K R SLRFRFE B AR ST

Preparation and Characterization of Macromolecular Hydrogel Using

Cellulose as Cross-linker

Tn—RDBEBIERIC L B3ESF AL Fu L oflils L Oz orkEEEE

& BEHE
201843 A



Abstract

Hydrogels, as soft and wet materials, have attracted great attention in the field of
functional materials. It has been used in the field of drug delivery system,
superabsorbent, biosensor, tissue engineering, wound dressing, conductive device, and
others. Conventional hydrogels show weak mechanical properties which greatly limits
the application of hydrogel. Most recently, the designed hydrogels, according to the
energy dissipation principle, overcome the low mechanical strength, poor toughness,
and limited recoverability of common hydrogels and show excellent mechanical
properties. In this work, the prepared hydrogels with cellulose as cross-linker possess
instantaneous recovery, anti-fatigue, high modulus and thermal stability.

In chapter 1, the research background of hydrogel was introduced, including
hydrogel types, hydrogel applications, research status of tough hydrogel and the
purpose of this study.

In chapter 2, the properties of experiment materials, as well as experimental methods
and characterizations are presented.

In chapter 3, a novel hydrogel with carboxymethyl cellulose as cross-linker was
synthesized via visible-light-triggered polymerization. In this study, a mesoscopic
inhomogeneous hydrogel consisting of carboxymethyl cellulose and polyacrylic acid is
synthesized through a facile, one-pot, visible-light-triggered polymerization. The
prepared hydrogel can be stretched over 700% with fracture strength as high as 850 kPa
and shows a high elastic modulus (180 kPa). The microgel aggregated structure endows
an efficient energy dissipation mechanism to the hydrogel. After the internal network
structure stabilizing, the hydrogel exhibits a recovery time of 10 ms and over 92%
resilience during impact and cyclic tensile tests, respectively. The hydrogel with such
excellent mechanical properties can extend its application in biomaterial fields.

In chapter 4, a high resilience hydrogel was prepared depending on chapter 3. In this

work, we synthesized a double cross-linking poly(acrylic acid) hydrogel via a simple,



one-pot, visible-light-trigger polymerization, with carboxymethyl cellulose as initiator
and the first cross-linker, N,N’-methylene bis(acrylamide) (MBA) as the second cross-
linker. The tensile strength and elastic modulus are in the range of 724-352 kPa and
115-307 kPa, respectively, depending on the MBA content. The swelling ratio of
hydrogels dramatically decreased with increasing the MBA content. DMA results
indicate that the internal friction between molecules within the hydrogel decreases with
the increase of MBA content. Cyclic tensile tests show that after the structure stabilizes,
the resilience, maximum stress, and residual strain of Gel-2 maintains over 93% (95%
for successive cyclic tensile test), 115 kPa and less than 3%, respectively, at a strain of
125%. The values of resilience and residual strain are almost constant in both
successive and intermittent cyclic tensile tests. Moreover, the swollen hydrogel has
higher resilience and lower residual strain than the same hydrogel in the as-prepared
state.

In chapter 5, a high modulus hydrogel was prepared based on chapter 3. The excellent
biocompatibility and stimuli-responsiveness have made hydrogels excellent candidates
in the field of materials science. However, most of the hydrogels are extremely soft
(modulus of approximately 0.1 MPa) as compared to rubber materials; this greatly
limits their application in the field of material engineering. In this study, an AI%*
reinforced carboxymethyl cellulose/polyacrylic acid hydrogel was first synthesized by
a facile, visible-light-triggered, one-pot polymerization method. Subsequently, the as-
prepared hydrogel was reinforced by evaporation-swelling (E-S) treatment to obtain a
hydrogel (HM-Gel) with a 10-fold higher elastic modulus. This hydrogel exhibits a
tensile strength of 1.26-1.74 MPa and an elastic modulus of 0.59-1.94 MPa. Moreover,
the HM-Gel, with an excellent vibration absorption ability, can find applications in the
field of industrial engineering and bioengineering.

In chapter 6, the oxidized multi-aldehyde cellulose nanofiber (CNF) was used as
chemical cross-linker to fabricated CNF/PVA hydrogel. The obtained hydrogels were
reinforced through evaporation-swelling method. The crystallinity and decomposition
temperature of oxidized CNF is reduced from 65.9% to 26.1% and 323.2 to 248.0°C,

respectively, with an increase in the amount of NalO.. The tensile strength and elastic
Il



modulus of reinforced hydrogels are in the range of 0.25-3.13 MPa and 0.14-2.10 MPa,
respectively, depending on various oxidized CNF. The chemical cross-linked hydrogels
exhibit mechanical properties and water content closer to the natural soft tissue. In
addition, the prepared hydrogels show thermal stability during the use of conventional
high temperature autoclaving process.

In chapter 7, the present study is summarized.
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1. Introduction

1.1 Background

Hydrogels, which are soft and wet materials, usually composed of three-dimensional
polymer network structure and a large amount of water (50 ~ 99%) inside the network
structure. Besides their wide variety of applicability such as drug delivery system,
superabsorbents, microfluidics, and contact lenses in the materials science field, they
have become extensively attractive in tissue engineering because of their stimuli-
responsive property. However, most of the synthetic hydrogel suffered from a lack of
mechanical strength compared with the hydrogel-like bio-tissues such as cartilage,
tendon, muscle, and blood vessel. These load-bearing soft tissues exhibit excellent
mechanical performances, for example, cartilage tissue possesses high toughness,
shock absorbing, low sliding friction. Seeking artificial tissues (excellent soft, wet, and
tough hydrogel material) as a replacement of damaged tissues has been a challenging

task for material scientists.
1.1.1 Definition

Like a solid, hydrogels do not flow. Like a liquid, small molecules diffuse through a
hydrogel. So what is a hydrogel? In 1926, Dorothy Jordan Lloyd stated that “the
colloidal condition, the gel, is one which is easier to recognize than to define” [1].
Hydrogels are currently considered to consist of three-dimensional network polymer
chains plus water that fills the voids between polymer chains. Cross-linking networks
can make hydrogels insoluble in water, and endow the hydrogel certain mechanical
strength and toughness. The main component of the hydrogel is water (the mass fraction
of water is much greater than that of polymer). Therefore, the ability of a hydrogel to
hold a significant amount of water implies that the polymer chains must have moderate

hydrophilic character.



1.1.2 Types of hydrogels

The polymer chains in the hydrogel are cross-linked. According to the type of cross-
linking can generally be divided into two categories: physical cross-linking and
chemical cross-linking. For the former, the connections are weaker and more reversible;
for example, heat may break the chain-chain link. Polymers chains of physical
hydrogels are held together by electrostatic forces, hydrogen bonds, hydrophobic
interactions or chain entanglements. The other is a covalently cross-linked hydrogel,
the polymer chains of the chemical hydrogel are connected by permanent covalent
bonds.

A second way to categorize hydrogels is the starting point for synthesis (production).
First, a polymer network may be prepared from monomers and cross-linkers. For
example, networks made with PEG and PPO monomers are good carriers for drug
delivery. Second, a polymer network may be prepared to start with prepolymers
(oligomers that are capable of further polymerization). For example, polyurethane
networks may be prepared using prepolymers. A non-medical application of a
polyurethane hydrogel is entrapment (immobilization) of microbial cells for wastewater
treatment. Third, polymer networks may be prepared to start with polymers. An
example is chitosan cross-linked with glutaraldehyde, the prepared hydrogel can be
used as scaffolding for soft tissue engineering and adhesive for peripheral nerve repair.

Another way to classify hydrogels is based on the polymer origin. Examples of
polymers from the natural origin are proteins and polysaccharides such as collagen,
chitosan, dextran, and alginate. Hydrogels from natural origin support cellular activity
and are biocompatible and biodegradable. On the other hand, they may contain
biological pathogens or evoke an immune response. Besides, the natural origin
hydrogels generally show low mechanical strength. Synthetic polymers are made from
monomers such as vinyl acetate, acrylamide, ethylene glycol and lactic acid. Not all
monomers used in the synthesis of polymers are derived from petroleum; for example,
lactic acid is made from plants such as corn and sugarcane. Synthesis of polymers can

be precisely controlled and tailored to provide a wide range of performance. Moreover,
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they have a low risk of biological pathogens and evoking an immune response.
Disadvantages are low biodegradability and lack of inherent biological activity. Also,
toxic substances may be present.

Classification may be based on the physical structure of the polymer chain:
amorphous (random, noncrystalline), semi-crystalline (regions of partially ordered
structure) or hydrogen-bonded (network held together by hydrogen bonds). Another
way to classify hydrogels is by the method of preparation: homopolymer, copolymer,
multi-polymer or interpenetrating polymer. Hydrogels may also be categorized based
on ionic charges as follows: neutral (no charge) such as dextran; anionic (negative
charge) such as carrageenan; cationic (positive charge) such as chitosan; and

ampholytic (capable of behaving either positively or negatively) such as collagen.

1.2 Applications of hydrogels

1.2.1 Durg delivery system

Hydrogel delivery systems have found clinical use in the field of drug delivery.
Hydrogels can provide spatial and temporal to control the release of various therapeutic
agents, including small-molecule drugs, macromolecular drugs, and cells. Due to its
tunable physical properties, controllable degradability and capability to protect labile
drugs from degradation, hydrogels act as a platform for various physiochemical
interactions with the encapsulated drugs to control drug release.

Hydrogels are a particularly attractive type of drug delivery system and have been
used in many medical branches including immunology, cardiology, wound healing,
oncology, and pain management. Hydrogels consist of a large amount of water and a
cross-linked polymer network. High water content (70-99%) provides physical
similarity to tissues and can give the hydrogel excellent biocompatibility and the ability
to easily encapsulate hydrophilic drugs. In addition, since they are commonly formed
in aqueous solutions, the risk of drug denaturation and aggregation upon exposure to

organic solvents is minimized. Hydrogels differ in size, structure, and function, and



these features together determine how the hydrogel is used for drug delivery. In
hydrogels, there are features of length scales spanning from centimeters to
subnanometers (Fig. 1.1) [2]. The macroscopic design largely determines the way
hydrogels can be delivered into the human body. In addition, hydrogels can form almost
any overall size and shape.

Macroscopic scale Mesh scale Molecular and atomistic scale

Macroscopic hydrogel Non-porous structure Meshes Polymer—drug interactions

Gelsize

Fig. 1.1 Multiscale properties of hydrogels [2].

Hydrogels can be formed into almost any shape and size according to the
requirements of the delivery route into the body. Hydrogel delivery systems can be
classified into three main categories based on their size: macroscopic hydrogels,
microgels, and nanogels. Microgels and nanogels are particulate hydrogels with
dimensions on the order of micrometers and nanometers, respectively. Advances in
biomaterials have broadened the repertoire of hydrogels designed for controlled drug
delivery. The impact of hydrogel drug delivery systems is expected to increase in the
coming years with the continuous expansion of material systems and target applications,
and increasing fundamental understanding. Hydrogel drug delivery systems may
further alter the scale, efficacy, and cost of therapeutics, and continue to improve human

health care.



1.2.2 Superabsorbent

Fig. 1.2 Photographs of GEL91: (a) original hydrogel, (b) swollen hydrogel, (c) dried
hydrogel and (d) hydrogel after swelling in NaCl solution for a week [5].

Cross-linked polymeric gels are a class of materials which can absorb a large volume
of solvent molecules in their three-dimensional network structure without dissolution.
These materials can be classified into two types: organogels (absorbing media is organic
solvent) and hydrogels (absorbing media is water), depending on the absorbing solvent
media that can be penetrated into cross-linked polymer gels. In recent years, design and
synthesis of superabsorbent polymeric (SAP) organogels are gaining increasing interest
in industry and academia due to their application for the recovery of volatile organic
compound (VOC) and oil spill in water to protect our environment and marine life from
their catastrophic impact [3]. Among various stimuli-responsive hydrogels, pH and salt
responsive hydrogels are mostly investigated due to their applications in the field of
pharmacy, medicine, and biotechnology [4]. Such as Chang et al. have successfully
prepared a novel superabsorbent hydrogel from carboxymethyl cellulose sodium and
cellulose in the NaOH/urea aqueous system by using epichlorohydrin as cross-linker.

Their equilibrium swelling ratio in distilled water and different physiological fluids
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were evaluated, indicating the maximum swelling ratio in water reached an exciting

level of 1000 as the hydrogels still keeping a steady appearance (Fig. 1.2) [5].

1.2.3 Biosensor

By interconnecting (cross-linking) either small aggregating molecules [6], particles,
or polymers, it is possible to form a material with an extended elongated structure. The
crosslinks can be of either chemical nature, in the form of covalent bonds, or of physical
nature in the form of coordinative, electrostatic, hydrophobic, dipole-dipole interactions
or chain entanglements between the network segments. Due to the highly open structure
and the large inner surface, hydrogels can hold large amounts of molecules with specific
functions and are becoming irreplaceable materials in biosensing technology for the
detection of chemical or biological analytes [7-11]. In many biosensor applications, a
hydrogel material is used at the interface between the to-be-analyzed aqueous sample
fluid and the sensor signal transducer (Fig. 1.3) [12]. Typically, the hydrogel interface
is modified with biomolecular recognition elements (BRES) such as enzymes,
antibodies or with biomimetic molecular imprinted moieties in order to selectively
recognize specific target analytes. Compared to other types of biointerfaces (for
example, based on 2D self-assembled monolayers—SAMs), the 3D nature of the
hydrogel networks allows to accommodate orders of magnitude larger amounts of
recognition elements [13], provides a more natural microenvironment for biomolecules
that increases their stability [14] and offers ways to implement additional functionalities
(for example, separation of target analyte from other molecules in a sample) [15]. In
addition, the class of “smart” gels that respond to external stimuli become of increasing
interest in biosensor research. For instance, miniature holographic diffraction elements
based on these responsive hydrogel materials were integrated into a contact lens for the
real-time monitoring of glucose levels in an artificial tear fluid by a diffracting
wavelength shift [16]. Moreover, appropriate selection of polymer building blocks and
the introduction of suitable functional groups can modulate the response behavior. In

addition, the mechanical work that can be performed by the swelling and collapse



process is utilized in actuation, which forms the basis for valves, pumps and potentially

for micromachines.
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Fig. 1.3 NAD(P)+/NAD(P)H cofactors-imprinted hydrogel with an acrylamide-
acrylamidophenylboronic acid copolymer on an Au-coated glass for SPR-based

detection [12].
1.2.4 Tissue engineering

Hydrogels have been used as an important class of tissue engineering scaffolds
because they provide a soft tissue-like environment for cell growth and allow diffusion
of nutrients and cellular waste through the elastic hydrogel network (Fig. 1.4).
Compared with other types of polymer scaffolds, it has advantages of easy control of
structural parameters, high water content, promising biocompatibility and adjustable
scaffold architecture.

Currently, synthetic polymers have become an important alternative choice for
fabricating hydrogel tissue-engineering scaffolds because they can be molecularly
tailored with block structures, molecular weights, mechanical strength, and

biodegradability [17-23]. Synthetic polymers used for preparing synthetic hydrogels



can be classified into three main types, including nonbiodegradable [24-26],
biodegradable [27-32] and bioactive polymers [33-35]. For example, Poly(N-
isopropylacrylamide) (PNIPAm) has been investigated extensively as a thermo-
sensitive polymer, which can form thermo-sensitive hydrogels from the free radical
polymerization of NIPAm with cross-linkers; PNIPAmM hydrogels swell in water at
temperatures less than the lower critical solution temperature (~32°C) [35]. Hydrogen
bonding between water molecules and the amide groups of PNIPAm plays a dominant
role in the intermolecular association. This unique property of temperature-responsive
swelling/de-swelling can be used to isolate the cellular layers of engineered special

tissues such as cornea or cell sheets [36].

A Rabbit femur

Fig.1.4 Schematic of HAp/DN gel plugs implanted in rabbit femurs [37].

1.2.5 Wound dressing

Burn wound infection is one of the most important and potentially serious
complications that occur during the acute period following injury. Although burn
wound surfaces are sterile immediately following thermal injury, colonization with
autogenous micro-organisms (originating from the skin, gastrointestinal and respiratory
flora) or through contact with the contaminated environment (water, air, and healthcare
workers) generally occurs within 48 h [38, 39]. The typical burn wound is initially
colonized predominantly with Gram-positive organisms, which are replaced by

antibiotic-susceptible Gram-negative organisms within 1 week after the burn injury. If



wound closure is delayed and the patient becomes infected, thus requiring treatment
with broad-spectrum antibiotics, this flora may be replaced by yeasts, fungi and
antibiotic-resistant bacteria. Therefore, much attention has been given to the use or
modification of different polymeric materials currently available for biomedical devices
to meet the demands of medical applications for over-increasing these materials [40].
At present, PVA is one of the most frequent and the oldest synthetic polymer
hydrogels that due to its good biocompatibility has been applied in several advanced
biomedical applications (Fig. 1.5) [41]. Such as wound dressing [42], wound

management [43].

(a) (b) Protection from
bagcterial invasion Permeable for oxygen
A\ ]
LV NV
Skin

Epidermis

. IRIniN)

Spongy-like layer
Controlled of water-vapor permeability

O >
O

]
Drying of wound exudates

Drug release
reservoir

Hypodermis

Fig. 1.5 Schematic representation of normal skin structure (a) and design of an ideal

wound dressing membrane (b) [41].

1.2.6 Conductive device

In recent years, the rapid development of nanoscience and technology has promoted
the development of nanostructured conductive polymers [44-46]. Due to the unusual
physical/chemical properties associated with confined dimensions of nanoscale
structure[47-49] and conjugated polymer chains, nanostructured conductive polymers
have been used in applications ranging from energy conversion and storage, electronics,
and biological and chemical sensors to medical science [50-53]. Among these diverse
nanostructures, conductive polymer gels (CPGs) with three-dimensional (3D)

hierarchical structures constructed by highly cross-linked networks of polymer chains
9



are of particular interest since they possess hierarchically porous microstructure, high

surface area (40—100 m?/g), exceptional compatibility with bio- or other hydrophilic

molecules, and tunable chemical/physical properties (Fig. 1.6) [54]. The porous

structure of CPGs can also help accommodate the strain induced by volume change

during electrochemical reaction and offer the possibility of making lightweight flexible

devices [46, 55]. CPGs have recently been converted to carbon framework materials by

thermal treatment and activation [56, 57]. The resulting carbon materials have been

demonstrated to be promising for energy storage and conversion owing to their high

electrocatalytic activity.
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.
>
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N %
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Fig. 1.6 Synthesis and formation of polyethylene glycol-polyaniline (PEGda—PANI)

conductive hydrogels using interfacial polymerization process [45].

1.2.7 Others

Owing to their unique integration of solid and liquid properties, hydrogels also have

the application in the field of contact lenses [58], and actuators in soft machines [59,

60].

1.3 Benefits and limitations of hydrogels

The conventional hydrogels have their unique benefits:

® Biocompatible

10



Can be injected in vivo as a liquid that then hydrogels at body
Protect cells

Good transport properties

Timed released of medicines or nutrients

Easy to modify

Can be biodegradable or bioabsorbable

However, the conventional hydrogels also have some limitations:

® High cost

® | ow mechanical strength
® Can be hard to handle

® May be difficult to sterilize
® Non-adherent

At present, the mechanical properties of hydrogels cannot meet the needs of tissue
engineering, scaffold replacement, and other fields. The defect greatly limits the
application of hydrogels in the field of biology and medicine. Therefore, scientists have

shown great interest in how to improve the mechanical properties of hydrogels.

1.4 Multi-mechanism design of tough hydrogels

Most of the hydrogels show poor mechanical properties, and the mechanical
properties greatly decreased with increasing the water content. For example, when the
water absorption of a gelatin hydrogel is 5 times the weight of the dry hydrogel, the
tensile strength is about 70 kPa, and the fracture elongation is 10%. However, when the
water absorption of the gelatin hydrogel is 40 times the weight of the dry hydrogel, the
tensile strength and fracture elongation is only 6 kPa and 11%, respectively [61]. The
poor mechanical properties have seriously affected the possible application of the
hydrogel. Traditionally, the strategies of increasing the tensile strength have been
mainly focused on improving the cross-linking density of hydrogels. However, the
tensile strength of hydrogels can not be improved by only increasing the crosslink

density. Meanwhile, the stiffness, permeability, and diffusion of the hydrogel will
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reduce by increasing the cross-linking density.

In recent years, due to tremendous demands for tough hydrogels in various
applications, intensive research has been going on to improve mechanical strengths of
hydrogels over the last few decades. Many hydrogels have shown significant
enhancements of fracture toughness over their conventional counterparts. Strategies
and concepts developed to make tough hydrogels capable of large deformation include
Double-network hydrogel, Nanocomposite hydrogel, Topological hydrogel, Resilin-
based hydrogel, Macromolecule cross-linking hydrogel, Covalently and physically
cross-linked hydrogel, Slide ring hydrogel, Tetra-PEG hydrogel, Freeze-thaw technique,

and so on.

1.4.1 Double-network hydrogel

Double-network hydrogels usually contain 80 to 90 weight percent (wt %) of water,
yet are both hard and strong, with comparable mechanical properties to that of rubbers
and cartilages [62, 63]. The hydrogels consist of two interpenetrating polymer networks
with contrasting mechanical properties. The design principle can be summarized as
follows: first, rigid and brittle polyelectrolyte serves as the first network, while soft and
ductile neutral polymer serves as the second network; second, the molar concentration
of the second network is 20-30 times that of the first network; third, the first network
is tightly (making it stiff and brittle) while the second network is loosely cross-linked
(making it soft and stretchable) to achieve a strong asymmetric gel structure.

The toughness is the ability of a material to absorb mechanical energy and deform
without rupture. One of the definitions of material toughness is the fracture energy,
which is the energy per unit area required to propagate a notch crack. Double-network
gels are tough because the internal fracture of the brittle network dissipates substantial
amounts of energy under large deformation, while the elasticity of the second network
is able to return to its original shape after deformation. The fracture energy of the double
network can always be much larger than those of either of the corresponding single

networks (Fig. 1.7). Therefore, the material gains toughness by sacrificing the rupture
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of the covalent bonds of the brittle first network. The covalent bonds serve as

“sacrificial bonds,” which used to describe how bones fracture [64].

o 1st network 2nd network e

Rigid and brittle Rigid and tough Soft and strechable
«Short chain G ~ 1000 }/m? «Long chain
+Dilute «Dense
G~1)/m? G ~10)/m?

Fig. 1.7 The reinforce mechanism of the double-network hydrogel [64].

The double-network concept presents an overarching strategy for designing tough
soft materials: incorporation of a mechanically fragile structure to toughen the material
as a whole. This strategy is not limited to double- or multiple-network systems but also
applies to single-network systems, as long as they have sacrificial bonds to dissipate
energy and can retain the original configurations of the material after large deformation

[65].

1.4.2 Nanocomposite hydrogel

Nanoparticles find their applications in common consumer products and appliances
due to their differences in properties compared to bulk materials. This trend has raised
public debate over the safety of nanoparticle technology, with regulators intervening in
several countries. The challenges of nanoparticles application could potentially be
overcome by incorporation into hydrogels, which resulting in decreased risks to human
health and the environment. In addition, the innovative combination of these two
completely different types of materials was not only thought of as creating structural
diversity but also generating a plurality of property enhancements. These performance
enhancements were the main focus of hydrogel-nanoparticle composite materials
research leading to improved mechanical strength and stimuli response. For example,
recently reported silica nanoparticle-hydrogel composite made of silica nanoparticles
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and modified polyethylene glycol demonstrated remarkable improvements in tissue
adhesive property, mechanical stiffness and bioactivity compared to hydrogel without
nanoparticles [66, 67].

So far, researchers have reported three different supramolecular hydrogel-
nanoparticle. 1) micro or nano-gels stabilizing single/multiple nanoparticles, ii)
nanoparticles non-covalently immobilized in a hydrogel matrix, and iii) nanoparticles
covalently immobilized in a hydrogel matrix (Fig. 1.8). There are reviews on type (i)
structures covering their applications in biomedicine, catalysis, and electronics [68].
Bulk hydrogels of type (ii) and (iii) have been reviewed by Schexnailder and Schmidt
[69], but since then there have been few accounts covering only very specific

applications [70].

(a) (c)

nm - gm MM - cm MM - cm

Fig. 1.8 Concept for combination of nanoparticles and hydrogel to form new

functional materials [71].

1.4.3 Resilin-based hydrogel

Due to their potential applications in biomedical and tissue engineering, protein-
based hydrogels have attracted considerable interest [72,73]. Most synthetic
proteinaceous hydrogels are constructed from unstructured or non-globular
proteins[74-76] and often do not have high stretchability or toughness, significantly
limiting their scope of applications. However, folded globular proteins are found in a

wide range of naturally occurring biological materials. The force-induced unfolding of

14




proteins can lead to a large extension of the polypeptide chain and result in effective
energy dissipation [77-79]. Many biological systems, such as fibrin clots16, muscles
[77, 80, 81] and extracellular matrices [79, 82] have effectively exploited such features
to achieve desirable mechanical properties and regulate their biological functions.
Unfolding a small number of folded domains in the giant muscle protein titin
effectively dissipates energy and prevents damage to the tissues by overstretching [81].
For example, Fang et al. report the engineering of a chemically cross-linked, highly
elastic and tough protein hydrogel using a mechanically extremely labile, de novo-
designed protein that assumes the classical ferredoxin-like fold structure. These
hydrogels can withstand an average strain of 450% before breaking and show massive
energy dissipation. Upon relaxation, refolding of the ferredoxin-like domains enables
the hydrogel to recover its massive hysteresis. This novel biomaterial may expand the

scope of hydrogel applications in tissue engineering (Fig. 1.9) [83].

® FL domain
A~ Unfolded FL domain

Aggregates formed by
unfolded FL domains

Fig. 1.9 Schematics of the structure of (FL)8-based hydrogels [83].

1.4.4 Macromolecule cross-linking hydrogel

The macromolecule cross-linking hydrogel is a hydrogel which macromolecular
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polymer or macromolecular microsphere as covalent or physical cross-linker. The
macromolecular cross-linker usually has two typical types. (i) The cross-linker contains
many cross-linking sites (e.g. vinyl group), and act as multi-cross-linker in the hydrogel
during the polymerization. (ii) Generating the free radical in the macromolecule chains
through radiation, chemical reactions, ionization and so on; and then initiate the

monomer polymerization.
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Fig. 1.10 Schematic representation of the formation of nanoparticles, microgels and a
bulk hydrogel from micelles [84].

For example, Wang et al use peroxidized macromolecular microspheres (MMSs) as
polyfunctional initiating and cross-linking centers (PFICC) [84]. Grafted polymer
chains are covalently attached to the evenly distributed MMSs, and they can be
chemically cross-linked by the mutual combination of growing grafted chains or be
physically cross-linked by chain entanglement and hydrogen bonding among the
polymer chains on vicinal MMSs (Fig. 1.10). Due to the even distribution of the cross-
linking centers (MMSs) and the long grafted polymer chains with a similar length, the
load applied on a gel sample can be evenly shared by all the polymer chains, leading to
the high mechanical strengths. Due to this strategy, tough hydrogels are also obtained
by using peroxidized micelles [84, 85], and graphene peroxide (GPO) sheets [86] as
PFICC. The hydrogels exhibit excellent mechanical properties, namely, very high

extensibility, tensile strengths and compressive strengths. In addition, the MMC gels
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and the gels initiated and cross-linked by peroxidized micelles show good deformation

recoverability in compression tests.

1.4.5 Covalently and physically cross-linked hydrogel

Covalently and physically cross-linked hydrogels are often termed as double cross-
linked hydrogels. Several research groups have observed that the presence of network
inhomogeneities and clusters of high cross-link densities reduce the strength of tough
hydrogels [87, 88]. However, this trend might not apply to hydrogels that are both
covalently and physically cross-linked. Multifunctional and reversible cross-linkers
allow the hydrogel network to move during hydrogel stretching. Chain rearrangement
is possible between the networks, which may reduce the number of defects [89]. Once
the strain is released, the material may then self-heal to a certain degree. Polymer can
reversibly attach and detach charged nanoparticle within the constraints of a covalently
cross-linked network to form a tough nanocomposite polymer hydrogel.

Nanocomposite hydrogels prepared with PEG-DA and hydroxyapatite nanoparticles
were observed to be very similar to the one found in the polymer—Laponite system [90].
The resulting tough materials are highly extensible (2000 %) and reach fracture stresses
near 1 MPa (engineering values). Within a covalently cross-linked PEG network, the
charged hydroxyapatite interacts with PEG through non-covalent interactions including
ionic, dipole and hydrogen bonding schemes. These tough hydrogels have much in
common with elastomers. The toughest samples are translucent to almost opaque.
Therefore, photo cross-linking reactants require thinner samples and longer
polymerization times. Since these materials were only recently discovered, more needs

to be done to optimize the mechanical properties.

1.4.6 Slide ring hydrogel

“Slip-link” or slide ring polymer hydrogels are topological materials made from
necklace-like macromolecules [91]. These hydrogels have been compared to pulleys

and chains with knots. Moreover, cyclic cross-links can slide along a polymer chain and
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thus allow for extensive stretching. The chain ends have stopper molecules (topological
restrictions) that prevent dissociation of the cyclic molecules from the axis. The cyclic
molecules are polyrotaxane or catenane rings that can be chemically modified to better

suit specific applications.
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Fig. 1.11 Preparation of the polyelectrolyte hydrogels using
nonionic PR cross-linker [92].

Imran et al prepare extremely stretchable thermosensitive hydrogels with good
toughness by using polyrotaxane derivatives composed of a-cyclodextrin and
polyethylene glycol as cross-linkers and introducing ionic groups into the polymer
network (Fig. 1.11). The ionic groups help the polyrotaxane cross-linkers to become
well extended in the polymer network. The resulting hydrogels are surprisingly
stretchable and tough because the cross-linked a-cyclodextrin molecules can move
along the polyethylene glycol chains. In addition, the polyrotaxane cross-linkers can be
used with a variety of vinyl monomers; the mechanical properties of the wide variety

of polymer gels can be improved by using these cross-linkers [92].
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1.4.7 Tetra-PEG hydrogel

Tetra-PEG hydrogels can be made from tetra-PEG macromers containing functional
groups such as amines and esters [93, 94]. These hydrogels are a different and unique
class of tough materials. In this hydrogel, network defects are negligible and there are
no trapped entanglements between the polymer chains [95]. Mechanical testing and
scattering experiments suggest that the hydrogels consist of elastic polymer “blobs”
(i.e., coils) that are packed within the hydrogels. For example, cross-end coupling of
tetra-amine-terminated PEG and tetra-N-hydroxysuccinimide-glutaraldehyde-
terminated PEG leads to hydrogel networks with high cross-linking efficiency and little

hysteresis. This behavior is very similar to that of an elastic rubber.
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Fig. 1.12 Schematic of the Tetra-PEG hydrogel system [99].

Scattering studies show that these tetra-PEG hydrogels are mostly homogeneous with
low concentration fluctuations comparable to those of the corresponding solutions [93,
96]. Concentration fluctuations are changes in density within the same hydrogel. When
the ratio of the reacting macromonomers is not stoichiometric ratio, heterogeneity will

occur due to an increase in structural defects [97, 98]. Kamata et al. report the synthesis
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of injectable “nonswellable” hydrogels from hydrophilic and thermoresponsive
polymers, in which two independently occurring effects (swelling and shrinking)
oppose each other (Fig. 1.12). The hydrogels can endure a compressive stress up to 60

MPa and can be stretched more than sevenfold without hysteresis [99].

1.4.8 Freeze-thaw technique

Freeze-thaw technology (Freeze-thaw technique) is a physical cross-linking method
for the preparation of hydrogels. The hydrogels prepared by this method can have good
mechanical strength at higher water content [100, 101]. The molecular motion of the
aqueous solution can be fixed by van der waals forces and/or hydrogen bonds, and some
molecular segments in a certain region can even form an ordered structure. After
thawing, these closely bound ordered domains are no longer separated, and when re-
frozen, a newly ordered micro-domain is generated. So the use of repeated freezing and
thawing method can promote molecular movement, rearrangement, so as to obtain a
crystalline or semi-crystalline structure of the hydrogel. Only the absorbent polymer
can form a semi-crystalline or crystalline region to use this method. Thus, so far, this

method can be only applied to PVA hydrogel system.

1.4.9 Prospect

The next-generation tough hydrogels should be able to maintain high toughness in
various environments and under various loading conditions. However, as discussed
above, hydrogels that rely on a single pair of mechanisms may lose their toughness due
to environmental and loading effects. A promising strategy to design next-generation
tough hydrogels is to integrate multiple pairs of mechanisms across multiple length
scales into a hydrogel. In this way, if one pair of mechanisms becomes ineffective, other

pairs can still maintain high toughness of the hydrogel [65].

1.5 Purpose of this research

Hydrogels have become very popular due to their unique properties such as high
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water content, softness, flexibility, and biocompatibility. Natural and synthetic
hydrophilic polymers can be physically or chemically cross-linked in order to produce
hydrogels. Their resemblance to living tissue opens up many opportunities for
applications in biomedical areas. Currently, hydrogels are used for manufacturing
contact lenses, hygiene products, tissue engineering scaffolds, drug delivery systems
and wound dressings. Although hydrogels have brilliant future in the next decade, the
mechanical properties of the hydrogel have some distance from their final application.
Therefore, our goal is to design a hydrogel with the required mechanical properties to
meet the requirements of various application fields. In this study, we used cellulose
derivatives (carboxymethyl cellulose, nano-cellulose fiber) as macromolecule cross-
linker to prepare a series of hydrogels with special mechanical properties by
polymerization or condensation reaction. These hydrogels are expected to be used in

the fields of biomedicine, mechanical engineering and so on.
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Chapter 2 Materials, Experiment and

Characterizations

2.1 Materials

Cellulose is considered the most abundant, renewable polymer resource on earth. It
has been estimated that 10 - 102 tons cellulose are produced by photosynthesis every
year. The most famous is the seed hairs of the cotton plant but mostly are combined
with lignin and hemicelluloses in the cell wall of woody plants [1, 2]. Cellulose is a
natural polymer raw material generally used for two purposes. (i) Cellulose has served
as a construction material, mainly in the form of intact wood and textile fibers, or in the
form of paper and board [3]. (ii) In recent centuries, cellulose is a versatile raw material
for chemical conversions, such as cellulose-based threads or films as well as a variety
of cellulose derivatives (carboxymethyl cellulose, cellulose acetate, hydroxypropyl

cellulose and nano-cellulose etc.) [4, 5].
2.1.1 Carboxymethyl cellulose (CMC)

CMC is a cellulose derivative with carboxymethyl groups (-CH2-COOH) bound to
some of the hydroxyl groups of the glucopyranose monomers that make up the cellulose
backbone (Fig. 2.1). It is often used as its sodium salt, sodium carboxymethyl cellulose.
It is synthesized by the alkali-catalyzed reaction of cellulose with chloroacetic acid [6].
The polar (organic acid) carboxyl groups render the cellulose soluble and chemically

reactive. It has been widely used due to its high viscosity, nontoxic and hypoallergenic

[7]1.
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Fig. 2.1 Chemical structure of cellulose, cellulose nanofiber and carboxymethyl

cellulose.
2.1.2 Cellulose nanofiber (CNF)

Nanocellulose is a term referring to nano-structured cellulose. This may be either
cellulose nanofibers (CNF) also called microfibrillated cellulose (MFC),
nanocrystalline cellulose (NCC or CNC), or bacterial nanocellulose, which refers to
nano-structured cellulose produced by bacteria.[8] CNF is a material composed of
nanosized cellulose fibrils with a high aspect ratio (length to width ratio). Typical fibril
widths are 5-20 nanometers with a wide range of lengths, typically several micrometers
[9]. It is pseudo-plastic and exhibits thixotropy, the property of certain gels or fluids

that are thick (viscous) under normal conditions, but become less viscous when shaken
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or agitated. When the shearing forces are removed the gel regains much of its original
state. The fibrils are isolated from any cellulose containing source including wood-
based fibers (pulp fibers) through high-pressure, high temperature and high velocity

impact homogenization, grinding or microfluidization [10].
2.1.3 Other chemical reagents

In this research, ceric ammonium nitrate (CAN), acrylic acid (AA), N,N'-methylene
bis(acrylamide) (MBA), sodium chloride (NaCl), aluminium chloride hexahydrate
(AICI3-6H20), Sodium periodate (NalOa), Nitric acid (HNOs), were purchased from
Nacalai Tesque, Inc. All chemical reagents were used as received. Distilled water was

used in all experiments.
2.2 Experiment method

2.2.1 Visible-light-trigger polymerization

In the following series experiments, it is found that carboxymethyl cellulose has a
characteristic oxidation phenomenon in the presence of cerium ions under visible light

(Fig. 2.2).

CH,0CH,COONa CH,OCH,COOH CH,0CH,COOH
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Fig. 2.2 Mechanism of visible-light-trigger polymerization.

(a) Preparation of carboxymethyl cellulose/polyacrylic acid (CMC/PAA) hydrogel

A certain amount of carboxymethyl cellulose was slowly added to the mixture under
strong magnetic stirring. After vigorous stirring for 1 h, the CMC was stably dispersed.
We then poured the hydrogel precursor into a transparent glass mold and covered it with
a glass plate. The mold was immersed in an ice-water bath and was placed 25 cm below

a visible light source (LS-M210, Sumita) with 50% power output. The process of
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hydrogel formation required only a few minutes. The transparent carboxymethyl
cellulose/polyacrylic acid (CMC/PAA) hydrogel was then sealed and stored at 4 °C for
future testing.
(b) Synthesis of high resilience Gel with adding molecule cross-linker

The hydrogel synthesis method was modified from 2.2.1 (a). In brief, the hydrogels
were prepared as follows: 40 mg CAN, 4.00 g AA, and 10.0 mL of a series MBA
aqueous solutions were added to a vial step by step, and mixed by magnetic stirring in
an ice bath. After that, 0.40 g CMC was slowly added to the mixture with strong
magnetic stirring. The precursor hydrogel was stably dispersed for 1 h with vigorous
stirring. The viscous precursor hydrogel was transferred into a transparent glass mold
and covered with a glass plate. Finally, the glass mold was placed 20 cm below a visible
light (LS-M210, Sumita, 50% output) for 5 min. The obtained hydrogels were cut into
different sizes for further testing.
(c) Preparation of high modulus hydrogel (HM-Gel) via evaporation-swelling
method

The HM-Gels were prepared via two steps consisting of visible-light-triggered
polymerization and evaporation-swelling. The synthesis of hydrogel part also
referenced 2.2.1 (a). On this basis, one more operation was carried out: a range of
concentrations of AICI3-6H,0 (0-1.5 mol%, AI** to AA) was added to a series of vials,
and the mixtures were stirred for 20 min. The prepared carboxymethyl
cellulose/polyacrylic acid hydrogels were named Gel-X, where X denoted the
Al¥*concentration (mol%) relative to that of monomer (AA). The obtained Gels were
placed in a dry oven and dried at various temperatures for 24 h (for 25 °C, the hydrogel
was dried at room temperature for 3 days). The dried Gels were immersed in distilled
water for 50 h to obtain a swelling equilibrium. The swollen hydrogels at equilibrium

with a high modulus were named HM-Gel. All hydrogels were dried in air at 60 °C.

2.2.2 Aldolization cross-linking

(a) Cellulose oxidation
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2 g cellulose nanofiber (solid content) and 60 mL distilled water were added in 250
mL conical flask. The mixture was magnetically stirred for 10 minutes to disperse the
CNF. Then a certain amount of NalO4 was added into the conical flask, the mixture was
magnetically stirred for 48 h under a dark environment. The oxidation products were
separated by centrifugation and washing with distilled water for three times to removal

the excess raw materials and reduced impurity ions (Fig. 2.3 a).
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Fig. 2.3 Mechanism of cellulose oxidation (a) and aldolization reaction (b).

(b) Preparation of hydrogel through aldolization reaction
0.60 g of the oxide-CNF and 2 g PVVA were dispersed into 30 mL water. The mixture
was magnetically stirred for 1 h at 95 °C to ensure that the PVVA dissolved completely
and the CNF homogeneous dispersed. 5 drops of 0.5 M HNO3 were added as a catalyst
to the mixture after it was cooled to 60 °C. The hydrogel precursor was transferred into
a sealed transparent mold before it was stirred for 10 min. Finally, the mold was placed
in oven at 80 °C for 24 h (Fig. 2.3 b). Evaporation-swelling method was used to

reinforce the mechanical performance of the hydrogel. In brief, the hydrogel was
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evaporation at 40 °C in electric blast drying oven for 24 h. After that, the CNF/PVA

hydrogel was obtained after the dried hydrogel was swollen in distilled water for 60 h.

2.3 Instruments and Characteristics

2.3.1 Tensile tests

The uniaxial elongation properties were tested at room temperature using a universal
testing machine (Instron, 3385, extra 50 N load cell, Instron Co., Ltd., Canton, USA)
in accordance with standard JIS K6251. For the cyclic tensile test, loading—unloading
measurements were performed using the same universal testing machine at constant

velocity of 100 mm/min.

2.3.2 Compression tests

The compressive properties were measured using a universal testing machine
(Instron, 3365, Instron Co., Ltd., Canton, USA) at a cross-head speed of 1 mm/min.
The cyclic compressive properties were measured using the same universal testing

machine at a cross-head speed of 1 mm/min.

2.3.3 Internal network of hydrogel

The dispersion of CMC in hydrogel in the original state was investigated using an
optical microscope (Eclipse model ME 600D, Nikon, Japan). The thin hydrogel film
was obtained by shock-frozen section using a microtome (RM2145, Leica
Microsystems, Japan).

The microgel microstructure was also observed using a scanning electron microscope
(SEM) (Hitachi, Ltd S-4300, Japan). The freeze-dried samples were sputter coated with

gold using an ion sputtering apparatus prior to the test.

2.3.4 DMA

The storage modulus and loss modulus of the hydrogel specimens were measured as
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a function of frequency using a dynamic mechanical analysis (DMA, RSA-G2, TA
Instrument, New Castle, DE, U.S.A.). Before measurement, the specimens were applied
an axial force (0.981 N). The frequency sweeping experiments were performed under

constant strain amplitude (1%) at a frequency range of 100 — 0.1 Hz.

2.3.5 Gelation time

The phase transition time of the hydrogels was determined by dynamic mechanical
analysis (DMA, RSA-G2, TA Instrument, New Castle, DE, USA). The improved

experimental set-up is shown below (Fig. 2.4):
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Fig. 2.4 Modified DMA instrument for gelation time test.

We used a stress relaxation modulus program for the hydrogel gelation time tests using
a disc model at 25 °C, 1 Hz, and 1% strain. The program and light were turned on at

the same time.

2.3.6 Swelling experiments

Swelling experiments were performed by immersing the Gels and dried-Gels in
conical flasks filled with distilled water. The flasks were placed in a temperature-
controlled bath at 25 °C for 50 hours. The swelling ratio (Qm) was calculated by the

following equation:
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Qm = Ws/Wa (2'1)
where Ws is the weight of the swollen hydrogel and Ws is the weight of the as-prepared

Gels. For the swelling experiment, all samples were measured 3 times.

2.3.7 Thermal property

Thermal gravimetric analyzer (TGA) and Differential Thermal Analysis (DTA) of
the samples were performed with TG instrument (DTG-60, Shimadzu Co., Ltd., Kyoto,
Japan) at a scan rate of 10 °C min~* from room temperature to 600 °C in N2 atmosphere
(flow rate of 50 mL/min). Sample (4-6 mg) were placed in aluminum crucibles by using
an empty aluminum crucible as a reference. All of the samples were obtained from

freeze-drying.

238 FT-IR

A Thermo Scientific Nicolet iN 10 infrared spectrometer was used for the analysis
of FT-IR. The sample was measured in the range of 650 — 4000 cm™ with a resolution
of 4 cm™. Both KBr pellet and ATR technique were adopted in the test. A total of 32

scans were accumulated.

2.3.9 XRD

The crystallographic structure of samples was obtained by X-ray diffraction system
with a diffractometer (XRD 6000, Shimadzu Corporation, Japan) in range of 5~90° by
step scanning. Nickel-filter Cu Ka radiation (A=0.15417 nm) was used with a generator

voltage of 40 kV and a current of 30 mA.

2.3.10 Vibration experiment

For the experiments evaluating the damping performance, a commercially available
test tube mixer was used as the vibration source; the vibration machine was equipped

with a hydrogel vibration damper, a support plate, and a force sensor. The sampling
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frequency was set at 20 points per second.

2.4 Conclusion

The experimental procedure was displayed as Fig. 2.5.

Cellulose
[ |
Carboxymethyl Cellulose
cellulose (CMC) nanofiber (CNF)
As cross-linker and initiator | Visible-light-trigger NalO, oxidation
polymerization
CMC/PAA Aldehyde
hydrogel Cellulose
Molecule cross-linker Ionif cross-linker Hemiacetal reaction
E-S method ) PVA
{ \ As cross-linker
High resilience High modulus Biocompatibility
Gel Gel hydrogel
y

Y Characterizations

Mechanical properties, internal network, gelation time, swelling, thermal
properties, FT-IR, XRD, vibration absorption, cell activity etc.

Fig. 2.5 The experimental procedure.
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Chapter 3 Design of a Rubbery
Carboxymethyl Cellulose/Polyacrylic Acid
Hydrogel via Visible-Light-Triggered

Polymerization

3.1 Introduction

Artificial hydrogels are a class of soft materials with biocompatibility [1] and/or
external stimuli-responsive properties [2]; they have been used in a wide range of
applications in biological fields [3], in tissue engineering [4], and as soft machines [5].
However, most reported hydrogels exhibit poor mechanical strength and toughness,
seriously limiting their applications [6]. In recent years, researchers have intensively
investigated different mechanisms to synthesize hydrogels with innovative network
structure and largely improved mechanical properties, including double-network [7],
nanocomposite [8], topological structure [9], resilin [10], macromolecular cross-linking
[11] and other hydrogels. The reported tough hydrogels exhibit remarkable
comprehensive mechanical properties: high strength (tensile strength: 0.2-10 MPa;
fracture elongation: 100-6000%), rigidity (elastic modulus: 0.05-1.0 MPa) and
toughness (fracture energy: 100-15000 J m) [12]. However, some of these hydrogels
show a lack of instantaneous recovery and fatigue resistance properties. For example,
a double-network hydrogel consisting of interpenetrating reversible brittle and ductile
networks show internal fracturing of the brittle network and effectively dissipates
energy to obtain high toughness [13, 14]. Nevertheless, the reversible brittle network
re-formation process requires a suitable long time (minutes or hours), resulting in an
obvious residual strain (approximately 100%) and fatigue in cyclic tensile experiments
[15-17]. Biomedical and industrial application of hydrogels require to have excellent
instantaneous recovery and anti-fatigue properties during deformation due to

mechanical parts (eg. soft robot) or artificial organs (eg. artificial muscles) made of
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hydrogels generally should be able to withstand repeated deformation at different rates
and sustain a long time.

To date, topological hydrogels and resilin hydrogels show excellent rapid recovery
and fatigue resistance [9, 10]. In addition to these two kinds of hydrogels,
macromolecular crosslinked hydrogels have received more and more attentions from
researchers due to the special cross-linking network structure. Macromolecular cross-
linking hydrogels with functional macromolecules as cross-linker and/or initiator
endow hydrogels with an effective energy dissipation mechanism, leading to excellent
mechanical performance [18-21]. There are two main approaches for obtaining such a
structure: (i) macromolecules not only as an initiator but also as a cross-linker, in this
case, the activation of the functional macromolecule generally requires a harsh
condition where the macromolecule is irradiated with %°Co y-rays [11, 21]. (ii)
macromolecules containing a large number of double bonds act only as a cross-linker.
In this case, the stereo-hindrance effect of macromolecule significantly limits the
activity of the double bond, leading to a low tensile strength (30-213 kPa) [22, 23].
Moreover, these strategies for preparing hydrogels generally require multiple steps,
including the synthesis of complex macromolecular cross-linker. Due to these
limitations, it is our goal to explore novel synthetic methods and/or novel structures to
achieve better mechanical performance of macromolecular hydrogels.

Herein we report a method of preparing a rubbery carboxymethyl
cellulose/polyacrylic acid (CMC/PAA) hydrogel through a facile, one-pot, visible-
light-triggered polymerization. The rubbery hydrogel with mesoscopic movable
inhomogeneous cross-linking network consists of “microgel”. The hydrogel with
special “microgel” aggregated structure possesses an effective energy dissipation
mechanism through the deformation of interlinked “microgel”. This structure endows
the hydrogel with instantaneous recovery, anti-fatigue and over 92% resilience. We
anticipate that the simple preparation method and the particular structure can be further
applied to hydrogel design and open up new potential applications for both biomaterials,

and engineering, such as tissue scaffold, building and agriculture.
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3.2 Experimental

3.2.1 Materials

Carboxymethyl cellulose sodium salt (CMC, EP), acrylic acid (AA, EP), ceric
ammonium nitrate ((NH4).Ce(NOz)4, CAN, GR) were purchased from Nacalai Tesque,
Inc.. All of the chemical reagents were used as received. Distill water was used for all

experiments.
3.2.2 Fabrication of hydrogels

All reactants including ceric ammonium nitrate, acrylic acid and cool water were
sequentially added to a vial and subsequently mixed by magnetic stirring while
immersed in an ice bath. A certain amount of carboxymethyl cellulose was slowly
added to the mixture under strong magnetic stirring. After vigorous stirring for 1 h, the
CMC was stably dispersed. We then poured the hydrogel precursor into a transparent
glass mold and covered it with a glass plate. The mold was immersed in an ice-water
bath and was placed 25 cm below a visible light source (LS-M210, Sumita) with 50%
power output. The process of hydrogel formation required only a few minutes. The
transparent carboxymethyl cellulose/polyacrylic acid (CMC/PAA) hydrogel was then
sealed and stored at 4 °C for future testing. For comparison, the hydrogel precursor was
also immersed in a water bath at 60 °C for 1 or 4 h. All of the reactants were used
without further treatment. Unless otherwise specified, the CMC/PAA hydrogel
precursor consisted of 40 mg CAN, 4.00 g AA, 0.40 g CMC and water content was
fixed at 69.4 wt.%.

3.2.3 Characterization

The uniaxial elongation properties were tested at room temperature using a universal
testing machine (Instron, 3385, extra 50 N load cell, Instron Co., Ltd., Canton, USA)

in accordance with standard JIS K6251. The measurement procedure was as follows:
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Hydrogels were cut into a dumbbell-shape with a size of length of 75.0 mm (L), gauge
length of 20.0 mm (L,), width of 4.0 mm (W) and height of 2.0 mm (H) (Fig. 3.5d);
tests were conducted at a cross-head speed of 500 mm/min. For the cyclic tensile tests,
loading-unloading measurements were carried out using the same machine at a constant
speed of 100 mm/min. The hydrogels’ dimensions were L = 50.0 mm, W = 10.0 mm, H
= 2.0 mm and Lo = 30.0 mm. The samples were covered with oil to prevent the water
from evaporating. The compressive properties were measured using a universal testing
machine (Instron, 3365, Instron Co., Ltd., Canton, USA) at a cross-head speed of 1
mm/min. Hydrogels were cut into disc shapes with a diameter 11.0 mm and height of
2.0 mm. All samples were tested at room temperature.

The dispersion of CMC in hydrogel in the original state was investigated using an
optical microscope (Eclipse model ME 600D, Nikon, Japan). The thin hydrogel film
was obtained by shock-frozen section using a microtome (RM2145, Leica
Microsystems, Japan). The length, width and thickness of the hydrogel film were 15
mm, 2 mm and 200 pm, respectively. The microgel microstructure was also observed
using a scanning electron microscope (Hitachi, Ltd S-4300, Japan). The freeze-dried

samples were sputter coated with gold using an ion sputtering apparatus prior to the test.

3.3 Results and discussion

3.3.1 Hydrogel fabrication

Cerium (IV) ammonium nitrate (CAN), due to its large reduction potential value
(+1.61 V vs normal hydrogen electrode), low toxicity, ease of handling and experiment
simplicity, is usually accepted as an oxidizing agent [24]. It has acted as an initiator for
a large number of polymerization reactions, particularly for modification of
biopolymers such as cellulose, starch, chitosan, [25-28] etc. In previous reports, the
researchers believe that temperature, pH, monomer concentration, initiator
concentration and reaction time are the major factors affecting the graft modification

reaction [27-29]. In their opinions, the temperature is the triggering factor for this
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polymerization. However, we dramatically find that visible light (wavelength: 380-760
nm) is a more effective trigger than temperature. Fig. 3.1a shows that the hydrogel
precursor is quickly polymerized into a hydrogel within 1 minute by triggering with
visible light. In contrast, the same hydrogel precursor is partly polymerized into viscous
state within 1 hour in a water bath at 60 °C, and after 4 hours the gelation is completed
(Fig. 3.1b). The temperature triggered hydrogel emits an acrylic acid odor and can be
partially dissolved in the weak base solution, however, visible-light-triggered hydrogel

swells only in the base solution.

Wavelength

380-760 nm

Fig. 3.1 a, b) Photographs of the CMC/PAA hydrogel at different reaction time via two
kinds of trigger. ¢) Proposed mechanism of hydrogel formation under visible light. d)
The prepared hydrogel is transparent at the macroscale. e, f) The hydrogel surface and

internal structure observed under an optical microscope.
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Fig. 3.2 a) FT-IR spectra of CMC and Oxide-CMC. The mixture consisted of 40 mg
CAN, 0.40 g CMC and its water content was 20 mL, no monomer was added to this
mixture. b) FT-IR spectra of CMC, PAA and CMC/PAA hydrogel. The hydrogel
precursor consists of 40 mg CAN, 1.00 g AA, 0.40 g CMC and water content was fixed
at 90.2 wt.%.

The CMC/PAA hydrogel was synthesized via a facile, one-pot, visible-light-triggered
polymerization. This is in contrast to previously reported methods of hydrogel
preparation that require multiple preparation steps and/or particular skills [10, 14]. The
state of the hydrogel precursor depends on the solubility of carboxymethyl cellulose
(CMC) in various pH and Ce** (ceric ammonium nitrate) ion concentration solutions.
Parts of the CMC chains shrink into a coil structure in the presence of acid (provided
by acrylic acid (AA) monomer) and highly charged ions (Fig. 3.1c). The remaining
parts dissolve and result in a sticky mixture that prevents explosive polymerization.
This mechanism makes the hydrogel precursor inhomogeneous and sticky. As described
in the experimental section, the process of hydrogel formation only requires several
minutes after the application of highly efficient visible light triggering. The prepared
CMC/PAA hydrogel is transparent when observed by the naked eye (Fig. 3.1d).
Nevertheless, it is found that the actual structure is inhomogeneous which consist of
vast “microgel” when observed microscopically. In addition, the “microgel” is linked
to other “microgel” by polymer chains at the edge of each “microgel”, forming a super
network with no obvious boundary observed (Fig. 3.1e, f). It should be noted that the

structure of the hydrogel in this work is fundamentally different from the structure of
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microgel reinforced hydrogels that have been reported [30].

In order to investigate the reaction mechanism of this visible-light-trigger
polymerization, an additional experiment proceeded. In this experiment, the mixture
consists of CMC and Ce** acetic acid aqueous was placed below a visible light. The
color of the mixture changed from faint yellow to white and some undissolved matter
(Oxide-CMC) was obtained during this process. FT-IR spectra of Oxide-CMC and
CMC/PAA hydrogel are shown in Fig. 3.2. As shown in Fig. 3.2a, the CMC show a
broad absorption peak at 3432 cm™ which is due to the —OH stretching as well as
intramolecular and intermolecular hydrogen bonds, the band at 2920 cm™ is due to C-
H stretching vibration, and one sharp peak at 1605 cm™ show the presence of
carboxymethyl ether group, the bands around 1416 cm™ and 1328 cm™ are assigned to
—CHg scissoring and —OH bending vibration, respectively, and the band at 1066 cm™ is
due to —-CH-O-CHpa stretching. The FT-IR spectrum of Oxide-CMC show a new clearly
sharp peak at 1730 cm™ for -CHO stretching compared with that of CMC.

a CH,0CH,COONa CH,0CH,COOH
/2 i g A
JoH o = | o
o \i ) o + Gt e 0— \OH ;

OH

H,C—CH
+ or COOH ——
HZC—_—CH
COONa

T\ (CMC AN\ I PAA

Fig. 3.3 a) The reaction mechanism of the visible-light-trigger polymerization. b, c)
SEM images of CMC/PAA microgels after freeze-dried. The microgel precursor
consisted of 80 mg CAN, 1.00 g AA, 0.40 g CMC and water content was fixed at 93.1

wt.%.

The new —CHO group confirms the reaction mechanism (Fig. 3.3a). The hydrogel

consists of CMC and PAA show diverse FT-IR spectrum compare with that of CMC
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and PAA. Different with the FT-IR spectrum of CMC, the FT-IR spectrum of the
hydrogel is quite similar to that of PAA. However, it is evident that a new peak at 1550
cm is due to -COONa group stretching of acrylate, and the peak at 1240 cm™ and
1165 cm™ shift to 1262 cm™ and 1169 cm™, respectively, which due to the stretching
vibration of —C-O group of acrylate (Fig. 3.2b). This result indicates the Na*in CMC
has partly transferred into the PAA chains of the prepared hydrogel.

The mechanism of visible-light trigger polymerization, depending on the
copolymerization mechanism of the vinyl monomer onto molecule with glucopyranose
unit [31], is described as following: firstly, the ceric ion attacks the glucopyranose unit
and forms a CMC-cerium complex. The Ce*" ion is then reduced to a Ce®* in the
complex. Meanwhile a free radical and an aldehyde group are obtained by breaking the
carbon 2 and 3 bonds of the glucopyranose unit. The free radical initiates the
polymerization of the monomer, and a plenty of active PAA and CMC chains form a

network via end-group termination (Fig. 3.3a) [29].

Table 3.1 the effect of molecular structure on gelation at different trigger conditions

Macromolecular cross- The state of final product
linker Visible light trigger Heat trigger
a-Cellulose gel viscous-gel
Carboxymethyl cellulose gel viscous-gel
Hydroxypropyl cellulose no reaction viscous
Chitosan no reaction viscous

In addition, it is interesting to find that cellulose or its derivatives with an integral D-
glucose base ring (a-cellulose, carboxymethyl cellulose) can initiate the polymerization
in the similar hydrogel system under visible light. In contrast, cellulose derivative
without an integral D-glucose base ring (hydroxypropyl cellulose) or -(1-4)-linked D-
glucosamine (chitosan) can not be triggered by visible light in the same hydrogel system
(Fig. 3.4 and Table 3.1). Moreover, hydroxypropyl cellulose and chitosan can get a

viscous state via temperature trigger at 60 °C, which is attributed to the oxidizability of
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CAN at high temperature.
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Fig. 3.4 Structure of biomaterials. a) The molecular structure of cellulose or
carboxymethyl cellulose. b) The molecular structure of hydroxypropyl cellulose. c) The

molecular structure of chitosan.

To investigate the microstructure of the hydrogel, a high feeding ratio of CMC: AA
(0.4: 1, 40 wt.%) was selected. After polymerization, no hydrogel was obtained at this
feeding ratio. However, the obtained product shows a flocculent microgel in an aqueous
solution which can be observed by naked eye. Scanning electron microscopy (SEM)
shows the size of the microgel is several hundred microns, which is the same as that of
the “microgel” in original state with low feeding ratio. (Fig. 3.3b, c). The microgel
shows an interconnected loose network structure, where original CMC and polymerized

PAA completely combine with each other.

3.3.2 Tensile properties of hydrogels

The tensile properties of the hydrogel greatly depend on the photo-trigger reagent
(CAN, in this case), which initiates the facile visible-light-triggered polymerization
(Fig. 3.5). When the CAN concentration increases, the number of free radicals and
potential cross-linking units increases [31]. As a result, we observed a gradual increase

in elastic moduli from 65 kPa to 180 kPa with increasing CAN concentration. By
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contrast, the fracture elongations decreased sharply from 730 % to 360 % with
increasing the CAN concentration. The tensile strength reached a maximum 857 kPa at
1.25 wt.% CAN. The CMC/PAA hydrogels show much higher modulus and tensile
strength than polyacryamide hydrogel (modulus < 10 kPa, tensile strength 35-106 kPa)
cross-linker  [32]. In

with macromolecular micelle as

contrast to the
nanocomposite/polyacrylic acid hydrogel (modulus: tens kPa, tensile strength: 860 kPa
[33]), the CMC/PAA hydrogel in the present work has a higher modulus at the same

tensile strength.
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Fig. 3.5 The effect of photoinitiator content on the mechanical properties of CMC/PAA
hydrogels. a) Tensile stress-strain curves of hydrogel with various CAN to AA weight
ratios (wt.%). b) Elastic modulus (E) calculated from the slope within the initial linear
region (less than 30% strain) of the stress-strain curves. ¢) The tensile strength and
fracture elongation of hydrogels with various weight ratios. d) Photographs before and
after fracture tensile test of dumbbell-shaped samples prepared with a 1.00 wt.%

feeding ratio (CAN to AA). Error bars represent the standard deviation (n = 4).
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In addition, the CMC/PAA hydrogel prepared with visible-light-trigger
polymerization exhibits modulus and tensile strength ten times greater than the same
hydrogel (modulus: 12.5 kPa, tensile strength: 42 kPa) prepared with heat radical
polymerization (Fig. 3.6 and Table 3.2).
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Fig. 3.6 Stress-strain curves of CMC/PAA hydrogels prepared by different methods.

Table 3.2 Components and tensile properties of CMC/PAA hydrogels prepared by

different methods

Methods AA Water CMC CAN MBA Tensile strength  Elongation Modulus

(@ (mb) (9) (mg) (mg) (kPa) (%) (kPa)

Visible-

light-trigger 4 10 040 40 0 7240+326 596.0+274 126.1+3.0

Heat? 4 10 0.40 0 5 421+57 500 +51.6 125+£09

2The hydrogel prepared with a conventional free radical polymerization at 80 °C, using

APS instead of CAN as the initiator.

Different light sources are another crucial factor influencing the mechanical
properties of hydrogels. The maximum stress and elastic modulus of the hydrogel
prepared with metal halide lamp as the light source are higher than those of the hydrogel

prepared with incandescent lamp (200 W, about 15% energy for visible light) as the
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light source. However, the hydrogel with metal halide lamp as the light source has a
lower fracture elongation than the hydrogel with an incandescent lamp as the light
source. In addition, it is interesting to find that the hydrogel triggered by metal halide
lamp with 100% output energy has a higher maximum stress and elastic modulus than
the hydrogel triggered by metal halide lamp with 50% output energy. On the contrary,
the fracture elongation decreases with increasing the visible light output. It indicates
that the higher intensity of visible light can improve the density of cross-linking
network which markedly affecting the mechanical properties. Moreover, the hydrogel

also can be prepared even with sunlight as a trigger (Fig. 3.7).
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Fig. 3.7 The effect of light source on tensile properties of CMC/PAA hydrogels. a)
Stress-strain curves of hydrogels prepared with various light resources. b) Elastic
modulus (E) calculated from the slope within the initial linear region (less than 30%
strain) of the stress-strain curves. ¢, d) The tensile strength and fracture elongation of

hydrogels prepared with various light sources. (Error bar, S.D.; n=4).

The variation content of CMC and AA also strongly affected the mechanical behavior

of the hydrogel. CMC is supposed to act as macromolecular cross-linker which is a key
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player to form the CMC/PAA hydrogels with outstanding mechanical properties (Fig.
3.8). To confirm this, hydrogels with various CMC concentrations were prepared. It is
found that the mixture has no viscous property when CMC content is below 5.00 wt.%.
In this case, the mixture undergoes explosive polymerization, resulting in a great
amount of bubble in the hydrogel. When the content of CMC is 12.50 wt.%, CMC
cannot disperse well in the viscous system. Thus, an enhancement in tensile strength
and elastic modulus are observed with increasing the CMC content from 2.50 wt.% to
10 wt.%, at 12.50 wt.% both tensile strength and elastic modulus decreases. The

fracture elongation increases first and then decreases with increasing CMC content (Fig.
3.8d).
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Fig. 3.8 Tensile properties of CMC/PAA hydrogels with different CMC contents. a)
Stress-strain curves of hydrogels with various CMC to AA weight ratios (wt.%). b)
Elastic modulus (E) calculated from the slope within the initial linear region (less than
30% strain) of the stress-strain curves. c, d) The tensile strength and fracture elongation

of hydrogels with various CMC to AA weight ratios (wt.%). The hydrogel precursor
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consisted of 4.00 g AA, 40 mg CAN, 10 mL water and various CMC feeding ratios as
labelled. (Error bar, S.D.; n=4).
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Fig. 3.9 Tensile properties of CMC/PAA hydrogels with different water content. a)
Stress-strain curves of hydrogels with various water to hydrogel weight ratios (wt.%).
b) Elastic modulus (E) calculated from the slope within the initial linear region (less
than 30% strain) of the stress-strain curves. c, d) The tensile strength and fracture
elongation of hydrogels with various water to hydrogel weight ratios (wt.%). The
hydrogel precursor consisted of 40 mg CAN and 0.40 g CMC. Feeding ratio of AA to
water were 1: 13, 2: 12, 3: 11, 4: 10 and 5: 9 (mL) which were calculated to

corresponding water content as labelled. (Error bar, S.D.; n=4).

The polymer monomer concentration is also found to be important to the elastic
modulus, tensile strength and fracture elongation of CMC/PAA hydrogels (Fig. 3.9).
We transform it into a more common parameter (water content) for the following
discussion. The elastic modulus and fracture elongation of CMC/PAA hydrogels

decrease with increasing the water content. The tensile strength presents a decreasing
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trend with the increase of water content. The maximum tensile strength is 724.03 +
32.64 kPa at the water content of 69.4 wt. %. The higher monomer content (AA: water
is 5: 9) provides excess acidity which declines the viscosity of the mixture. Thus, in this
feeding ratio, the reaction also presents explosive polymerization with a little amount
of bubble in the hydrogel. In contrast, hydrogel almost cannot be formed at lower
monomer content (AA: water is 1: 13). It is indicated that lower polymer monomer
concentration results in “microgel” link to each other difficulty (Fig. 3.3 b,c). In general,
the “microgel” is easier to form huge crosslink network at higher monomer
concentration (lower water content).

During the tensile tests, the hydrogel exhibited a uniform elongation even if the
hydrogel structure is inhomogeneous [34]. The tensile fracture samples (with strain
greater than 600%) exhibited an insignificant deformation of their original shapes. (Fig.

3.50).

3.3.3 Energy dissipation of hydrogels in the first cycle

The tensile stress-strain curves of first cyclic experiments show a typical hysteresis
under loading-unloading cycle, and a pronounced hysteresis loop is observed in the
cyclic loading (Fig. 3.10a). The area between the loading-unloading curves represents
the energy dissipated per unit volume [14]. The energy dissipation gradually increases
as the maximum strain increases from 50% to 300%. A quantified data is demonstrated
in Fig. 3.10b. It clearly shows that the as-prepared hydrogel could dissipate energy from
1.42 KJ/m?® to 107.41 KJ/m3. This phenomenon is interpreted as an energy dissipation
mechanism in double-network hydrogels [35]. The polymer chains in the CMC/PAA
hydrogel obtained via free-radical polymerization are generally nonuniform,
speculative leading to the presence of several defects [36]. Parts of the chains in the
defective domains rupture to dissipate the applied energy, resulting in the hysteresis
loop in the first cycle. Moreover, due to the defects in the as-prepared hydrogel, we also
observe softening in the hydrogel, that is specific to materials that exhibit the Mullins

effect [37]. The softening increases progressively with increasing maximum strain of
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the hydrogel (Fig. 3.10c).
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Fig. 3.10 a) Loading-unloading tensile test of the CMC/PAA hydrogel under various
strains. b)The calculated hysteresis energy and dissipated energy of the CMC/PAA
hydrogel during the loading-unloading tensile tests under different strains. ¢) Stress-
strain response of hydrogels with a same sample subjected to a cyclic tensile test under

different strains.
3.3.4 Anti-fatigue and rapid recovery properties of hydrogels

Although manufactured hydrogels with efficient energy dissipation mechanisms can
bear a considerable applied force prior to fracture, the reversible brittle network re-
formation process requires a suitable time scale, resulting an obvious residual strain
(approximately 100%) and fatigue in cyclic tensile experiments [17]. This slow or
limited recovery may be a major obstacle for practical applications [16].

In the present work, twenty successive cyclic tensile tests were applied to the

CMC/PAA hydrogel at strains ranging from 50% to 300% (Fig. 3.11a and Fig. 3.12,
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supporting information). All six samples show remarkably similar loading-unloading
curves with slight hysteresis after an obviously hysteretic loop in the first cycle. To
deeply understand the change of the internal network, we estimate the effective network
chain density (N) based on the cyclic stress-strain curves of CMC/PAA hydrogel,
following the equation in the literature [38, 39].
7=NRT[a — (1/a)?] (3-1)

Where, 1 is the force per unit unstrained cross sectional area, R and T are the gas

constant and absolute temperature, respectively, and the t value at elongation of o = 2

(strain 100%) is used in the calculation.
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Fig. 3.11 a) Successive cyclic tensile tests of the hydrogel at a 250% strain for 20 cycles.
b) Hysteresis energy change of hydrogels at a strain of 250% for 20 cycles, where Wy oad
is the area under the loading curve, Wuniead is the area under the unloading curve, and
Wioad - Wunioad 1S the hysteresis energy dissipation (area between the loading and
unloading). c) Resilience of the hydrogel ((WLoad - Wunioad )/ Wioad) in €ach tensile cyclic

test at various strains for 20 cycles. d) Recovery property of hydrogels for different
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recovery times at zero stress.
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Fig. 3.12 Cyclic tensile test of CMC/PAA hydrogels at various strain. a) At a 50% strain
for 20 cycles. b) At a 100% strain for 20 cycles. c) At a 150% strain for 20 cycles. d)
At a 200% strain for 20 cycles. e) At a 300% strain for 20 cycles. f) The estimated
effective network chain density (N) of CMC/PAA hydrogel.

The effective network chain density (N) decreases from 9.6 mol/m® to 8.0 mol/m?
(Fig. 3.12f), indicates that the fracture of the internal structure in the hydrogel at the
initial cycle process is irreversible. We define the initial cycle process in the hydrogel
as “structure stabilizing” which results from the permanent covalent bond rupture. At a
strain of 250%, the hysteresis becomes much smaller if the next cycle is conducted
immediately after the conclusion of the previous cycle. In fact, with increasing the
number of cycles, the hysteresis loops hardly change, resulting in plateauing of the
hysteresis energy and especially the hysteresis energy dissipation (Wyoad- Wunicad) (Fig.
3.11b). Resilience is a measure of materials to deform reversibly without loss of energy
[40]. After the structure is stabilized, the hydrogel retains over 92% resilience in the
cyclic tensile tests at various strain (Fig.3.11c). The resilience of the hydrogel is
approximate to nature resilin (over 95% resilience), better than resilin biomaterials
(over 100% strain, 75% resilience) at high strain [10, 41]. We calculated that 0.64-11.54
kJ/m? energy is dissipated through this stable reversible processing at a strain ranging

from 50% to 300% which is lower than the energy dissipation in the first cycle (1.42-
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107.41kJ/m3). The residual strain remains constant on the experimental time scale (less
than 1s) as the number of applied cycles increases, although an instantaneous residual
strain (approximately 9%) is produced during structure stabilizing. The difference of
resilience and residual strain before and after the structure stabilizing suggests that the
hydrogel exhibits excellent rapid recovery and anti-fatigue characteristics through the

energy dissipation mechanism after the structure is stabilized.
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Fig. 3.13 a) Successive compressive tests of hydrogels at 70% strain for 20 cycles. b)
Successive compressive test of hydrogel at 90% strain for 10 cycles. c) Image of

hydrogels before and after compression.

To examine the time-dependent recovery properties of the CMC/PAA hydrogel at
room temperature, the hydrogel was subjected to successive cyclic tensile tests at a
prescribed time (Fig. 3.11d). After the cyclic tensile test under 250% strain of the
hydrogel, the curve changed slightly relative to the curve obtained under successive
250% strain. In this case, the residual strain (approximately 3%) is negligible, which is
lower than the residual strain (approximately 9%) under successive cyclic tensile test.

The lower residual strain arises from the reforming of the hydrogen bonds and a small
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number of ionic bonds [33]. For the irreversible residual strain (approximately 3%), it
may result from the rupture of the hydrogel network and slight slip at the fixture and
soft hydrogel [42]. Furthermore, the cyclic curve after the first cycle shows almost no
variation although the rest time was varied.

Repeated compressive tests also reveal an anti-fatigue property at 70% compressive
strain. The maximum compressive stress decreases from 1.29 MPa to approximately
1.10 MPa with the increase of compressive times. The curves of compression are almost
coinciding, and the maximum compressive stress does no obviously decrease after the
first compression (Fig. 3.13a). However, a higher compressive strain (90%) can
gradually damage the internal structure, obviously decreasing the compressive strength,
although there is no variation on the sample shape (Fig. 3.13b, c). Furthermore, the
recovery time in the impact experiments was measured by a high-speed camera, only

several milliseconds were required for the recovery process (Fig. 3.14).

0.2878s

Fig. 3.14 Recovery time of hydrogel during an impact experiment.

3.3.5 Variation of hydrogel network under applied force

Our obtained data demonstrate that the rubbery hydrogel under deformation can

effectively endure a tensile or compressive force. To visualize this mesoscopic structure
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transformation, a thin hydrogel film (200 um) was obtained by shock-frozen section.
As shown in Fig. 3.15a, when the light source is a crossed polarizer, several bright
optical spots are observed due to the liquid crystalline property of cellulose [43, 44].
The curling CMC act as the core of the “microgel” dispersed inhomogeneously in the
hydrogel. When the hydrogel film was elongated to a strain of 150%, curling CMC
domains deformed from an “island” to a “stream” along the straining direction. In the
straining state, CMC domains are relatively homogeneously dispersed in the hydrogel.
When the stress was removed the hydrogel film recovered to its original state.
Furthermore, the location of curling CMC domains has no obvious variation; even the
shape of curling CMC domains shows a negligible change under the polarized visible
light. Therefore, it is confirmed that the rubbery hydrogel can effectively dissipate the
applied energy through the curling CMC domain reversible deformation under the

applied force (Fig. 3.15b).

Fig. 3.15 The deformation mechanism and microstructure of the CMC/PAA hydrogel.
a) The hydrogel film under polarized light: as-prepared (left), at 150% strain (middle),
recovery to the original state (right). b) schematic of the reversible deformation

mechanism of the hydrogel.
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3.4 Conclusions

In conclusion, we have successfully designed a new strategy to fabricate a rubbery
hydrogel with mesoscopic movable inhomogeneous structure using curling CMC as
cross-linker and initiator. This facile, one-pot, visible-light-triggered polymerization
method provides a fast, convenient and high efficiency strategy to synthesis rubbery
hydrogel with instantaneous recovery and anti-fatigue properties. The novel rubbery
hydrogels exhibit high tensile strength 400 kPa — 850 kPa, fracture elongation 350% —
700% and elastic modulus 65 kPa — 180 kPa. In addition, the hydrogel possesses some
special properties such as negligible residual strain, instantaneous recovery, fatigue
resistance and as high as 92% resilience after structure stabilizing, making the hydrogel
an ideal candidate for further application in biomaterials. The cross-linking network
consists of microgel aggregates with curling CMC as the core, which endows the

excellent mechanical properties to the hydrogel by reversible deformation.
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Chapter 4 Rapid Recovery Double Cross-

linking Hydrogel with Stable Mechanical

Properties and High Resilience Triggered
by Visible Light

4.1 Introduction

Hydrogels are wet and soft materials with biocompatibility and/or stimuli-
responsiveness; they have been widely used in the field of biology, tissue engineering,
and soft machines [1-6]. However, most reported hydrogels exhibit poor mechanical
strength and toughness, severely limiting their application [7]. In recent years, the
hydrogel designed according to the energy dissipation mechanism has overcome this
shortcoming and greatly expanded the application of hydrogels. Researchers have
intensively investigated different mechanisms for dissipating energy in various
hydrogels, including double-network hydrogel [8, 9], nanocomposite hydrogel [10, 11],
topological hydrogel [12, 13], resilin-based hydrogel [14], macromolecular cross-
linking hydrogel [15, 16] and other hydrogels. These reported tough hydrogels exhibit
remarkable comprehensive mechanical properties: high strength, large strain, high
rigidity, and toughness [17].

Many tough hydrogels with excellent mechanical properties are expected to be used
in more specialized fields (such as artificial muscle, sensors, and actuators). However,
some of these hydrogels lack fatigue resistance and instantaneous recovery, which
seriously limits their application in the above-mentioned fields [18]. Mechanical parts
(e.g., soft robot) or artificial organs (e.g., artificial muscles) made of hydrogels
generally should be able to withstand repeated deformation at different rates and sustain
them for a long time. To meet these demands, the designed hydrogels must have
instantaneous recovery and high resilience. Ten years ago, Elvin et al. developed a

protein hydrogel by cloning resilin from the wing tendon of an adult dragonfly; the
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resulting hydrogel exhibited high resilience (recovery after deformation).[19] In recent
years, Lv et al. synthesized an artificial elastomeric protein hydrogel which mimicked
the molecular architecture of titin through the combination of protein domains GB1 and
resilin. The hydrogel exhibits high resilience and behaves as rubber-like materials at
low strain and as shock-absorber-like materials at high strain [14].

Although the hydrogel exhibits considerably rapid recovery and resilience, the
strategy for preparing these hydrogels generally require multiple steps, particular skills,
and high costs. Because of these limitations, the goal of the current study is to explore
a simple and inexpensive method to prepare hydrogels with instantaneous recovery and
high resilience. Liu et al. designed a graphene peroxide/polyacrylamide nanocomposite
hydrogel by in situ free radical polymerization [20]. The hydrogel without N,N -
methylene bisacrylamide (MBA) as a second cross-linker has a significant residual
strain during the cyclic tensile process. However, after adding MBA, the residual strain
almost disappears, and the resilience is improved. In addition, He et al. had attempted
to synthesize a macromolecule cross-linking hydrogel using peroxidized polymer
chains as cross-linker and initiator [16]. When a small amount of MBA is added, the
resilience of the hydrogels is also dramatically improved. Although these hydrogels
have rapid recovery and high resilience, their tensile modulus is below 60 kPa, and the
biocompatibility of the hydrogel is unclear.

Cellulose/polyacrylic acid hydrogels have been widely reported for the application
of drug delivery [21] and adsorbent [22]. The good biocompatibility and stimuli-
responsiveness make it an excellent candidate for biomaterials [23]. However, the
mechanical properties of the hydrogels cannot meet the needs of functional materials.
In this study, we synthesized a double cross-linking polyacrylic acid (PAA) hydrogel
by a facile, one-pot, visible-light-trigger polymerization. In this polymerization,
carboxymethyl cellulose (CMC) acts as an initiator as well as the first cross-linker, and
MBA acts as the second cross-linker. The effect of MBA on the mechanical properties
and the swelling ratios were investigated. The results of DMA suggested that MBA had
a significant effect on the movement of polymer chains within the hydrogel. It was

observed that the hydrogel had a softening effect similar to that of rubber materials. In
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addition, after the structure stabilized, the hydrogel showed a remarkably rapid recovery
(high resilience and low residual strain) in both successive and intermittent cyclic
tensile tests. We anticipate that the simple preparation method and the special
performance of the hydrogel can open up new potential applications for both soft

machines and biomaterials, such as soft robots and tissue engineering, etc.

4.2 Experimental

4.2.1 Materials

Carboxymethyl cellulose sodium salt (CMC, EP), acrylic acid (AA, EP), ceric
ammonium nitrate ((NHs)2Ce(NOz)s, CAN, GR), N,N’-methylene bisacrylamide
(MBA, GR), and sodium chloride (NaCl, GR) were purchased from Nacalai Tesque,
Inc.. All of the chemical reagents were used as-received. Distilled water was used for

all experiments.
4.2.2 Synthesis of hydrogels

The hydrogels were prepared as follows: 40 mg CAN, 4.00 g AA, and 10.0 mL of a
series MBA aqueous solutions were added to a vial step by step, and mixed by magnetic
stirring in ice bath. After that, 0.40 g CMC was slowly added to the mixture with
strongly magnetic stirring (as shown in Table 1). The precursor hydrogel was stably
dispersed for 1 h with vigorous stirring. The viscous precursor hydrogel was transferred
into a transparent glass mold, and covered with a glass plate. Finally, the glass mold
was placed 20 cm below a visible light (LS-M210, Sumita, 50% output) for 5 min. The

obtained hydrogels were cut into different sizes for further testing.
4.2.3 Swelling experiments

Swelling experiments were performed by immersing as-prepared hydrogels in
conical flasks filled with distilled water or NaCl aqueous solution. The flasks were set

in a temperature controlled bath at 25 °C for 50 h. The swelling ratio (SR) was

70



calculated as follows in equation:
SR = Ws/W,4 (4-1)
where W5 was the weight of swollen hydrogel, and Wawas the weight of the as-prepared

hydrogel. All of the samples for swelling experiment were measured 3 times.
4.2.4 Characterizations

The uniaxial elongation properties were carried out according to JIS K6251 on a
universal testing machine (Instron 3300 series, 50 N load cell, Instron Co., Ltd., Canton,
America) and the measurement conditions were as follows: hydrogels were cut into the
dumbbell-shape with the size length of 75 mm (L), gauge length of 25 mm (L), width
of 4 mm (w) and height of 2 mm (h). The tests were conducted at a cross-head speed of
500 mm/min.

The storage modulus and loss modulus of the hydrogel specimens were measured as
a function of frequency using a dynamic mechanical analysis (DMA, RSA-G2, TA
Instrument, New Castle, DE, U.S.A.). Hydrogels were cut into disc shapes with
diameters of 9 mm and heights of 2 mm. Before measurement, the specimens were
applied an axial force (0.981 N). The frequency sweeping experiments were performed
under constant strain amplitude (1%) at a frequency range of 100 — 0.1 Hz.

For the cyclic tensile test, loading—unloading measurements were performed using
the same universal testing machine at constant velocity of 200 mm/min. The gels sizes:
60 mm length, 10 mm width (w), 2 mm height (h), and 30 mm gauge length (lo). The
samples were covered with oil to prevent water from evaporating. Tensile stress (c) was
calculated as o = F/wh, tensile strain (€) was defined € = (1 — lo)/lo x 100%, where F is
the load, and 1 is current length. The hysteresis energy loss (AU) was defined as the area

of hysteresis loop encompassed by the loading—unloading curve, equation (4-2).

AU =f ode — f ode (4-—2)
Loading unLoading

In addition, resilience (R) was calculated as follows in equation (4-3):

unlLoading 4

R (%) = ode

X 100% (4 —3)
fLoading
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All of the hydrogel performance tests were performed at room temperature.
4.3 Results and discussion

4.3.1 Synthesis of double cross-linking PAA hydrogel
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Schematic 4.1 Proposed mechanism of hydrogel formation under visible light.
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Due to its large reduction potential value (+1.61 V vs normal hydrogen electrode),
low toxicity, ease of handling, and experimental simplicity, cerium (IV) ammonium
nitrate (CAN) is generally accepted as an oxidizing agent.[24] In a large number of
polymerization reactions, particularly for the modification of biomass (such as cellulose,
starch, chitosan, etc.), cerium (IV) acts as an initiator [25-28]. So far, temperature has

been considered to be a triggering factor for these polymerizations. However, we have
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dramatically found that visible light (wavelength: 380-760 nm) is a more effective
trigger than temperature. The hydrogel precursor rapidly becomes a tough hydrogel via
the visible-light-trigger polymerization. Due to the copolymerization mechanism of the
vinyl monomer on the glucopyranose unit [29], the mechanism of visible-light trigger
polymerization is described as follows: first, the ceric ion attacks the glucopyranose
unit to form a CMC-cerium complex; then the Ce*" ion is reduced to Ce3* in the
complex, while a free radical and aldehyde are obtained by the rupture of the carbon 2
and 3 bonds of the glucopyranose unit [30]; and last, the free radical initiates the
polymerization, and a network is formed via end-group termination of active polymer
chains. During the polymerization, CMC acts as an initiator as well as the first cross-
linker, and MBA acts as the second cross-linker. The formation process of the hydrogel
is illustrated in Schematic 1, the prepared hydrogel was transparent with excellent

mechanical properties.
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Fig. 4.1 Stress-strain curves of hydrogels with different triggering conditions; Gel-2

and Gel-A2 triggered with visible light and heat, respectively.

As a comparison, Gel-A2 having the same components as Gel-2 except that the
trigger condition was prepared. The Gel-A2 with MBA as the cross-linker and CMC as
the filler was prepared by conventional free radical polymerization, showing a lower
mechanical properties than Gel-2 (Fig. 4.1). Gel-2 showed ten times higher tensile

strength and elastic modulus than Gel-A2 (Table 4.1). This indicates that visible-light-
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trigger polymerization is an efficient method for manufacturing cellulose-containing

hydrogels.

4.3.2 Mechanical properties of double cross-linking PAA hydrogel
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Fig. 4.2 Stress-strain curves of double cross-linking PAA hydrogels a) With various
weight ratios of MBA to AA (wt.%), as labeled. b) With various weight ratios of CMC
to AA (wt.%), as labeled.

Conventional hydrogels consisting of polymer and molecule cross-linker generally
show negative mechanical properties (i.e., low tensile strength and low modulus) due
to the heterogeneity of the network structure caused by molecular cross-linker during
the gelation [7]. The molecule cross-linker as a component can greatly affect the
performance of the hydrogels. Fig. 4.2a displays the stress—strain curves of double

cross-linking hydrogels (Gel-0 to Gel-5) with MBA as the second cross-linker. It is
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observed that the tensile strength of double cross-linking hydrogels gradually decreased
from 724 to 352 kPa as the MBA content increased from 0 to 1.25 wt.%. In the same
manner as the tensile strength, the fracture elongation decreases from 596% to 109% as

the MBA content increases (Fig. 4.2a and Table 4.1).

Table 4.1 The composition of double cross-linking PAA hydrogels, and the

mechanical properties of the hydrogels.

AA  Water CMC CAN MBA Tensilestrength Elongation Modulus
Hydrogel
(@ ML) (9 (mg) (mg) (kPa) (%) (kPa)
Gel-0 4 10 0.4 40 0 7240+326 596.0+274 126.1+3.0
Gel-1 4 10 0.4 40 1 603.6 +67.1 549.1+26.9 1145+26
Gel-2 4 10 0.4 40 5 4935+31.2 4280+37.3 116.0+5.8
Gel-3 4 10 0.4 40 10 383.6 £13.3 3184+70 1274+6.7
Gel-4 4 10 0.4 40 30 329.0+£19.9 151.2+9.9 2242+29
Gel-5 4 10 0.4 40 50 352.7+21.3 108.9+3.7 307.5+38
Gel-6 4 10 0.1 40 5 105.5+16.0 77.1+£126 1465%4.4
Gel-7 4 10 0.2 40 5 2106 +47.8 2448+148 1724+50
Gel-8 4 10 0.3 40 5 545.0+6.4 3224+8.1 140425
Gel-9 4 10 0.5 40 5 512.0+63.7 339.5+25.3 149.6+20.9
Gel-A2? 4 10 0.4 0 5 421 +£57 500.0+516 125+0.9

2 The hydrogel prepared with a conventional free radical polymerization at 80 °C,

using APS (0.10g, 2.5 wt.% of APS:AA) instead of CAN as initiator.

It is well-known that mechanical properties of three-dimensional cross-linking
network hydrogels are highly dependent on the cross-linking density [31]. When the
hydrogel does not contain MBA as the second cross-linker, the prepared hydrogel (Gel-
0) has a low cross-linking density, which can endure great deformation under applied
force through the stretching and movement of the polymer chains. Therefore, Gel-0
shows high tensile strength and fracture elongation. The stretching and movement of

polymer chains is limited due to the improved cross-linking density after the
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introduction of the MBA into the hydrogel. The molecule cross-linker easily forms
plenty of stress concentration points, leading to hydrogel fracture at low applied force.
However, the stiffness of the hydrogel increases considerably with increasing the cross-
linking density, resulting in a high elastic modulus of the hydrogel. The elastic modulus
is approximately constant and then increases to 307 kPa with increasing the MBA
contents (Table 4.1).

CMC is also considered to be a key role in the formation of the double cross-linking
hydrogel. To confirm this, hydrogels with various CMC concentrations were prepared
(Fig. 4.2b and Table 4.1). It is found that the polymerization is not complete in the
presence of a small amount of CMC (Gel-6). Therefore, the tensile strength and fracture
elongation of Gel-6 are only105 kPa and 77%, respectively. When a higher content of
CMC is added to the hydrogel precursors (Gel-7, Gel-8, Gel-2 and Gel-9), the tensile
strength of these Gels is about 500 kPa. The fracture elongation of the Gels increases
first and then decreases due to the synergistic effect of the two cross-linkers. In addition,

the elastic modulus of the Gels are maintained between 116 — 172 kPa.

4.3.3 Swelling properties of double cross-linking PAA hydrogels

Hydrogels, as soft and wet materials, consisting of a cross-linking network and a
large amount of water (50-90%), have been used in aqueous environments, such as drug
delivery [32], tissue engineering [33] and contact lenses [34]. The swelling behavior of
hydrogels is the key point for final application. Hydrogels generally exhibit excellent
mechanical performance in their as-prepared state. However, most of the hydrogels
typically show a high swelling ratio for low cross-linking density, which may pose a
huge volume increase in the aqueous environment, resulting in a significant decline in
the mechanical properties [35]. The swelling ratio of the double cross-linking hydrogel

can be obviously decreased by introducing MBA to increase the cross-linking density.
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Fig. 4.3 a) Swelling ratio — time curves of double cross-linking PAA hydrogels with
various MBA contents. (Error bars, S.D.; n=3) b) The image of double cross-linking
PAA hydrogels before and after swelling. c) The swollen state of Gel-0 after 50 h and

1 month. Grating, 1 cm.

To investigate the swelling behavior of double cross-linking hydrogels, the hydrogel
samples were measured in distilled water to evaluate the effect of MBA on the swelling
behavior. As shown in Fig. 4.3a, the SR of Gel-0 increases with increasing time, and
the swelling equilibrium is not obtained in the experimental time scale. However, it can

be noticed that the SRs of other hydrogels decrease drastically with the introduction of
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MBA. Fig.4.3b depicts that the volume change of the hydrogels gradually decrease with
the increase of MBA content after swelling. The hydrogels (Gel-2, Gel-3, Gel-4, and
Gel-5) exhibit a swelling equilibrium within about 10 h when higher MBA content is
selected. The swelling properties of the hydrogel are mainly dependent on the
hydrophilic ability of functional groups and the cross-linking density of hydrogels [36].
Therefore, Gel-0 has a high hydrophilic polymer chain, and a low cross-linking density
has a higher SR. Moreover, Gel-0 consisting of CMC and PAA can be disentangled and
slid during the swelling process which leads to a further reduction of the cross-linking
density, resulting in an enlarged SR in 1 month (Fig. 4.3c). In contrast, the cross-linking
density of other hydrogels increases with the introduction of MBA, where MBA acts as
an additional cross-linking site, resulting in the restrained movement of the polymer

chains during the swelling process.

4.3.4 Dynamic mechanical analysis

To deepen understanding of the role of MBA in double cross-linking hydrogels, the
viscoelastic response of the prepared hydrogel was determined by using a RSA-G2
solids analyzer. The compressive storage modulus E’ (a measure of elastic response of
a material) and the loss modulus E” (a measure of viscous response of a material) of
the double cross-linking hydrogels were determined as the frequency changes. Fig. 4.4a,
b depict that E’ is always higher than E” in the frequency range 0.1 — 100 Hz. The value
of E' has a slightly linear increasing trend with increasing the frequency. The E” values
of each hydrogel increase as the MBA contents increase from 0 — 1.00 wt.%, for
example, the E’ value at 5 Hz increases from 300 to 800 kPa. The effect of MBA on the
elasticity of the hydrogel is achieved by changing the effective network chain density.
It is reported that the storage modulus in the low frequency range is related to the
effective network chain density (N) [37, 38]. It can be depicted as the follows equation
(4-4):

E'=ANRT (4-4)

Where, E'is taken from the storage modulus, A is the hydrogel-based constant, R and
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T are the gas constant and absolute temperature, respectively.

The effective network chain density can be significantly improved by introducing a
moderate amount of MBA into the double cross-linking hydrogel. Therefore, the
storage modulus increases with increasing the cross-linker concentration [38]. However,
an excess of MBA (Gel-5, 1.25 wt.% MBA) does not further increase the E’ of the
hydrogel. This result may be due to the fact that high MBA content cannot improve the

effective network chain density (at a 1% compress strain), according to equation (4).
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Fig. 4.4 Viscoelasticity of double cross-linking PAA hydrogels. a) Storage modulus.
b) Loss modulus. ¢) Tan 3.

Tan & (calculated from E"/ E') is considered as applied energy dissipation ratio (Fig.
4.4c). The tan 6 value of the hydrogels is gradually decreased with increasing the MBA
content (0 — 1.0 wt.%) at each frequency (for example, the tan 6 value of the hydrogels
decreases from 0.10 to 0.03 at 5 Hz with increasing MBA content from 0 — 1.0 wt.%).
Moreover, the trend of tan d and the storage modulus is similar, the value of tan
increases with the addition of excess MBA content (1.25 wt.%). Adding a certain

amount of MBA can increase the cross-linking density of the three-dimensional
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network of the hydrogel, which limits the movement of the polymer chains, reduces the
internal friction between the polymers, and reduces the tan o value. In contrast,
redundant cross-linking units formed by an excessive amount of MBA increases the

internal friction between polymers, resulting in an increase in the value of tan o.
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Fig. 4.5 a) Stress-strain responses of Gel-2 submitted to a cyclic tensile with increasing
maximum strain every 5 cycles. b) The calculated hysteresis energy of Gel-2 during the

first cyclic of softening process.
4.3.5 Softening effect

The prepared hydrogel (Gel-2) was submitted to a cyclic uniaxial tensile test with
the maximum strain increasing every 5 cycles. Fig. 4.5a presents the stress-strain
responses of Gel-2. In Fig. 4.5a, a softening which is specific to materials exhibiting

the Mullins effect is observed.
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Fig. 4.6 a) Stress-strain responses of Gel-0 submitted to a cyclic tensile with
increasing maximum strain every 5 cycles. b) The calculated hysteresis energy of Gel-

0 during the first cyclic of softening process.

It is noted that for the same applied strain, a lower resulting stress appears after the
first load, and the hydrogel response curves coincide during the following cycles. When
the extension exceeds the previously applied maximum extension, the hydrogel stress-
strain response curve continues to increase along the initial loading curve after returning
from the same path in the previous tensile test (Fig. 4.5a, inset). Moreover, the softening
increases progressively with increasing the maximum strain (Fig. 4.5b). Gel-0 without
molecule cross-linker also has a similar softening effect (Fig. 4.6). By comparing the

hysteresis energy loss of Gel-0 and Gel-2 during the softening process, it is found that
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the addition of the molecule cross-linker (MBA) could alleviate this softening effect
(Fig. 4.5b, inset). These special properties are usually characteristic of rubber materials,

indicating that the hydrogel may have some rubber-like properties.

4.3.6 Internal network variation
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Fig. 4.7 a) Cyclic tensile tests of Gel-2 with various strain. b) The calculated

hysteresis energy of Gel-2 during the cyclic tensile tests.

The presence of the Mullins effect indicated that the internal network of the hydrogel
may have changed during the stretching process. The tensile stress-strain curve of Gel-
2 shows an obvious hysteresis loop in the first cyclic test at various strains (Fig. 4.7a).
This phenomenon has been reported in typical double-network hydrogels and filled
rubbers, which is further elucidated by the energy dissipation mechanism [39, 40]. It
suggests that there are some microstructure changes, including the disentanglement and
sliding of polymer chains as well as the rupture of network, which result in the
hysteresis loop in the first cycle. The calculated hysteresis energy shows that the
magnitude of the hysteresis loop increases with increasing maximum strain of the
hydrogel (Fig. 4.7b). AU (hysteresis energy loss or energy dissipation) exhibits a

nonlinear increase with increasing maximum strain (Fig. 4.7b, inset).

4.3.7 Recovery properties in successive cyclic test

The double cross-linking hydrogel is different from most artificial hydrogel or filled

rubber, the hysteresis becomes much smaller if the next cycle is conducted immediately
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after the conclusion of the previous cycle (for example: at a strain of 125%, Fig. 4.8a).
In fact, with increasing the number of cycles, the hysteresis loops hardly change. To
understand the change in the internal network within the double cross-linking hydrogel
during the stretching process, we estimate the effective network chain density (N) based
on the stress-strain cyclic curve data of Gel-2, following the equation (4-5) reported in
the literature [41, 42].
©=NRT[a - (1/0)?] (4-5)

where, 1 is the force per unit unstrained cross sectional area, R and T are the gas constant
and absolute temperature, respectively, and the T value at elongation of a = 2 (strain
100%) is used in the calculation. The estimated N values are shown in Fig. 4.8b. From
Fig. 4.8b, it is noted that the disentanglement and sliding of the polymer chains, and the
rupture of the network lead to the decrease of the effective network chain density. The
cross-linking network structure variation in the first cycle is defined as “structure
stabilizing”.

Resilience is a measure of the ability of a material to deform reversibly without loss
of energy, which is often used to represent the properties of highly elastic materials (for
example, resilin-based materials) [43]. Gel-2 exhibits excellent elastic properties after
the structure stabilizes (initial cycle), in this case, the performance of the hydrogel is
more suitably represented by resilience instead of hysteresis energy loss [14]. It is
observed that the resilience of Gel-2 remained over 95% at various strains, after the
initial cycle (Fig. 4.8c). In addition, Gel-2 shows an insignificant residual strain (less
than 3%) under various strains, which results from the rupture of the hydrogel network
and a slight slip at the fixture and soft hydrogel (Fig. 4.8d) [44]. The resilience and
residual strain (at a strain of 125%) of Gel-0 without MBA as the second cross-linker
are 92.9% and 5.85%, respectively (Fig. 4.13). It indicates that the addition of MBA
increases the resilience and the stability of the hydrogel during the deformation process.
Although the hydrogel was covered with oil during the tests, the evaporation of water
during the large deformation was unavoidable as the cycle increased, resulting in a
slight decrease in residual strain. These results indicate that the double cross-linking

hydrogel possesses stable mechanical properties in the successive cyclic tensile system.
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Fig. 4.9 Intermittent cyclic tensile tests of Gel-2 at a 125% strain with different rest
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4.3.8 Recovery properties in intermittent cyclic test

The application of hydrogels in biomedical and soft machines actually require them
to have stable mechanical properties, such as: resilience, tensile strength, residual strain,
etc. Such stable mechanical properties ensure that the material (e.g., artificial muscles,

soft robots) prepared from the hydrogel has reliable performance in all cases.
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Fig. 4.10 Intermittent cyclic tensile tests of Gel-2 at a 125% strain with different rest

time. a) Maximum stress. b) Resilience. c¢) Residual strain.

Most of reported hydrogels possess obviously time-dependent recovery properties
which significantly increase with increasing rest time, resulting in hydrogels with
changing properties of during the time of use, for example, a reported tough protein

hydrogel, whose recovery performance (resilience, residual strain and maximum stress)

seriously depends on time. The hysteresis recovery rate rapidly increases within 20 min,
and the mechanical properties are constantly changing during this time [45]. In contrast,

the mechanical properties of the double cross-linking hydrogel are independent of the
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rest time. It is observed that the curves of Gel-2 almost remain constant with the rest
time and cyclic increase (Fig. 4.9). The resilience, residual strain, and maximum stress
of Gel-2 were stabilized at 93%, less than 3% and 115 kPa, respectively, with the
increase of rest time and cyclic times (Fig. 4.10). The stable mechanical properties give

the hydrogel potential applications in the field of sensors (needing a certain accuracy).

4.3.9 Effect of swelling on recovery properties
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Fig. 4.11 Swelling ratios of Gel-2 at various NaCl concentrations.

The application of hydrogels in the field of biomaterials are usually exposed to low
concentrations of salt solution environment. Polyelectrolyte hydrogels usually perform
a lower SR in salt solutions than in distilled water. For example, Fig. 4.11 represents
the equilibrium SR of Gel-2 in NaCl solution at different concentrations. The SR of
Gel-2 is observed to be 2.67 in normal saline (0.9 wt. % NaCl) aqueous. The swollen
Gel-2 (S-Gel-2) with a water content of 88.5% has a stress-strain curve similar to Gel-
2 (Fig. 4.12a). It can be seen that the resilience of Gel-2 and S-Gel-2 increase from 85.3%

and 87.0% to 96.0% and 97.5%, respectively, after the initial cycle (Fig. 4.12b).

86



100

a —1st
gol —5th
——10th
——15th
© 604 ——20th
o
==
7
2 40
7]
204
04— .

0 20 40 Gb 8b
Strain (%)

100 120

140

b110

100+

./

80 w—m—m—m NN E-n g g

Resilience (%)

70

______ e
o _aA—A—A—A—A—a A\A_A_‘\A\l e

A—A—A__

A—A—_y

0 ' 5 ' 1b
Cycle

and residual strain of Gel-2 and S-Gel-2 at a strain of 125%.

of the as-prepared state.

87

15 20

Residual strain (%)

Fig. 4.12 a) Cyclic tensile test of S-Gel-2 at a 125% strain for 20 cycles. b) Resilience

The residual strain of S-Gel-2 is lower than that of Gel-2 in cyclic tensile tests (Fig.
4.12b). This fact confirms that the network structure of Gel-2 has been changed after
swelling in normal saline solution. In addition, the swelling equilibrium also has a
significant effect on the hydrogel without molecule cross-linker. The resilience of
swollen Gel-0 (S-Gel-0) is increased from 92.9% to 96.9% compared to Gel-0, and the
residual strain is reduced from 5.85% to about 2% (Fig. 4.13). The disentanglement and
sliding of the polymer chains during the swelling process results in a smaller internal
friction between the polymer chains in the cyclic tensile test. Thus, the hydrogel that

achieved swelling equilibrium has higher resilience and lower residual strain than that
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Fig. 4.13 a) Cyclic tensile test of Gel-0 at a 125% strain for 20 cycles. b) Cyclic
tensile test of S-Gel-0 at a 125% strain for 20 cycles. ¢) Resilience and residual strain

of Gel-0 and S-Gel-0 at a strain of 125%.

4.4 Conclusions

In this study, a novel design strategy was developed to fabricate a double cross-
linking PAA hydrogel. The facile polymerization was triggered by visible light, where
active CMC as initiator and the first cross-linker, MBA as the second cross-linker. The
tensile strength and the swelling ratio were reduced with increasing the MBA contents,
while the elastic modulus showed an increased trend in the same conditions. DMA
suggested that the addition of MBA reduced the internal friction between the
macromolecules in the hydrogel, which increased the elasticity and decreased the
viscosity of the hydrogel. The hydrogel exhibited a softening effect similar to
conventional rubber materials, and further studies showed that the disentanglement and

sliding of polymer chains as well as the rupture of network led to this effect. After the
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structure stabilized, the hydrogel exhibited remarkable recovery properties (resilience
over 93% and 95% for successive and intermittent cyclic tensile tests, respectively, and
residual strain less than 3%). It was noted that the recovery properties were almost
constant in various conditions and independent of time, which could extend the
application of the hydrogel in the field where high accuracy is required. In addition, the
hydrogel presented a higher resilience and lower residual strain after the hydrogel
reached the swelling equilibrium. The hydrogel has potential applications in soft

machines and bhiomaterials.
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Chapter 5 High Modulus Hydrogel
Obtained from Hydrogen Bond
Reconstruction and Application in

Vibration Damper

5.1 Introduction

Hydrogels are engineering materials with a high water content and exhibit a three-
dimensional network structure [1,2]. Due to their inherently excellent biocompatibility
and stimuli-responsiveness, hydrogels have been applied in the field of tissue
engineering [3-5]. In recent years, hydrogels incorporating effective energy dissipation
mechanisms or presenting distinctive structures exhibit remarkable overall mechanical
properties (tensile strength of 0.2-10 MPa; fracture elongation of 100-6000%, and
toughness of 100—15 000 J m~2) [6]. These hydrogels, which exhibit similar properties
to conventional rubbers, are excellent candidates for vibration control materials in
tissue engineering [7]. The vibration absorption material must have sufficient rigidity
(to reduce the amplitude during vibration); therefore, this material must have a high
modulus (e.g., cartilage, a natural vibration absorption material, has a modulus greater
than 1 MPa) [8]. However, the modulus of most hydrogels is of the order of 0.1 MPa
[9,10], which greatly limits their use as a vibration absorption material.

In recent years, researchers have developed a number of high-modulus hydrogels
through novel design concepts and special structures [11]. Gong et al. have designed
an oppositely charged polyelectrolyte PMPTC/PNaSS hydrogel [12]. In the preparation
process, a uniformly dispersed polyelectrolyte hydrogel was obtained by a two-step
polymerization reaction. The resulting hydrogel was dialyzed to ensure that the ionic
bonds in the hydrogel were sufficiently strong. The highest modulus of the
PMPTC/PNaSS hydrogel can reach 7.9 MPa. In addition, Lin et al. improved a dual-

crosslinked hydrogel consisting of covalent and ionic bonds [13]. In this hydrogel, the
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initial PAM—PAA network was synthesized using a covalent cross-linker, and then, the
coordination bonds were formed after immersing the single network hydrogel in a
highly concentrated Fe** solution. The modulus of the PAM/PAA hydrogel can reach
3.5 MPa. Moreover, optimization of the network structure in the as-prepared hydrogel
is an effective way to increase the modulus. For instance, increasing the crystallinity of
the polymer chains within the hydrogel by the addition of a salt or base solution at high
concentration can enhance the modulus of the hydrogel. Thus, the modulus of the PAM-
CS hydrogel can reach 0.3-0.4 MPa through crystallization enhancement; however, the
use of a strong base may cause potential problems in applications [14]. Therefore, it is
a big challenge to produce a hydrogel with high modulus through a convenient, efficient,
and green synthesis method. Most hydrogels contain a variety of complex hydrogen
bond networks across polymer chains; these hydrogen bond interactions between
polymer chains can be leveraged to achieve a reconstruction of the hydrogel network
to improve the modulus of the hydrogel.

In our previous study, we prepared a carboxymethyl cellulose/polyacrylic acid
hydrogel with excellent mechanical properties (tensile strength of 0.85 MPa, fracture
elongation of 700%, and modulus of 0.18 MPa) by a facile, visible-light-triggered, one-
pot polymerization method [15,16]. Herein, an aluminum ion cross-linked hydrogel
(Gel) was synthesized by the same method, and then, the as-prepared Gel was
reinforced via the evaporation-swelling method (E-S method) to obtain the high-
modulus hydrogels (HM-Gel), with a tensile strength of 1.26-1.74 MPa and an elastic
modulus of 0.59-1.94 MPa. In addition, both Gel and HM-Gel exhibited improved
damping performance due to the presence of aluminum ion as a reinforcement cross-
linking site; thus, the applicability of the hydrogel as a vibration control material is
greatly improved. This E-S method provides a way for increasing the modulus of many

reported hydrogels and can broaden their application as a vibration control material.
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5.2 Experimental

5.2.1 Materials

Carboxymethyl cellulose sodium salt (CMC, EP), acrylic acid (AA, EP), ceric
ammonium nitrate ((NHs)2Ce(NOz3)s, CAN, GR), and aluminium chloride hexahydrate
(AICI3-6H20, GR) were purchased from Nacalai Tesque, Inc. All chemical reagents
were used as received. Distilled water was used in all experiments.
5.2.2 Sample preparation

The HM-Gels were prepared via two steps consisting of visible-light-triggered
polymerization and evaporation-swelling. Briefly, 40 mg of CAN, 3.60 g of AA, and
10.0 mL of distilled water were added to a vial stepwise and mixed under magnetic
stirring in an ice bath. Subsequently, 0.40 g of CMC was slowly added to the mixture
under vigorous magnetic stirring. The precursor hydrogel was stably dispersed for
40 min under vigorous stirring. A range of concentrations of AICl3-6H20 (0-1.5 mol%,
A" to AA) was added to a series of vials, and the mixtures were stirred for 20 min.
The viscous precursor hydrogels were transferred to transparent glass molds and
covered with glass plates. Finally, the glass molds were immersed in water at 20 °C and
placed 20 cm below a visible light source (LS-M210, Sumita) for 5 min. The prepared
carboxymethyl cellulose/polyacrylic acid hydrogels were named Gel-X,
where X denoted the Al**concentration (mol %) relative to that of monomer (AA). The
obtained Gels were placed in a dry oven and dried at various temperatures for 24 h (for
25 °C, the hydrogel was dried at room temperature for 3 days). The dried Gels were
immersed in distilled water for 50 h to obtain a swelling equilibrium. The swollen
hydrogels at equilibrium with a high modulus were named HM-Gel. All hydrogels were

dried in air at 60 °C.
5.2.3 Characterization

The phase transition time of the hydrogels was determined by dynamic mechanical

analysis (DMA, RSA-G2, TA Instrument, New Castle, DE, USA). We used a stress
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relaxation modulus program for the hydrogel gelation time tests using a disc model at
25 °C, 1 Hz, and 1% strain. The program and light were turned on at the same time.

The uniaxial elongation properties were measured using the JIS K6251 (a Japanese
industrial rubber) as a standard via a universal testing machine (Instron 3300 series,
50 N load cell, Instron Co., Ltd., Canton, America); the procedure for the measurements
was as follows: hydrogels were cut in a dumbbell shape with a 75 mm length (L),
25 mm gauge length (Lo), 4 mm width (w), and 2 mm height (h), and tests were
conducted at a cross-head speed of 500 mm mint. The compression properties were
measured using the same universal testing machine at a cross-head speed of
1 mm min~t. Hydrogels were cut in a disc shape with 9 mm diameter and 2 mm height.

The storage modulus and loss modulus of the hydrogel specimens were measured as
a function of frequency using dynamic mechanical analysis (DMA, RSA-G2, TA
Instrument). Hydrogels were cut into a disc shape with 9 mm diameter and 2 mm height.
Before measurements, an axial force of 0.981 N was applied on the specimens. The
frequency sweeping experiments were performed under a constant strain amplitude (1%)
in the frequency range from 100 to 0.1 Hz.

For the cyclic tensile tests, loading—unloading measurements were performed using
the same universal testing machine at a constant velocity of 100 mm min™t. The Gels
were cut into pieces with the following size: 60 mm length (1), 10 mm width (w), 2 mm
height (h), and 30 mm gauge length (lo). The samples were covered with oil to prevent
water evaporation. Tensile stress (o) was calculated as o = F/wh, where F is the load.

Swelling experiments were performed by immersing the Gels and dried-Gels in
conical flasks filled with distilled water. The flasks were placed in a temperature-
controlled bath at 25 °C for 50 hours. For the swelling experiment, all samples were
measured 3 times.

The changes of the CMC crystalline network structure in Gel and HM-Gel were
investigated using an optical microscope (Eclipse model ME 600D, Nikon, Japan). The
thin hydrogel films were obtained by shock-freezing using a microtome (RM2145,
Leica Microsystems, Japan). The length, width, and thickness of the hydrogel films

were 15 mm, 2 mm, and 200 pum, respectively.
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Differential thermal analysis (DTA) of the samples was performed using a TG
instrument (DTG-60, Shimadzu Co., Ltd., Kyoto, Japan) at a scan rate of
10 °C min~* from room temperature to 400 °C under a N, atmosphere (flow rate of
50 mL min~t). Samples of 4-6 mg were placed in aluminum crucibles using an empty
aluminum crucible as a reference.

To fully understand the changes in the internal network, we estimated the effective
network chain density (N) based on the cyclic stress—strain curves of HM-Gel (dried in
air at 60 °C), according to the following equation reported in the literature:

7= NRT[a — (1/a)?] (5-1)

Where 7 is the force per unit of unstrained cross-sectional area, R and T are the gas
constant and absolute temperature, respectively, and a z value at elongation of a = 2
(strain 100%) is used in the calculation.

For the experiments evaluating the damping performance, a commercially available
test tube mixer was used as the vibration source; the vibration machine was equipped
with a hydrogel vibration damper, a support plate, and a force sensor. The sampling
frequency was set at 20 points per second.

All the hydrogel performance tests were performed at room temperature.

5.3 Results and discussions

5.3.1 Visible-light intensity for hydrogel formation

Light as an efficient and easily acquired trigger has been extensively used for radical-
initiated polymerization [17]. Visible light, which is safe, low cost, and easy to use, is
favored in synthetic polymerization applications [18]. In our previous study, visible
light was found to be an efficient trigger for the synthesis of cellulose-containing
hydrogels [15]. In this polymerization, ceric ions attack the glucopyranose units to form
a CMC—cerium complex. Then, Ce*" ions are reduced to Ce*" within the complex, and
a free radical and aldehyde are obtained by the rupture of the carbon 2 and 3 bonds of

the glucopyranose unit [19]. Finally, the free radical initiates the monomer
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polymerization and a network is formed through end-group termination of the active
polymer chains (Schematic 5.1). This polymerization can even be performed under

sunlight, and the gelation process is completed within only 1 minute (Fig. 5.1, inset).
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Fig. 5.1 Effect of various light intensity on the time of hydrogel state transformation:

pseudo relaxation modulus — time curves of Gel-1.0.
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Schematic 5.1 Proposed mechanism of hydrogel formation under visible light and the

reinforced process by evaporation-swelling method.

To study the effect of light intensity on hydrogel performance, a metal halide lamp

(LS-M210, Sumita) was selected as a stable visible light source. The luminous

emittance is proportional to the output energy.
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Fig. 5.2 Relationship between output energy and luminous emittance.
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highly dependent on the induction of visible light, the gelation time is closely related to
the visible light intensity. The pseudo relaxation modulus showed that the hydrogel
precursors from the viscous state to the just-formed solid state require 68 s, 30's, 20 s,
and 22 s at the visible light output energy of 25%, 50%, 75%, and 100%, respectively
(Fig. 5.1). This suggests that high light intensity helps to shorten the gelation time, but
higher light intensity has a limited effect on the gelation time. Moreover, the visible
light intensity greatly affects the mechanical properties of the hydrogel. At a lower
output energy (25%), the tensile strength, fracture elongation, and elastic modulus of
Gel-1.0 were 0.59 MPa, 640%, and 0.096 MPa, respectively. When a higher output
energy of 50%, 75%, and 100% was applied, the tensile strength and elastic modulus
of Gel-1.0 clearly improved (Fig.5.3). However, the fracture elongation slightly

decreased with the increasing output energy.
5.3.2 Improvement of mechanical properties

To improve the mechanical performance of hydrogels, researchers have intensively
investigated different reinforced networks including double networks [3], topological
networks [20], polyampholyte based networks [21], hydrogen bond cross-linked
networks [22], or ionic cross-linked networks [23]. Among them, the ionic cross-
linking is one of the most deeply investigated. Metal cations play an important role in
hydrogels containing anionic polymer chains as they can form coordination bonds with
the negatively charged polymer chains to increase the cross-linking density of
hydrogels [24,25]. When an external loading is applied, these coordination bonds act
as reversible sacrificial bonds and rupture to dissipate the applied energy. An
improvement in tensile strength, elastic modulus, and fracture elongation was observed
by adding 0.1 mol% A" (Fig. 5.4). However, the mechanical properties of the
hydrogels tend to remain stable with the addition of more than 0.5 mol% APF*; in
particular, within the 500% elongation, the stress—strain curves of Gel-0.5, Gel-1.0, and

Gel-1.5 were almost coinciding. This phenomenon indicates that an excess of
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AIR* concentration has little effect on the mechanical properties of the hydrogel since

most of the carboxyl groups in the PAA chain are maintain in the acid form (-COOH).
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Fig. 5.4 Stress-strain curves of Gels with various AI** content.

The hydrogels prepared by visible-light-triggered polymerization possessed remarkable
mechanical properties (e.g., Gel-0.5, tensile strength of 0.66 MPa, strain of 550%, and
elastic modulus of 0.106 MPa). However, Gel-0.5, as well as many reported hydrogels
[26,27], showed a lower elastic modulus as compared to some synthetic hydrogels (e.g.,
polyelectrolyte hydrogels) [28] or natural tissues (e.g., cartilage) [29,30]. In this study,
we applied the evaporation-swelling (E-S) method on the as-prepared Gel to achieve
an approximately 10-fold increase in the elastic modulus of the hydrogel (Schematic
5.1). The mechanical properties of the as-prepared Gel underwent fundamental changes
as a result of the restructuring of the hydrogel internal network. Fig. 5.5a shows that the
E-S method-treated Gel (HM-Gel-0.5, air) reaches a high tensile strength and elastic
modulus of 1.50 MPa and 0.96 MPa, respectively, which are 2.27 and 9 times higher
than those of Gel-0.5. When the evaporation operation was conducted in vacuum, the
HM-Gel-0.5 (vacuum) exhibited tensile strength (1.78 MPa) and elastic modulus
(1.29 MPa) that were 2.70 and 12.2 times higher than those of Gel-0.5, respectively
(Fig. 5.5a). Apparently, the HM-Gels dried in vacuum displayed a higher tensile
strength and elastic modulus than the HM-Gels dried in air, whereas a lower fracture

elongation was found in the HM-Gels dried in vacuum. (Table 5.1).
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Table 5.1 Mechanical properties of HM-Gel at different evaporation conditions.

Tensile strength Fracture elongation Elastic modulus
(MPa) (%) (MPa)
Hydrogel Air Vacuum Air Vacuum  Air Vacuum

D-Gel-0 1.21+0.01 1.26+0.06 159.7+4.12 119.3+6.7 0.751+0.028 0.987+0.075
D-Gel-0.1 | 1.39£0.01  1.70+0.06 153.4%1.1 144+2.2  0.903+0.010 1.138+0.097
D-Gel-0.5 | 1.55+0.06  1.74+0.04 150.2+10.8 129.0+2.7 1.017+0.141 1.267+0.049
D-Gel-1.0 | 1.50+£0.12  1.73+0.05 122.7+4.9 107.6+3.5 1.222+0.056 1.450+0.046

D-Gel-15 | 1.06£0.13  1.35%0.12 107.8£12.2 91.4+5.6 0.886+0.169 1.257+0.015

As shown in Fig. 5.5b, the evaporation temperature is a decisive factor for the
mechanical performance of HM-Gels. When the evaporation proceeds at room
temperature, the tensile strength and elastic modulus of HM-Gel-0.5 were only 1.24-
fold and 1.83-fold, respectively, as compared to those of Gel-0.5. The tensile strength
and elastic modulus of HM-Gel-0.5 dramatically increased with the increasing
evaporation temperature, whereas the fracture elongation gradually decreased. This
indicates that the evaporation temperature during the evaporation-swelling process is
critical for the reconstruction of an internal network of the hydrogel. However,
when Gel-0.5 was dried at 100 °C for 24 h, the degeneration of the CMC network
resulted in a substantial impairment of the mechanical properties. In addition, the
evaporation temperature in the E-S method has a substantial effect on the water content
of the hydrogel after the swelling equilibrium is reached. The water content of the
hydrogel decreased from 83.3 wt% to 66.5 wt% as the evaporation temperature
increased (Fig. 5.5b, inset labels).

Although the concentration of AI** has a limited effect on the mechanical properties
of the as-prepared hydrogels, it is noted that the mechanical properties of HM-Gels can
be greatly changed via the introduction of AI**. The tensile strength increased to about
1.70 MPa upon increasing the AI** content from 0.1 mol% to 1.0 mol%, whereas the
fracture elongation gradually decreased. However, a higher AI** content (1.5 mol%)

could reduce the comprehensive mechanical properties of the HM-Gel (Fig. 5.5¢). The
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elastic modulus was calculated from the derivative of the stress—strain curves of the
HM-Gels. At a strain of 30%, the elastic modulus of HM-Gels was in the range of 1.11-
1.45 MPa, depending on the AI** content, which was higher than 0.91 MPa of HM-Gel
without the reinforced cross-linking site (AI**). The elastic modulus of HM-Gel-1.0
was as high as 1.92 MPa at a strain of 60% (Fig. 5.5d). The results indicate that an
increase in Al**content can improve the tensile strength and elastic modulus of the
hydrogels, whereas the fracture elongation first increased and then decreased. However,

the addition of excess AI** reduces the mechanical properties of the hydrogel.
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Fig. 5.5 a) Stress-strain curves of Gel-0.5, HM-Gel-0.5 (evaporation in air, 60 °C, red
line; and evaporation in vacuum, 60 °C, blue line). b) Stress-strain curves of HM-Gel-
0.5 under various evaporation temperature, the water content of equilibrium swelling
hydrogel as labelled. c) Stress-strain curves of HM-Gels (evaporation in vacuum) with
various AI** content. d) The elastic modulus of HM-Gels calculated from the derivative

of the stress-strain curves of Fig. 5.5¢.
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Fig. 5.6 Compressive stress-strain curves of Gel-0.5 and HM-Gel-0.5, the calculated
compressive modulus is inserted in the Figure.

Both Gel and HM-Gel, like most tough hydrogels, are capable of withstanding large
compressive stress [31]. Fig. 5.6 shows that the compressive stress of Gel-0.5 and HM-
Gel-0.5 can reach 17.1 MPa and 28.8 MPa, respectively, at a compressive strain of 90%.
HM-Gel-0.5 exhibited a higher compressive stress than other reported hydrogels under
the same strain condition [26,32]. In the present study, the compressive modulus of
HM-Gel-0.5 was always several times that of Gel-0.5, which should also be attributed
to the recombination of the internal network structure of the hydrogel during the

evaporation-swelling process.

5.3.3 Internal structure evolution

The conventional method for studying a hydrogel structure is to freeze-dry the
hydrogel and then observe the pore structure of the hydrogel by an SEM [33]. Although
the basic skeleton structure of the hydrogel after freeze-drying is retained, its fine
structure changes (e.g. the hydrogel changes from transparent to white). To investigate
the actual changes occurring in the internal network of the hydrogel during the
evaporation-swelling process, thin films (200 pum) of these two kinds of hydrogel (Gel

and HM-Gel) were obtained by shock-frozen section and observed using a polarized
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optical microscope in the wet state. In this hydrogel, some of the CMC are present in
the aggregated state (crystalline cellulose) rather than completely in the form of
molecules. Therefore, although the hydrogel is transparent, the internal network is
heterogeneous. Due to the polarization property of crystalline cellulose [34], we

observed that a large amount of CMC was present in the form of crystals in the hydrogel

(Fig. 5.7).
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Fig. 5.7 a, b) Images of Gel-0.5 and HM-Gel-0.5 film in “wet” state under polarized

light. The images are in negative mode for easy viewing. c) Effect of AI** content on

DTA curves of HM-Gels.

In the as-prepared Gel (Fig. 5.7a), in addition to undissolved CMC chains exhibiting
polarization property (black regions), the isolated CMC molecules involved in the
polymerization reaction were not polarized (light-colored regions); this indicated that

this CMC fraction was present in the non-crystalline form in the hydrogel. After the as-
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prepared Gel was treated through the E-S method (Fig.5.7b), the edges of the
crystalline CMC became irregular and many shadows (crystalline) filled in the light-
colored regions as compared to the image shown in Fig. 5.7a. This indicated that the
CMC crystal morphology and crystallinity had undergone tremendous changes. The
images show that the E-S method greatly changes the hydrogel internal network of the
hydrogel and increases the network's cross-linking density. The FT-IR spectra (Fig. 5.8)
showed that the absorption peaks of -COO-H in HM-Gel-0.5 were much stronger than
those of PAA at 3000-3600 cm™?, indicating both PAA chains and CMC chains were
involved in this reinforcement crystallization. In addition, the attenuation of the
absorption peak of 1240 cm™ (-CO-OH) suggested that part of the carboxyl group and

aluminum ion form more stable coordination compounds during this treatment process.
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Fig. 5.8 FT-IR spectra of CMC, PAA and HM-Gel-0.5.

On the other hand, although the coordination bond could enhance the mechanical
properties of the HM-Gel, the crystallinity of the HM-Gel was reduced. For example,
an excessively high content of aluminum ions (as in HM-Gel-1.5) resulted in a very
low crystallinity (the secondary crystallization region at only 75-130 °C), which led to
a decrease in mechanical properties (Fig. 5.7¢). The calculated effective network chain
density (N) definitely confirmed that with the increase of AI** from 0 to 1 mol%,
the N increased from 82 mol m~3 to 130 mol m™3, whereas the excessively high amount

of AI** led to the decrease of the N (Fig. 5.9) [35]. Therefore, by adjusting the content
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of aluminum ions to control the crystallinity of the HM-Gel, the required mechanical

properties can be achieved.
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Fig. 5.9 a) Stress-strain curves of HM-Gels (evaporation in air) with various AI**

content. b) Effective network chain density (N) of HM-Gel with various AI** content.

5.3.4 Swelling property
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Fig. 5.10 Equilibrium swelling ratio (Qm) of Gels and HM-Gels
with various AI** contents.

Hydrogels, as soft and wet materials, consist of a cross-linked network and plenty of
water (50-90%) and have been commonly used in aqueous environments [36,37]. The
swelling behavior of hydrogels is very important for their practical applications
[20]. The swelling ratio (Qm) of Gels decreased from 6.37 to 2.57 with the increase of

A" content. In sharp contrast, the Qm of HM-Gels slightly changed from 1.22 to 0.97
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in the same composition (Fig. 5.10). This large difference in the swelling ratios

indicates that the crystallization induced by the E-S method severely hinders the

swelling of the hydrophilic polymer network in distilled water.

5.3.5 Viscoelasticity of the hydrogels

In Fig. 5.11, the storage modulus E’ and tan ¢ are shown for the as-prepared Gels and

HM-Gels as functions of frequency at a strain of 1.0%.
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Fig. 5.11 Dynamic mechanical analysis of hydrogels. a) Storage modulus (E'), b) Tan

d (damping factor) of Gel-0, HM-Gel-0 and Gel-0.5, HM-Gel-0.5.

The E' of all hydrogels increased as the frequency increased. Gel-0.5 had a

higher E’ than Gel-0 in the experimental frequency range; this suggested that the newly
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formed cross-linking site could increase the cross-linking network density by
introducing AIP* [38]. The enhanced effect of AI**also occurred in HM-Gel, and
the AE’ (E'Gel-0.5 — E'Gel-0, and E'nm-cel-0.5 — E'Hm-cel-0) Increased from 100 kPa of Gel to
more than 200 kPa of HM-Gel at the frequency of 0.1-100 Hz. These results confirm
that the ions generated more coordination compounds, which increased the density of
the cross-linked network during the evaporation-swelling process. The E’ of the
hydrogels with the same components (i.e., Gel-0 and HM-Gel-0 and Gel-0.5 and HM-
Gel-0.5) were also different before and after the evaporation-swelling treatment. The
increased E' indicates that the hydrogen bond recombination inside the hydrogel not
only changes the structure of the cross-linked network, but also increases the cross-
linking density of the network. The damping factor (tan o) is determined by the storage
modulus and loss modulus ratio [39].

Unlike the storage modulus, the tan ¢ value of hydrogels with the same composition
was reduced before and after treatment via the E-S method; this may be because the
increased cross-linking density limited the movement of partial polymer chains. The
tan J value of all hydrogels showed a clear critical frequency at approximately 25 Hz
(Fig. 5.11b and Fig. 5.12) and increased rapidly as the frequency increased; this
indicated that the energy dissipation caused by intermolecular friction was proportional
to the frequency. For the hydrogel without AI®*, the tanJ value of HM-Gel-0 was
significantly lower than that of Gel-0 after evaporation-swelling treatment. However,
with the introduction of a certain amount of AI** into the hydrogel, the decrease in
tan § value of the hydrogel containing AI** before and after the evaporation-swelling
treatment was significantly smaller than that of the aluminum-free hydrogel.
Interestingly, the tan ¢ of Gel-0.5 and HM-Gel-0.5 had another critical frequency
(approximately 1 Hz); this phenomenon could also be observed in the hydrogel with a
higher AI** content (over 0.5 mol% AI®*, Fig. 5.12). This change in the frequency
response may be due to the rupture of ionic bonds within the hydrogel containing AI®*.
Therefore, the damping characteristic of hydrogels contributes to their potential

application in the field of vibration absorption.
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Fig. 5.12 Dynamic mechanical analysis of Gel and HM-Gel. a) Storage modulus (E")
and loss modulus (E™); b) Tan & of Gel with various AI** content. c) Storage modulus

(E") and loss modulus (E"); d) Tan § of HM-Gel with various AI** content.

5.3.6 Cyclic mechanical property

The HM-Gel exhibited excellent tensile and compressive properties during
successive cyclic process. Fig. 5.13a shows that the HM-Gel-0.5 has basic stable
stress—time curves. However, it should be noted that the maximum stress for HM-Gel-
0.5 slightly decreased from 0.56 MPa at an initial time and then trended to remain
unchanged at 0.50 MPa. This may be due to the fact that during the stretching process,
the hydrogel network obtained by free radical polymerization generally undergoes
rupture and sliding of the polymer chains as well as rupture of ionic and hydrogen bonds,
according to a previous study [16]. In addition, the slight sliding between the hydrogel
and the fixture also contributes to decreasing the maximum stress [40]. After the

stretched hydrogel was stored at room temperature for 24 hours in a sealed and humid
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environment, the sample exhibited very similar stress—time curves to the previous
curves. The similarity between the curves indicated that the ionic and hydrogen bonds
in the Gel were substantially healed [41]. The only non-coincident part was the curve
of the first loading process, confirming that the irreversible rupture and permanent

sliding of the partial polymer chains only occurred during the first stretching process
[16].
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Fig. 5.13 a) Cyclic tensile tests of HM-Gel-0.5 for 10 times at a strain of 60%, and

perform the same operation after 24 h. b) Cyclic compressive tests of HM-Gel-0.5 for

10 times at various strain.

Fig. 5.13b shows the cyclic compression curves obtained after 10 successive tests at

various strains. At a lower strain (less than 25%), the compression loading—unloading
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curves were always consistent; this indicated that the internal network structure of HM-
Gel-0.5 was retained. However, as the compressive strain increases, the network
structure of HM-Gel-0.5 changes. At a strain of 50% and 70%, the curves of the second
cycle were inconsistent with those of the first cycle; this suggested that a large
deformation may cause irreversible damage to the network structure. At a strain of 25%,
50%, and 70% (from the second cycle), the hydrogels displayed a stable hysteresis
energy dissipation, which resulted from the rupture of ionic and hydrogen bonds and
the friction between polymer chains. Thus, the HM-Gel is a suitable candidate for

vibration absorption materials.
5.3.7 Vibration absorption of the hydrogel

To verify the actual vibration absorption effect of the hydrogel, we tested the
vibrational absorption of the hydrogel (HM-Gel-0.5) using the commercial test tube
mixer (Present Mixer 2013, remove the spring bracket, Fig. 5.14). The test tube mixer
was vigorously vibrated on a metal plate and submitted to a large displacement without
any cushioning. When the test tube mixer was placed on the hydrogel, the machine was
able to operate stably on the hydrogel after it experienced a partial initial displacement
(caused by resonance). Thus, the hydrogel was able to efficiently absorb the vibration
and stabilize the test tube mixer. The detected vibration forces of Gel and HM-Gel were
1.4 N and 0.6 N, respectively, which were lower than the vibration force of the machine
without a vibration damper (8.5 N). In a vibration absorption material, stiffness is an
important performance index, and a high stiffness can improve the material's vibration
absorption performance [8,42].

The stiffness is defined as

k=" k=22
o or L (5-2)
Where F is the force on the body, ¢ is the displacement along the force, A is the cross-

sectional area, E is the elastic modulus, and L is the length of the element.
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Fig. 5.14 Comparison of vibration absorption effect obtained with different vibration

damper in free mode.

For the specific case of an unconstrained uniaxial tension or compression, the elastic
modulus can be thought of as a measure of the stiffness of a structure. Thus, the high-
modulus hydrogel (HM-Gel-0.5, with an elastic modulus of approximately 1 MPa),
obtained by the E-S method, can withstand a greater load under the unit strain than the
low-modulus hydrogel (Gel-0.5, with an elastic modulus of approximately 0.1 MPa)
and showed a better vibration absorption performance (Fig. 5.14). Of course, the metal

spring bracket displayed the best vibration absorption.

5.4 Conclusions

In summary, we first synthesized a hydrogel (Gel) with good mechanical
properties via a visible-light-trigger polymerization. To increase the modulus of the
hydrogel, such that this can be applied as vibration absorption material, we leveraged
the hydrogen bonds in the hydrogel to induce a CMC crystallization to alter the network
structure within the hydrogel via the E-S method. The obtained optimal HM-Gel
possessed an excellent mechanical properties with tensile strength and elastic modulus
of 1.55MPa and 1.02 MPa, respectively. Furthermore, different evaporation

temperatures and the added various aluminum ion concentration have an extremely
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important effect on the tensile strength, modulus, and swelling ratio of the hydrogel.
The coordination bonds formed by aluminum ions and anionic polymers increased the
damping in the hydrogel during vibration, thus improving the vibration absorption
performance of the hydrogel. In addition, HM-Gel-0.5 exhibited stable mechanical
properties in both the cyclic tensile and compression tests. The preliminary application
experiment shows that the high-modulus hydrogel has a better vibration absorption
effect than the low-modulus hydrogel. We hope that this design concept can enhance
the modulus of more hydrogels containing hydrogen bonds, such that these hydrogels
can be used not only as machinery vibration absorbers but also as biological vibration

absorbers (for example: articular cartilage).
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Chapter 6 Thermal Stability Cellulose
Nanofiber/Polyvinyl Alcohol Hydrogel
Synthesized via Aldolization Using
Aldehyde Cellulose Nanofiber as Cross-

linker

6.1 Introduction

Soft and wet hydrogels usually composed of three-dimensional polymer network
structure and a large amount of water (50 ~ 99%) inside the network structure [1, 2].
Hydrogels can usually be divided into natural polymer hydrogels, synthetic polymer
hydrogels, and natural-synthetic polymer hydrogels. It is widely used in biomedical
application due to its physical properties similar to natural tissue and excellent
biocompatibility [3-5].

Polyvinyl alcohol (PVA) is a linear synthetic polymer obtained from partial or full
hydrolysis of polyvinyl acetate. The resulting PVA exhibits a high degree of water
solubility, but resistant to most organic solvents [6]. Due to its water solubility, it is
usually necessary to introduce a cross-linking network in the PVA polymer solution to
form a hydrogel for use in several applications. The strategies of preparation PVA
hydrogel usually including irradiation [7], cyclic freezing-thawing [8, 9] and chemical
reaction [10, 11]. PVA hydrogel is widely used as a commercial product in the field of
biomedical, such as contact lenses [12, 13], wound dressing [14, 15], and implantable
medical materials [16], due to its nontoxic, biocompatibility, bio-adhesive and high
chemical resistance [17].

Freeze-thaw technology is the most common cross-linking method for the
preparation of PVA hydrogel [9]. The molecular motion of the aqueous solution can be

fixed by van der waals forces and/or hydrogen bonds, and some molecular segments in
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a certain region can form an ordered structure. When re-frozen, more new ordered
micro-domain is generated. These closely bound ordered domains are no longer
separated. The hydrogel prepared by this method can have good mechanical strength at
higher water content. However, the PVA hydrogel formed by hydrogen bonding has
thermal instability. Hydrogel as a biomedical material (e.g. wound dressing) require
severe sterilization before use. In our previous experiment, the PVA hydrogel prepared
by freeze-thaw method was completely decomposed when using conventional
autoclave sterilization. Since sterilization is an integral part of modern medical care,
the thermal instability may be a defect of the synthesized PVA hydrogel with physical
cross-linking. It is reported that chemical cross-linking of linear polymers may provide
feasible routes for the improvement of the mechanical properties and thermal stability
[18, 19]. Therefore, a thermally stable PVA hydrogel may be obtained by chemical
cross-linking.

In this work, cellulose nanofiber (CNF) was used as cross-linker to prepare chemical
cross-linking PVA hydrogel. First, to increase the reactivity of the CNF, dialdehyde
cellulose nanofiber is prepared by using sodium periodate as the oxidant. Then, the
modified cellulose reacted with PVA at 80 °C under acidic condition through
aldolization to obtain the hydrogel. At last, the CNF/PVA hydrogel was reinforced
through evaporation-swelling method according to our previous study [20]. The
oxidation degree of CNF has a significant effect on the activity of the acetal reaction,
resulting in the mechanical properties and water content of the hydrogel are
significantly different. The hydrogel shows excellent thermal stability, which enhanced

its application in the field of biomedical, especially wound dressing.

6.2 Materials and methods

6.2.1 Materials

Cellulose nanofiber (CNF) purchased from Mori Machinery Corporation, Japan.

Sodium periodate (NalOs) was obtained by Wako Pure Chemical Industries, Ltd.
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Polyvinyl alcohol (PVA) and Nitric acid (HNO3) provided by Nacalai Tesque, Inc. All
of the chemical reagents were used as-received. Distilled water was used in all

experiments.

6.2.2 Oxidation of cellulose nanofibers

40 g starchiness cellulose nanofiber (CNF, 5 wt% solid content) and 60 mL distilled
water were added to 250 mL conical flask. The mixture was magnetically stirred for 10
minutes to disperse the CNF. Then a certain amount of NalO4 (12.5, 25, 37.5 and 50
wit%, NalO4 to CNF) was added into the conical flask, the mixture was magnetically
stirred for 48 h under a dark environment. The oxidation products were separated by
centrifugation and washing with distilled water for three times to remove the excess
raw materials and reduced impurity ions. The number of the product is shown in Table
6.1.

Table 6.1 The oxidation condition of CNF

CNF? NalO, H,0

(9) (@) (mL)
CNF-1 2 0.25 60
CNF-2 2 0.50 60
CNF-3 2 0.75 60
CNF-4 2 1.00 60

®The weight of CNF is the solid content.

6.2.3 Synthesis of the hydrogel

0.60 g of the oxide-CNF (CNF-1, CNF-2, CNF-3, and CNF-4) and 2 g PVA were
dispersed into 30 mL water. The mixture was magnetically stirred for 1 h at 95 °C to
ensure that the PVVA dissolved completely and the CNF homogeneous dispersed. 5 drops
of 0.5 M HNO3z were added as a catalyst to the mixture after it was cooled to 60 °C.
The hydrogel precursor was transferred into a sealed transparent mold after it was

stirred for 10 min. Finally, the mold was placed in an oven at 80 °C for 24 h. As a
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comparison, CNF/PVA having the same components with CNF-3/PVA also be prepared.

The evaporation-swelling method was used to reinforce the mechanical performance
of the hydrogel. In brief, the hydrogel was evaporation at 40 °C in electrical blast drying
oven for 24 h. After that, the CNF/PVA hydrogel was obtained after the dried hydrogel

was swollen in distilled water for 60 h.

6.2.4 Characterizations

A Thermo Scientific Nicolet iN 10 infrared spectrometer was used for the analysis
of FT-IR. The sample was measured in the range of 650 — 4000 cm™ with a resolution
of 4 cm™. Both KBr pellet and ATR technique were adopted in the test. A total of 32
scans were accumulated.

The crystallographic structure of samples was obtained by X-ray diffraction system
with a diffractometer (XRD 6000, Shimadzu Corporation, Japan) in range of 5~90° by
step scanning. Nickel-filter Cu Ka radiation (A=0.15417 nm) was used with a generator
voltage of 40 kV and a current of 30 mA.

Thermal gravimetric analyzer (TGA) and Differential Thermal Analysis (DTA) of
the samples were performed with TG instrument (DTG-60, Shimadzu Co., Ltd., Kyoto,
Japan) at a scan rate of 10 °C min~* from room temperature to 600 °C in N2 atmosphere
(flow rate of 50 mL/min). Sample (4-6 mg) were placed in aluminum crucibles by using
an empty aluminum crucible as a reference. All of the samples were obtained from
freeze-drying.

The morphologies of samples were characterized by SEM (S-4300, Hitachi Co., Ltd.,
Tokyo, Japan). Both CNF and CNF/PVA hydrogel samples were prepared through
freeze-drying method. The sample was sputter-coated by gold with lon sputter (E-1030,
Hitachi Co., Ltd., Tokyo, Japan) for 3 or 5 min to provide enhanced conductivity before
the test. The test voltage was 3 or 5 kV, and electric current was 10 pA.

The uniaxial elongation properties were carried out on a universal testing machine
(Instron 3350 series, 50 N load cell, Instron Co., Ltd., Canton, America) and the

measurement conditions were as follows: hydrogels were cut into the rectangle with the
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size of length 50 mm (l), gauge length 30 mm (lo), width 10 mm (w) and height 0.5-1
mm (h), and tests were conducted at a cross-head speed of 500 mm/min. The cyclic
compressive properties were measured using the same universal testing machine at a
cross-head speed of 1 mm/min. Hydrogels were cut into disc shapes with a diameter 9

mm and height of 2.5 mm.

6.3 Results and discussions

6.3.1 Oxidation of CNF
CH,OH CH,OH
a. HOH,C o 0%\ OH,C o o
Ho"" (o y” TOH o” CHHC)\O -~ “NoH
OH OH I oH
Cellulose Aldehyde cellulose
HO\
’CH
b. cHo d 0
OHC HO HO HC OH
H* HO tH \
CHO OH 3 7 (o]
80 °C o
HO 0
OHC HO HO ne’ o
CHO })
Oxidation cellulose nanofiber Polyvinly alcohol CNF/PVA hydrogel

Scheme 6.1 (a) Cellulose nanofiber oxidation. (b) Gelation process of PVA and

aldehyde cellulose by aldolization.

Sodium periodate has a high selectivity for the oxidation of cellulose. This reaction
breaks the C2-C3 bond of the glucopyranoside ring and produces two aldehyde groups
at the C2 and C3 positions (Scheme 6.1a) [21]. The oxidation of CNF was carried out
in a dark surrounding to prevent the degradation of NalOa, and the oxidation time was
chosen for 48 h to achieve a higher degree of oxidation. FT-IR spectra show that the
peak intensity at 1060 cm™and 1130 cm™ gradually decreases, indicating that the
amount of hydroxyl groups in CNF decreases with increasing the NalO4 content. In
addition, the peak at 1160 cm™ is the stretching vibration of C2-C3, the peak intensity

decreases gradually, indicating that more C2-C3 bonds are oxidized with the number of
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oxidant increases (Fig. 6.1a) [22]. The increase of NalO4 during the oxidation process
of CNF resulted in a corresponding increase in carbonyl content. As shown in Fig. 6.1b,
the stretching vibration peak at 1730 cm™ confirms the aldehyde is formed on the
cellulose surface. The C-OH group convert into -CHO on the surface of oxidized CNF,
which obviously decrease the hydrophilic property of CNF. As shown in Fig. 6.2, the

stability of the oxidized CNF in water decreases as the NalO4 content increases.
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Fig. 6.1 FT-IR spectra of CNF and oxidized CNF. (a) Characterized by ATR. (b)

Characterized by KBr pellet.

Fig. 6.2 Digital image of 0.15 wt.% CNF and oxidized CNF suspension after

settlement for 7 days.
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Fig. 6.3 (a) XRD of CNF and oxidation CNF. (b) The crystallinity of CNF and
oxidation CNF.
As illustrated in Fig. 6.3a, the crystallographic diffraction peaks of CNF at about 26
= 22.7° for the (002) plane, 34.5° for the (040) plane gradually weakened with the
increase of NalO4 content [23]. The crystallinity of the oxidized CNF is calculated

according to Segal method [24], the equation as follows:

X% = 22— x 100% (6-1)

200

Where l200 represents the crystalline and amorphous region, lam is the minimum
between the 200 and 110 peak, and only represents the amorphous region. As shown in
Fig. 6.3b, the crystallinity of CNF has only a slight change in the case of lower NalO4
content (from 65.9% to 65.3%). However, with more NalO4 added the crystallinity
sharply decreased from 65.3% to 26.1%. The decrease in crystallinity of the oxidized
CNF is due to the fact that the newly formed aldehyde groups reduce the hydrogen

bonds interaction between cellulose molecules.
6.3.2 Thermal properties of oxidation CNF

The thermal stability of CNF and oxidized CNF were evaluated by TGA (Fig. 6.4).
An obvious weight loss was observed at about 90-120 °C in CNF and oxidized CNF
which due to evaporation of absorbed and intermolecular H-bonded water [18]. The
degradation temperature of oxidized CNF was reduced when compared with CNF. The

T20 (weight loss of 20%) of CNF is 323.2°C, which is higher than T2 of CNF-1, CNF-
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2, CNF-3 and CNF-4 (310.9°C, 291.6°C, 259.1°C and 248.0°C, respectively). The

thermal performance decreasing is due to the reduction of hydrogen bond after the

oxidation of CNF [23].
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Fig. 6.4 TGA curves of CNF and oxidized CNF.
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Fig. 6.5 DTA curves of CNF and oxidized CNF.

The crystallinity of cellulose after oxidation has undergone tremendous changes. The
DTA result also indicates that the crystalline structure of CNF has changed. However,
it finds that the cellulose crystalline endothermic peaks slightly shift from 80 to 88 °C
with increasing the NalO4 content. Moreover, it also found that the decomposition
endothermic peak intensity and the temperature of CNF, CNF-1, CNF-2 slowly
decreased with increasing the oxidant content. While CNF-3 and CNF-4 only have the
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weak decomposition endothermic peak at 227.2 and 188.5 °C, the decomposition
process is basically a continuous exothermic state. This result is due to the high
oxidation degree of CNF in the decomposition does not require additional heat to break
the hydrogen bonds between the cellulose chains. Therefore, the effect of oxidation
degree of CNF on thermal properties of cellulose in the high temperature is greater than

that of in the low temperature.

6.3.3 Morphology of oxidation CNF

WD15. 3mm 3, OkV x10k

WD15. 7mm 3. OkV x10| Sum WD15. 6mm 3. OkV x10k

Fig. 6.6 SEM images of CNF and oxidized CNF. (a) CNF, (b) CNF-1, (c) CNF-2, (d)
CNF-3, (e) CNF-4.
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SEM was used to examine the morphology of CNF and oxidized CNF. As shown in
Fig. 6.6a, the purchased commercial CNF shows that the diameter of cellulose
nanofibers in the range of 50-500 nm. The diameter of CNF greatly changed when a
certain amount of NalO4 was added to the CNF suspension. It is observed that the
diameter of oxidized CNF is increased to 100-500 nm by adding 0.25g NalOs (Fig.
6.6b). When more oxidants are added, the oxidized CNF with a diameter of less than
200 nm is essentially disappeared (Fig. 6.6¢c-e). The results show that as the oxidant
content increases, a lot of hydrogen bonds between the cellulose molecules are ruptured,
resulting in more dialdehyde CNF macromolecules dissolved in aqueous solution. The
low-diameter CNF is more susceptible to oxidation and dissolves, thus, the remaining

dialdehyde CNF shows large diameter after centrifugation.

~Na NP g

2\ AN AN
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Fig. 6.7 Digital images of CNF and PVVA mixture (a) before and (b) after aldolization.
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6.3.4 Preparation of hydrogel

The reactivity of the CNF is greatly improved after the introduction of the aldehyde
group on the surface of CNF. This CNF with multiple aldehydes can be used as a nature
macromolecule crosslinker. For example, Ragauskas et al. reported a biocompatible
gelatin hydrogel with oxidized cellulose nanowhiskers as cross-linker [22]. Although
the preparation of the hydrogel is very gentle, the degree of chemical cross-linking
between gelatin and nanowhiskers can reach to as high as 0.14-17%. In the present
experiment, CNF/PVA hydrogels were prepared by aldolization with CNF and PVA
under acid catalysis at 80 °C. The color of obtained hydrogels (CNF-1/PVA to CNF-
4/PVA) turned from light yellow to deep yellow. As a comparison, the CNF and PVA
mixture has no chemical reaction (Fig. 6.7). It should be noticed that although the CNF-
1 and PVA mixture have aldolization, the resulting product is only more viscous and
does not form a hydrogel. This may be due to the number of aldehydes on the surface

of CNF-1 is little, which limits the formation of the large cross-linking network.
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Fig. 6.8 (a) FT-IR spectra of CNF-3, PVA, and CNF-3/PVA. (b) Amplification image
of (a).

In the spectrum of CNF-3, the peaks around 3370 cm™ and 2900 cm are attributed
to the stretching vibration of O-H and C-H, respectively. The peak at 1115 cm™ and
1160 cm™* are the absorption peak of C-OH and C-C, respectively. CNF or PVA will
adsorb a small amount of water during the FT-IR samples preparation due to their high

hydrophilic. Thus, the peak at 1635 cm™ or 1650 cm™ is the absorption peak of water
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[25]. Since PVA contains incompletely hydrolyzed ester groups, there are significant
absorption peaks at 1714, 1568 and 1143 cm™. During the gelation reaction, the ester
groups in the PVA were hydrolyzed due to the presence of the acid catalyst, and the
absorption peaks at 1714 and 1568 cm™ disappeared. After the aldolization, the
absorption peak of CNF-3/PVA at 1143 cm™ decrease compare the spectra of PVA and
CNF-3/PVA, which result from the crystallization of C-OH in PVA decrease [26].
Moreover, the absorption peak of C-O-C at 1085-1150 cm™ [11]. From Fig. 6.8b, the
absorption intensity of CNF-3/PVA is higher than that of PVA at 1085-1150 cm,
indicating that C-O-C is formed in the hydrogel by aldolization.

6.3.5 Mechanical properties of hydrogel

At present, the widely used method of preparing PVA based hydrogel is cyclic freeze-
thawing. The method is to use the hydrogen bonds of PVAto construct a physical cross-
linking network during the cyclic freeze-thawing process, resulting in the PVA solution
into a hydrogel. Although the preparation process is simple, the several times cyclic
freeze-thawing process is very cumbersome and takes a long time. In addition, in the
previous work, it found that the evaporation-swelling (E-S) method is also an efficient
way to enhance the hydrogel mechanical properties [20]. This convenient method also
uses the hydrogen bond reconstruction to reinforce the mechanical properties of the
hydrogel.

The CNF-PVA, CNF-1/PVA and synthesized hydrogel (CNF-2/PVA, CNF-3/PVA,
and CNF-4/PVA) were reinforced through E-S method. This convenient method
enables the non-cross-linked mixture to become a hydrogel. The tensile property of
produced hydrogel is shown in Fig. 6.9. The CNF and PVA mixture formed a hydrogel
with the tensile strength of 1.49 MPa, the fracture elongation of 180% and the elastic
modulus of 1.54 MPa after treating with E-S method. Similarly, CNF-1 and PVA also
formed a tough hydrogel with the tensile strength, fracture elongation and elastic
modulus are 3.13 MPa, 170%, and 2.10 MPa, respectively. The three samples (CNF-
2/PVA, CNF-3/PVA, and CNF-4/PVA) that have been gelled possess lower mechanical
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properties than the hydrogel (CNF-1/PVA) without gelation. The tensile strength and
elastic modulus of CNF-2/PVA, CNF-3/PVA and CNF-4/PVA range from 0.25-0.96
MPa and 0.14-0.42 MPa, respectively. This phenomenon may be due to the abundant
chemical cross-linking sites limit the formation of hydrogen bonds of the hydrogel

during the evaporation-swelling process.
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Fig. 6.9 Stress-strain curves of reinforced CNF/PVA hydrogel.

6.3.5 Water content of hydrogel

The water content of the hydrogel is inversely proportional to the cross-linking

density [27, 28]. Thus, the water content of the CNF/PVA hydrogel after swelling
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Fig. 6.10 Water content of reinforced CNF/PVA hydrogel.
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Fig. 6.11 Thermal property of CNF/PVA hydrogel before and after high temperature
treatment.
equilibrium can reflect the state of the cross-linking network. As shown in Fig. 6.10,
the water content increased from CNF-1/PVA to CNF-4/PVA, and it is interesting to

find that the water content of hydrogel consistent with the tensile strength. The newly
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formed physical cross-linking site by hydrogen bond increases the network cross-
linking density resulting in a decrease in water content of the hydrogel.

Although the experimental data show that when the un-cross-linked mixture is
enhanced by the E-S method, it can obtain better mechanical properties than the cross-
linked hydrogel, its water content is obviously lower than that of the soft tissue in the
organism. As a tissue engineering material, the mechanical properties of CNF-2/PVA,
CNF-3/PVA, and CNF-4/PVA are closer to the properties of the soft tissue of the
organism. In addition, the hydrogel crosslinked only through hydrogen bonds is directly
decomposed during the use of conventional high temperature autoclaving process (Fig.
6.11). Thus, the CNF-3/PVA (tensile strength, fracture elongation and elastic modulus

are 0.43 MPa, 115.6%, and 0.254 MPa, respectively) was selected as further research.

6.3.6 Morphology of CNF/PVA hydrogel

The prepared hydrogels generally show porous network structure after freeze-drying
process [29]. To investigate the microstructure of CNF/PVA hydrogel, SEM was used
to observe the structure. The reinforced CNF-3/PVA hydrogel exhibits an
interconnected porous network structure with the size of the porous is about 1 um (Fig.
6.12a, b). No separate CNF is found in the SEM image, indicating that the CNF and
PVA are completely fused together.

WD15. 6mm 5. 0kV x1.0k  50um ) WD15. 6mm 5. OkV x10k Sum

Fig. 6.12 (a) SEM images of CNF-3/PVA hydrogel. (b) Amplification image of (a).
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6.3.7 Softening effect of reinforced CNF/PVA hydrogel

The reinforced CNF-3/PVA hydrogel can undergo large compressive strain without
damage. However, most hydrogels with hydrogen bonds or/and ionic cross-linking sites
generally show softening effect under cyclic large deformation [30]. The softening
effect also found in natural living tissue which possesses a similar composition with
hydrogel. Figure 6.13a shows that the initial compressive strength of CNF-3/PVA
hydrogel can reach 1.7 MPa at a strain of 70%.
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Fig. 6.13 (a) Cyclic compressive curves of CNF-3/PVA hydrogel obtained after 10

tests at various strains. (b) Softening ratio of CNF-3/PVA hydrogel at various strains.

With increasing the cyclic times the compressive stress was gradually decreased,
indicating the softening effect occurred. The softening ratio was calculated according

to the equation [31]:

SR% = % X 100% (6-2)
1

Where o1 represents the maximum stress at the first cycle; on represents the
maximum stress at the current cycle. At compressive strains of 30% and 50%, the
softening ratio of the hydrogel is less than 10% and gradually tends to be a plateau.
However, the softening rate of the hydrogel reached 25% after 10 times of cyclic
compression at 70% of the compressive strain (Fig. 6.13b). It indicated that when the
compression strain is less than 50%, the internal network structure of the hydrogel is

only a slight change. On the contrary, the softening effect may be caused by sliding and
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disentanglement of polymer chains, and the rupture of hydrogen bonds and chemical

bonds under large deformation.

6.4 Conclusion

In this study, CNF was first oxidized to the multi-aldehyde CNF by NalO4. Secondly,
the CNF/PVA hydrogels were prepared with multi-dialdehyde CNF as chemical cross-
linker. At last, the obtained hydrogels were reinforced through evaporation-swelling
method. The crystallinity of oxidized CNF was reduced from 65.9% to 26.1% with an
increase in the amount of NalO4. Moreover, the decomposition temperature of oxidized
CNF also showed a decrease from 323.2 to 248.0°C with increasing the degree of
oxidation. The tensile strength and elastic modulus of reinforced hydrogels are in the
range of 0.25-3.13 MPa and 0.14-2.10 MPa, respectively, depending on various
oxidized CNF. The chemical cross-linked hydrogels (CNF-2/PVA, CNF-3/PVA, and
CNF-4/PVA) exhibit mechanical properties and water content closer to the natural soft
tissue and show thermal stability during the use of the conventional high temperature

autoclaving process.
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Chapter 7 Conclusion

The high-performance hydrogel with fast recovery, high resilience, high modulus and
thermal stability has been successful design, preparation, and testing. In this thesis,
cellulose derivatives (CMC, CNF) were used as macromolecular cross-linker.

In chapter 3, we have successfully designed a new strategy to fabricate a rubbery
hydrogel with mesoscopic movable inhomogeneous structure using curling CMC as
cross-linker and initiator. This facile, one-pot, visible-light-triggered polymerization
method provides a fast, convenient, and high efficiency strategy to synthesis rubbery
hydrogel with instantaneous recovery and anti-fatigue properties. The hydrogel
possesses some special properties such as negligible residual strain, instantaneous
recovery, fatigue resistance and as high as 92% resilience after structure stabilizing,
making the hydrogel an ideal candidate for further application in biomaterials.

In chapter 4, a novel design strategy was developed to fabricate a double cross-
linking PAA hydrogel based on chapter 3. The tensile strength and the swelling ratio
were reduced with increasing the MBA contents, while the elastic modulus showed an
increased trend in the same conditions. The hydrogel exhibited a softening effect similar
to conventional rubber materials, and further studies showed that the disentanglement
and sliding of polymer chains as well as the rupture of the network led to this effect.
The hydrogel exhibited remarkable recovery properties (resilience over 93% and 95%
for successive and intermittent cyclic tensile tests, respectively, and residual strain less
than 3%). It was noted that the recovery properties were almost constant under various
conditions and independent of time. In addition, the hydrogel presented a higher
resilience and lower residual strain after the hydrogel reached the swelling equilibrium.
The hydrogel has potential applications in soft machines and biomaterials.

In chapter 5, to increase the modulus of the hydrogel, we leveraged the hydrogen
bonds in the hydrogel to induce a CMC crystallization to alter the network structure
within the hydrogel via the E-S method. The obtained optimal HM-Gel possessed

excellent mechanical properties with tensile strength and elastic modulus of 1.55 MPa
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and 1.02 MPa, respectively. Furthermore, different evaporation temperatures and the
added various aluminum ion concentration have an extremely important effect on the
tensile strength, modulus, and swelling ratio of the hydrogel. In addition, HM-Gel-0.5
exhibited stable mechanical properties in both the cyclic tensile and compression tests.
The preliminary application experiment shows that the high-modulus hydrogel has a
better vibration absorption effect than the low-modulus hydrogel. This design concept
can enhance the modulus of more hydrogels containing hydrogen bonds, such that these
hydrogels can be used not only as machinery vibration absorbers but also as biological
vibration absorbers (for example articular cartilage).

In chapter 6, multi-aldehyde CNF was used as chemical cross-linker to fabricate the
CNF/PVA hydrogel. Both crystallinity and decomposition temperature of oxidized CNF
were reduced with an increase in the amount of NalOa. The tensile strength and elastic
modulus of reinforced hydrogels are in the range of 0.25-3.13 MPa and 0.14-2.10 MPa,
respectively, depending on various oxidized CNF. The chemical cross-linked hydrogels
(CNF-2/PVA, CNF-3/PVA, and CNF-4/PVA) exhibit mechanical properties and water
content closer to the natural soft tissue and show thermal stability during the use of the
conventional high temperature autoclaving process.

Furthermore, hydrogels, as functional materials, have some potential applications in
the field of temperature control, self-degradation, and fire-proof material. For example,
we can add phase change energy storage reagent in hydrogel during the hydrogel
preparation process to prepare the automatic temperature control material.

In conclusion, with the deep study of hydrogel properties, we believe that hydrogel
is not only as an excellent biological material but also play an important role in the

fields of automobile, aerospace etc.
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