit liver model. The total blood loss and bleeding time
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after applying the CMC/PEG-BA hydrogel without compression was 0.29 + 0.11 g and 120 £ 10
s, respectively, which were much less than that of gauze. The CMC/PEG-BA self-healing hydrogel
could be potentially used as a hemostatic material. The burn wound healing ability of the
CMC/DACNC self-healing hydrogels was evaluated in deep partial thickness burn wounds using
arat model. The results indicated that 0.6% wound surface area remained unhealed without leaving
visible scars after two weeks’ healing with on-demand dissolvable hydrogel, much better than that
of control group and gauze group (22.3% and 13.1%), indicating the highly efficient wound
healing. This work opened a novel pathway to fabricate new self-healing hydrogels from natural
polymers for burn wound healing to eliminate pain at wound dressing changes and scars, which
are very important in the wound healing field.

7.2 Significance of this dissertation

This research aimed at developing new approaches for self-healing hydrogels in structure,
functionality and application. Our efforts have been mainly dedicated to fabricating self-healing
hydrogels with rapid self-healing process, high mechanical strength, and strong bio-adhesive
ability using modified nature polymers including aldehyde modified polymeric crosslinker and
water-soluble chitosan derivatives and applying them to fabricate self-healing, as well as exploring
various potential biomedical applications.

The research described in Chapter 3-6 have addressed some unresolved issues in self-healing
hydrogels. One issue is how to simultaneously improve the mechanical strength and self-healing
efficiency, which are contrary properties. Previous work on self-healing hydrogels mainly focused
on their healing efficiency instead of their mechanical properties, whereas the research work
demonstrated in this dissertation provide many solutions to prepare self-healing hydrogels with

both rapid self-healing process and high mechanical strength, including incorporating four-arm
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polymers and cellulose nanocrystals into the hydrogel network, as well as combining a self-healing
network to an elastic hydrogel network.

Self-healing hydrogels with shear-thinning capacity could be injected to target sites, but they could
not remain at the target sites, especially for wet tissue surfaces. Therefore, the second long-
standing issue regarding application of hydrogels is how to make the self-healing hydrogel adhere
to the target sites. Inspired by the adhesion mechanism of mussels, we conjugated catechol
moieties to chitosan and then applied it to prepare self-healing hydrogels. The resulted self-healing
hydrogels could not only be injected to target sites, but also adhere to wet surfaces.

The increase of mechanical strength is beneficial for practical applications that require strong
hydrogels. Most reports on self-healing hydrogel only focused on designing new hydrogels rather
than to investigate their potential applications due to the weak mechanical properties and high
cytotoxicity. In this context, the third issue surrounding hydrogels’ application is how to develop
multifunctional self-healing hydrogels to meet diverse needs in dynamic biomedical processes. All
self-healing hydrogels developed in this research were facilely prepared and used, and
biocompatible. Moreover, only water was used as the solvent to prepare these hydrogels. We
applied the strong and rapidly self-healing hydrogel as the 3D cell carrier, hemostatic material,
and wound healing dressing. The results exhibited that the CMC/PEG-BA self-healing hydrogel
could reduce total blood loss and shorten bleeding time. The CMC/DACNC self-healing hydrogel
could speed up deep partial thickness burn wound healing and prevent scar formation. The
hydrogel could be injected to irregular and deep wound beds to fully fit the wounds. In addition,
the hydrogel could be painlessly removed by on-demand dissolution, which alleviates pain for
patients. Self-healing hydrogels demonstrated in this research presented a promising platform for

a wide variety of biomedical applications requiring great injectable and biocompatible materials.
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The self-healing hydrogels demonstrated in this dissertation were derived from natural polymers,
including chitosan and cellulose. In terms of contribution of this research to industry, such as
shellfish processing industry and forestry industry, the development of self-healing hydrogel based
on natural polymers could transfer low-value resource to valuable products. It is well known that
shellfish processing industry produces massive by-products. Disposal of these by-products can
result in environmental and human health problems, which are world-wide concerns. Every year,
approximately 6 ~ 8 million metric tons of discarded crustacean shells are produced globally. In
the Canadian province of Newfoundland and Labrador alone, 40, 000 metric tons are discarded.**
Crustacean shell wastes from shrimp, crab, and lobster contain quantities of chitin. The extraction
of chitin from crustaceans’ shells is a solution to minimize the waste and to produce valuable
compounds which possess biological properties (e.g. anti-bacterial, anti-oxidant, anti-cancer,
antioxidant, and immune-enhancing) with applications in various fields. Chitosan is the
deacetylated derivative of chitin, which is the second most available polysaccharide following
cellulose. Applying chitosan to prepare self-healing hydrogel can convert food by-products into
high-value biomedical products. Furthermore, chitosan has been utilized to prepare hydrogel
without self-healing ability. The incorporation of self-healing ability into chitosan hydrogels
extended their functions and exploited new applications.

Cellulose is the most abundant biopolymer on the earth with a yield of 1.5 x 10'? tons per year.>?
Canada is the second largest country in the world with the forest or other wooded land making up
40% of its 979 million hectares.*” The main component of wood is cellulose. Wood pulp fibers
can undergo further chemical or mechanical treatments to produce a more useful class of materials,

cellulose nanocrystals (CNCs). Currently, CNCs are commercially available in Canada. Modifying
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CNCs with functional groups and applying modified CNCs in self-healing hydrogels could
promote the application of CNCs.

7.3 Suggestions for future research

This research brings out some new strategies to develop multifunctional self-healing hydrogels,
which pave the way for future studies on self-healing hydrogels. Nevertheless, there are still certain
questions unanswered in the field of self-healing hydrogels.

Future work can be conducted to investigate the biocompatibility and safety of the
CMC/DACNC/polyacrylamide hybrid hydrogels. The load-bearing of the hybrid hydrogels should
also be improved, which can extend the application of the hybrid hydrogel.

The self-healing processes were only investigated in vitro. However, the body is complicated
containing other components such as body fluid and blood, and the pH values are different in
various tissues. All these may impact the self-healing process. It is also required to design the self-
healing hydrogels according to specific practical applications.

In in vivo tests, the pristine self-healing hydrogels was applied without any cargos. Growth factors,
drugs, and cells can be loaded into the self-healing hydrogels to improve their properties in future
work. For example, thrombin can be encapsulated into the self-healing hydrogels to facilitate the
hemostatic effect. Cells encapsulated in the self-healing hydrogels could live very well in the
hydrogels and the self-healing hydrogels could be injected to target sites. Future work can be
performed to study the effect of self-healing hydrogels on the cell proliferations via in vivo test.
Cell-laden self-healing hydrogels can be injected to real microenvironment for investigation of the
cell behaviors. Self-healing hydrogels with antibacterial capacity can also be designed to benefit

wound healing.
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