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ABSTRACT

Hydrogel Toughening Strategies for Tissue Mimicking Materials

Chukwunonso Moneme

Hydrogels are a class of material that have garnered a great deal of attention across the domain of
tissue engineering as potential candidates for tissue mimicking materials. Their softness and
customizability make them very versatile in their applications and allows their specific properties
to be optimized based on the intended applications. This thesis explores the viability of hydrogels
as tissue mimicking materials. First, a comprehensive literature review introduces the mechanical
properties of the soft tissues around the knee, specifically skin, muscles, ligaments, tendons, and
cartilage. This chapter also outlines different strategies used to improve the performance of
hydrogels in mimicking the soft tissues around the knee, which is the biggest joint in the human
body. Next, the experimental section of the thesis outlines the development of a hydrogel using
solvent exchange and annealing. This chapter discusses the improved compressive mechanical
properties of the developed hydrogel, as well as the impacts of glycerol and thermal annealing on
the hydrogel.
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1. Introduction

1.1. Background

Tissue engineering is a growing discipline that concerns the development and assembly of
constructs that can be used to repair, replace, or reinforce tissues and organs in the body [1]. This
can include biomaterials that are developed for implantation, such as scaffolds and grafts, or
materials used in vitro to as models and training tools. Regardless of the application, an important
challenge facing the discipline and field is the development of synthetic materials that can
effectively mimic the mechanical properties of biological tissues.

There have been many different types of materials used to simulate human tissues, including liquid
suspensions, foams, elastomers, and resins [2]. Hydrogels, which are networks of polymers that
exist within an aqueous membrane, have gained attention as good candidates for tissue mimicking
materials due to their versatility and biocompatibility. Hydrogels are already commonly used
across the biomedical industry in drug delivery, cellular scaffolding, and beyond [3]. They are
especially attractive for mimicking soft tissues, such as skin and muscle, that require mechanical
strength as well as flexibility and softness. Conventional hydrogels, however, tend to possess lower
moduli than biological tissues and are not particularly resilient under repetitive mechanical loading
compared to their biological counterparts. Many techniques and strategies have been developed
over the years to toughen hydrogels to make them more viable candidates for tissue replacement
in the body. These strategies vary greatly depending on the intended application for the hydrogel,
as well as the specific characteristics of biological tissues that the hydrogel is meant to mimic.

The development of hydrogels as tissue mimicking materials has great implications for the medical
community and stands to significantly improve the quality of life for many people. A common area
where hydrogels could be used to improve people’s health is as prostheses and implants. Knee
surgeries, for example, are one of the most common surgeries in Canada and are significant, life-
changing surgeries [4]. These surgeries are most often caused by osteoarthritis, which is the result
of gradual loss of articular cartilage in the knee [5]. As the largest joint in the body, the knee is
essential to movement, and osteoarthritis and cartilage degradation can lead to disability and
immobility. Currently, knee replacements are most commonly a combination of plastic and
metallic components that replace the cartilage and some bone tissues. These prostheses can be stiff
and uncomfortable, but with a softer replacement like a hydrogel, that discomfort could be lessened
[4]. Moreover, the reduction of inorganic components in the body can reduce the risk of negative
reactions and rejection of the prosthesis by the body.



1.2. Objective

The objective of this research was initially to develop a model of the human knee, using polyvinyl
alcohol (PVA) hydrogels to simulate all of the soft tissues, namely skin, cartilage, muscles,
tendons, and ligaments. After a change in available resources, the scope of research was redefined
to explore the efficacy of different toughening strategies on the development of cartilage
mimicking hydrogels. Upon reviewing existing toughening strategies, annealing was selected as a
suitable technique in the development of hydrogels for compressive loading, due to a lack of data
in the literature around the efficacy of annealing in compressive applications. This investigation
sought to determine whether similar trends could be observed in compressive environments, as in
tensile, and whether annealing would be an effective technique for the development of cartilage
mimicking hydrogels. This was accomplished by adopting a technique from Wu et al. that
employed a solvent exchange process to improve the effects of annealing on PVA hydrogels.

1.3. Thesis Format

This thesis is structured into 5 main sections. This first section introduces the concepts of hydrogels
and provides an overview of the motivation and objectives of the research conducted. Chapter 2
contains a comprehensive review of the relevant literature in the field, presented as a manuscript
of a review paper that is to be submitted for publishing. This includes information on the physical
structure and functions of the soft tissues in the knee, and an overview of the techniques and
strategies used to develop materials to mimic these tissues. Chapter 3 presents the experimental
section of this thesis, which has also been formatted as a manuscript to be submitted for
publication. This chapter outlines the development of hydrogels with improved compressive
mechanical properties and an explanation of the changes that the gel undergoes through the solvent
exchange and annealing processes it undergoes. Chapter 4 includes some conclusions to tie
together the main takeaways from Chapters 2 and 3 and discusses potential future research and
further development of the research included in this work. Lastly the final section presents a
bibliography of the sources used throughout this thesis that informed the research and
experimentation conducted.



2. Literature Review

This chapter explores a number of systems used in the development of tissue mimicking materials.
This includes an identification of the structure, function, and mechanical properties of soft tissues
in the knee, and explores strategies that researchers use to achieve similar properties in hydrogels.
The benefits and drawbacks of hydrogels in tissue engineering are also presented and discussed.



A review of hydrogel-based systems for tissue

mimicking materials
Chukwunonso Moneme, Abdolali Mehrjou, Milad Hadaeghnia, Paula Wood-Adams

Abstract

Hydrogels are attractive candidates in the field of biomedical and tissue engineering for replicating
tissues in the body. The 3D nature of the gels, as well as their tunability, biocompatibility, and
flexibility make hydrogels suitable to mimic soft tissues like skin and muscles. From a mechanical
perspective, however, hydrogels in their most basic state do not possess the mechanical properties
required to effectively simulate tissues in the body. As such, researchers have developed strategies
to toughen hydrogels and improve their mechanical properties, making them more analogous with
natural tissues. In this review, the structure, function, and mechanical properties of soft tissues in
the knee are identified, and the strategies that researchers use to achieve similar properties in
hydrogels are discussed. The benefits and drawbacks of hydrogels in tissue engineering are also
mentioned, exploring areas for further development in the field.

Key words: hydrogel; tissue mimicking; mechanical properties; biomimicry



Introduction

Within the realm of tissue engineering, the development of materials that effectively mimic organs
and tissues within the human body is a critical area of interest. These biomimicking materials can
be used as surgical models and training materials or even scaffolds and implants in the body. When
used outside of the human body as models, these materials can help develop tools and train
surgeons in an environment that is more representative of human anatomy. Within the human body,
these replicas can be used as prostheses to improve the quality of life of people who have
experienced loss or deterioration of certain parts of their body.

There are many different types of materials that have been used to mimic tissues in the body, such
as foam, rubber, and plastics. Hydrogels, which are networks of polymers that exist within an
aqueous membrane, have been garnering increased interest as candidates for tissue mimicking
materials due to their versatility and biocompatibility. Hydrogels have already been used in
biomedical applications as drug delivery agents, cellular scaffolds, and beyond. Hydrogels are
particularly interesting in their ability to replicate the biomechanical properties of soft tissues such
as skin and muscles. Their tunability and customizability make them attractive candidates for
developing grafts and implants that can move with the body. Generally, however, hydrogels do not
possess the mechanical strength and resilience necessary to fully replace the complex soft
structures in the body.

To functionalize hydrogels as replicas for soft tissues, different strategies can be used to modify
and strengthen the bare hydrogel matrix. Due to the versatile nature of hydrogels and the broad
spectrum of polymers that can be used to develop them, there are many different approaches that
can be combined and customized to achieve the specific qualities required for a unique application.
While there are commonalities amongst the compositions of biological tissues, they are all quite
complex and contain different features that contribute to their mechanical properties.

This review paper explores strategies used to toughen hydrogels and improve their mechanical
properties, specifically for the purpose of simulating biological tissues. The techniques reviewed
in this paper may have applications across the domain of tissue engineering, from in vitro models
to in vivo grafts. For the purpose of this paper, the tissues included are those in the knee, which is
the body’s largest joint and one of its most complex. This includes skin, muscle, tendons,
ligaments, and cartilage, but does not include hard tissue such as bone.



Structure and Mechanical Properties
Skin

Skin is the largest and most superficial organ in the human body. It acts as a barrier to external
conditions, protecting the body from injury and radiation, and regulates the exchange of energy

and moisture across the skin’s barrier. The organ itself is composed of three distinct layers, each
with its own components and function.

The first and deepest layer is the hypodermis, or subcutaneous layer, which connects the more
superficial layers of the skin to interior structures such as muscles and bones. The hypodermis
contains a significant amount of fat cells that are organized into adipose lobules, which store
energy, as well as other components such as hair follicles and blood vessels [6]. Superficial to the
hypodermis is the dermis, which is a fibrous layer of connective tissue that provides strength and
flexibility to the skin. The dermis is composed of the papillary dermis and the reticular layer, from
least to most deep respectively [7]. Collagen is the main component of the dermis and is principally
responsible for providing tensile strength and pliability to the skin. Elastic fibers, as their name
suggests, provide the skin with elasticity [8]. The third and most superficial layer of the skin is the
epidermis. This layer plays an important role in protecting the body. The epidermis comprises five
strata: basale, spinosum, granulosum, lucidum, and corneum. With these strata combined, this
layer acts as a semipermeable barrier against the external environment, defending against foreign
physical and chemical agents, while permitting the exchange of moisture, energy, and nutrients
across the skin’s barrier [9].

P

Epidermis- 2, =\ -
- - - W Dermal papillae
Papilory layer] L
A i

Eccrine sweat gland

Adipose tissue

Figure 2.1: Layered diagram of skin and its internal structures [9].
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While human skin may seem like a relatively simple organ, its layered design provides it with
many important biochemical and biomechanical properties such as elasticity and water barrier
properties. For the scope of this review, some of the key biomechanical properties of skin are its
tensile and compressive moduli, as well as its tear strength. These values can vary greatly
depending on the source of skin analyzed and its combination of parameters including, but not
limited to, age, race, and sex of the individual as well as the location on the body that the skin
originates from. Kalra A. et al. report a number of different literature values for the tensile modulus
of skin, ranging from 4.02 MPa in the abdomen to 140 MPa in the forehead [10]. This report also
summarized values for skin’s compressive modulus ranging from 4.75 - 89.4 kPa. In an
investigation into the tear resistance of skin, Yang et. al. report values ranging from 8 - 28 MPa
[11]. These properties mainly come from the dermis and epidermis where collagen provides the
skin with pliability and resistance against compressive and tensile forces, and elastin provides
elasticity to the skin. The more superficial layers of the epidermis also contain spiny cells and
horny scales that provide tear and puncture resistance to the skin [8].

A key mechanical property of skin is its self-stiffening ability. This property is anisotropic in nature
and dependent on the direction of force applied relative to the Langer’s lines, which indicate the
directions where the skin is under the most tension [11]. Ni Annaidh et al. reported an ultimate
tensile stress of 17 — 28 MPa parallel to the Langer lines, and 10 — 16 MPa perpendicular to them
[12]. Figure 2.2 demonstrates the structure of collagen in the skin under different levels of tensile
strain. In the toe region (Phase I) the collagen is relaxed, and its fibers are wavy. Here, the skin
acts almost isotropically and there is a linear relationship between stress and strain. This phase also
sees a relatively low elastic modulus between 0.1-2 MPa. As the force applied is increased (Phase
II), the collagen fibers unfurl and elongate in the direction of the load. This is more representative
of the natural state of the skin’s collagen since skin is normally under some tension in vivo. As the
tensile forces continue to increase (Phase III), the collagen becomes fully elongated, and the stress-
strain relationship becomes linear again as the collagen strongly resists the tensile forces [10].
Beyond this point, the fibers in the skin begin to break and skin starts to rip [13]



Stress

Strain

Figure 2.2: A representation of the structure of collagen in the skin throughout tensile testing [10].

Cartilage

Cartilage is an avascular and aneural tissue that exists on the head of bones. Its main purpose is to
protect the bone by opposing compressive forces, providing support to the bone, and improving
bone resilience. Structurally, cartilage is a matrix composed of fibrous tissues, water, collagen, and
proteoglycans, as well as other proteins [14]. This matrix enables cartilage to retain water and
maintain its characteristic mechanical properties [15].

Four different zones can be identified within cartilage due to a gradient in the concentration of
chondrocytes. Each zone, namely the superficial, middle, deep, and calcified zones, contain a
pericellular, territorial, and interterritorial region. The different regions mainly serve different
biological functions including signal transduction, but the different zones contribute significantly
to the mechanical properties of articular cartilage. The superficial zone protects the deeper cartilage
by resisting shear, tensile, and compressive forces. This is possible because the collagen fibers of
this zone are densely packed parallel to the surface, putting it in direct contact with synovial fluid.
This zone constitutes 10 - 20% of the articular cartilage. The second most superficial zone is the
middle or transitional zone. This zone contains thicker collagen fibers and a lower density of
chondrocytes. The collagen in this zone is organized in an oblique fashion and it mainly serves to
resist compressive forces. The transitional zone constitutes between 40 and 60% of the articular
cartilage. Deep to the transitional zone is the deep zone, which sees collagen fibrils organized
perpendicular to the articular surface, which provides significant resistance to compressive forces.
This zone has the thickest collagen fibers, highest protein content, the lowest water concentration,



and the chondrocytes are organized in columns perpendicular to the cartilage surface. This zone
makes up around 30% of the articular cartilage. Lastly, the calcified zone is largely void of
chondrocytes, and it mainly serves to secure the rest of the cartilage to the surface of the bone [15].

o, B Superficial zone

i : Transitional zone
Articular cartilage

Chondrocytes -]
Deep zone
|- Tide Mark

Calcified cartilage

: Subchondral bone plate

Puibeholdrdbope Subchondral trabecular bone

Vascular channels

Figure 2.3: Layered Diagram of Articular Cartilage [16].

Muscles

In the body, muscle provides strength and support to the body, while protecting deeper structures
like bones and organs. Approximately 40% of the mass of the human body is composed of skeletal
muscle [17]. It is known that it produces mechanical force, which may be applied, for example,
for movement and posture, allowing the individual to participate in various leisure activities as
well as occupations. Skeletal muscles also play a crucial role in regulating basal metabolism by
storing amino acids and carbohydrates and maintaining body temperature.

Multinucleated tubular muscle fibers (with a size of 100 um) are the most basic functional units of
skeletal muscle [18]. The contractile units of muscle fibers are known as myofibrils. When the
myofibril is supplied with energy, the actin filaments and myosin bundles begin to contract.
Calcium ions are released from the sarcoplasmic reticulum following stimulation, which binds to
troponin C and temporarily displaces tropomyosin. By doing so, the actin-binding sites on myosin
are exposed, thereby allowing actin to bind to myosin, which in turn causes the filament to contract
and, at a macro level, the muscle itself to contract [17], [18].



Sarcolemma surrounds each skeletal muscle cell or fiber, which is composed of longitudinally
oriented myofibrils primarily made up of myosin and actin. A motor neuron's axon contacts the
sarcolemma at the neuromuscular junction, where electrical impulses initiate muscle contractions.
The endomysium is a layer of connective tissue rich in collagen that separates the different muscle
fibers. Generally, collagen fibers are arranged longitudinally in muscle fibers, and the linear
orientation is predominant. The perimysium is an outer layer of connective tissue that surrounds
different muscle fibers in a fascicle. Likewise, it is composed of a variety of collagen fibers
oriented parallel to the muscle fibers beneath, varying in thickness based on the type of muscle.
The perimysium is also home to many blood vessels and nerve fibers. The epimysium is the outer
layer of connective tissue encircling the entire muscle and contains collagen fibers of a coarser
texture than those mentioned earlier [19], [20].
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Figure 2.4: Structural diagram of a muscle [21].

Mechanical Properties

The mechanical properties of muscles can be divided into passive and active ones. Passive
properties depend only on the response of the tissue during stretching, while active properties arise
when the contractile elements are activated during contraction [21]. Skeletal muscle mechanical
properties are derived from the tissue mechanical response while stretched and are not always
anatomically distinct. The passive mechanical properties are often obtained by imposing an
artificial stretch to the muscle, avoiding the activation of the contractile elements. There is a strong
connection between muscles' passive properties and the intramuscular connective tissues
(epimysium, perimysium, endomysium) and the elastic filaments and titin, which is the most
abundant component [17], [22]. In vitro stretching of an isolated muscle at different strains results
in a passive stress-strain curve. As a result of the mechanical properties of the intracellular and
extracellular proteins, like collagen, the muscle exhibits a time-dependent viscoelastic behavior.
Skeletal muscles are characterized by their active mechanical properties as a result of their
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contractile behavior. The most important attribute of a muscle is the force that it can generate. The
muscle develops its maximum force when the sarcomere length is about 2.2 pm (optimal length in
humans), and the force decreases as the sarcomere reaches about 175% of its optimal length. The
total stress-length relationship is the result of the combination of the passive and active mechanical
properties of the muscle [21], [23], [24].
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Figure 2.5: Passive and active mechanical behaviors of skeletal muscles A) Total stress-length behavior during a
contraction. Length is normalized by the resting length (RL) of the muscle. The total curve (Tot) is the composition of
the active curve (Act) and the passive one (Pas). The active curve finds its maximum in correspondence with the
optimal length of the sarcomere (RL) [25]. B) Typical sarcomere active stress (expressed as a percentage of the
maximum) compared to the sarcomere length (expressed as a percentage of its optimal length). The active stress is
maximum in correspondence of the sarcomere optimal length Lo. The pictures show the different levels of sarcomere
overlap [26].

Tendons

As the main connection between muscles and bones, tendons play a major role in the transfer of
forces between muscles and skeletal structures throughout the body. Specifically, there are two
main functions of tendon tissue: the first is to transmit force from muscle to bone, and the second
is to facilitate movement of the body [27]. Certain tendons, such as the equine superficial digital
flexor tendon or the human Achilles tendon, are more functionally complex and therefore allow
for more efficient energy storage [28], [29], [30].

In order to determine the characteristics of tendons, it is necessary to examine their multiunit
hierarchical structure made up of collagen molecules, fibrils, and various levels of bundles of fiber
[31]. Tendons contain tendon fibroblasts, called tenocytes, and stem, or progenitor, cells [32], [33].
Collagen fibers are assembled into subunits of increasing diameter in the structure of a tendon.
Triple helices are formed by three collagen molecules, microfibrils are formed by five
tropocollagen molecules, and fibrils are bundled into fiber bundles and joined together as fascicles
[34], [35]. To ensure minimal friction and preserve the position of the tendon, these subunits are
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grouped into fibers, which are then joined together into fascicles [34]. Also, the tendon could glide
smoothly to the surrounding structures since the fascicles are surrounded by an epitenon [36].
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Figure 2.6: Hierarchical structure of tendon [35]. The collagen fibers of the tendon are organized into subunits of
increasing diameter, which creates the hierarchical structure of the tendon. At first, three collagen molecules form a
triple helix (also known as tropocollagen). Then, a microfibril is formed by five tropocollagen units, which are linked
to make up a fibril. As with many other structures, these fibrils differ in size depending on the role they play in the
tendon (varying from 10 to 150 nm) [34]. Each fiber is organized into fiber bundles and these bundles are then grouped
into fascicles. A crimp is a pattern of undulation created by bundles of fibrils and fibers during embryonic development
and functions as a shock-absorbing unit. Finally, a tendon is fabricated when several fascicles are bundled together
to form the tertiary bundles, which are enclosed by the epitenon (the fibrous sheath that houses blood vessels, nerves
and lymphatics) [36].

There is a heterogeneous matrix of collagen, proteoglycans, elastin, fibronectin, and fluid
encircling tendons. It is important to note that tendon fibers are oriented in parallel to one another,
primarily collagen type I, embedded in an extracellular matrix (ECM). This ECM is composed of
proteoglycans, glycoproteins, and elastin [37]. A tendon is primarily composed of type I collagen,
which is made by specialized fibroblasts. Layered compositions and parallel orientations enable at
most tensile strength. Also, Type III collagen is the primary component of the endotenon [36].

Tenocytes are responsible for producing the ECM, assisting with the orientation of newly
synthesized fibrils, and controlling the degradation and remodeling of the ECM structure [38]. An
important factor in the healing process of tendons is the blood supply [39]. In every tendon of the
human body, the toe region of the stress—strain plot is fairly short (2—-5%), due to its load transfer
function (Figure 2.7).
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Figure 2.7: Typical stress—strain curve and schematization of the behavior of the collagen fibers for ligaments [40].

It is reported that the patellar tendon can be subjected to 24—-69 MPa stress until its failure, while
a gracilis tendon can experience stresses up to 112 MPa. Additionally, collagen's weak bonds and
the presence of water also contribute to tendons' viscoelasticity [41], [42].

The Achilles tendon can experience forces nearly 70% of its maximum load and stress before it
ruptures, despite operating in the toe region of the tissue's stress-strain curve [43]. A correlation
has been found between pathology and strength/endurance training in humans, as well as the
potential use of functional biomaterial-based tissue replacements in tissue homeostasis [44], [45].
Either low or high mechanical loading of tendons can disturb homeostasis. Stress deprivation
reduces cell numbers, decreases tensile modulus, produces inflammatory cytokines, causes matrix
degradation, and releases proinflammatory cytokines and vasodilators, resulting in flattening and
elongating fibroblasts [46].

Ligaments

Ligaments are responsible for connecting bones, which provide locomotion, and the interface at
which they attach to bones is called the enthesis [47], [48]. In addition to providing a means of
conveying mechanical stress between mechanically different tissues and maintaining heterotypic
cellular communication for interface function and homeostasis, the enthesis contributes to tissue
organization and mechanical properties [49], [50]. There are several physiological differences
between tendons and ligaments, as well as differences in morphology (which are influenced by the
anatomical site) but their composition and hierarchical structure are the same [51].

In addition to being filamentous collagen structures, tendons and ligaments are composed of 80%
extracellular matrix (ECM) and 20% cells [52]. The amount of type I collagen in the body ranges
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between 60 and 85% [42]. Among the types of collagen present in the tissue, type I collagen
provides stiffness and strength, while type III, V, X, XI, XII, and XIV collagens are present in
minor quantities and for other purposes [52]. Additionally, Type V collagen and Type III collagen
regulate collagen fibril diameter, whereas Type XII collagen has a functional role in tendon repair.
Moreover, Type XII collagen bonds with other matrix components, decorin, and fibromodulin [42].

Regarding morphology, as mentioned earlier, tendons and ligaments have similar hierarchical
structures. In other words, it is believed that collagen fibrils make up both tendons and ligaments.
These fibers coordinate axially with the tendon/ligament and are arranged into different levels of
assembly [53]. The collagen fibril is the smallest structural unit of the tendon/ligament tissue,
which is produced by tropocollagen molecules aggregation. Fibrils of collagen form collagen
fibers, forming primary, secondary, and tertiary fiber bundles, as well as the tendon, which is
surrounded by the epitenon and epiligament [54].
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Figure 2.8: Hierarchical structure of ligament [54] and SEM micrographs from [53].

Mechanical Properties

Tendons and ligaments possess a hierarchical structure characterized by non-linear mechanical
properties. After 2% of strain (toe region), collagen fibers lose their crimped behavior and start
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sliding toward one another. The mechanical properties of tendons and ligaments are significantly
influenced by the cross-section of the tendon or ligament, the function of the tendon, and the strain
rate at which the load is applied. In spite of tendons, ligaments allow different ranges of motions
in different joints, and accordingly, the toe region experiences greater strains as a result of specific
joints (Fig. 9). For instance, anterior cruciate ligament and spine ligaments undergo 4% and 10—
40% of strain, respectively.
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Figure 2.9: Typical stress—strain curve and schematization of the behavior of the collagen fibers for ligaments.
Typical ranges of stress and strain are indicated on the x and y axes [40].

The collagen fibers are straightened in the linear region of the stress-strain plots, which provides
an ideal elastic recovery when the load is removed. Upon completing the linear region, the fibers
gradually begin to slide against each other. As a result of this region, tissue fibers are gradually
destroyed until the ligament completely failed. Ligaments can fail under stresses ranging from 1-
15 MPa in flavums to 24—46 MPa in lateral collaterals.
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Hydrogel Models

A hydrogel, in essence, is a three-dimensional network structure consisting primarily of
macromolecules dissolved in water. Depending on the structure and composition of the polymers
used, and specifically the presence or absence of covalent interaction and chemical crosslinking
points, the hydrogel network can be formed through covalent or non-covalent bonds. Hydrogels
are especially attractive in the field of tissue-mimicking materials (TMMs) because of their ease
of processing and high degree of tunability. By combining different polymers with various
additives, fillers, and crosslinking methods and densities, hydrogels can be altered to mimic a
number of biological tissues in the human body.

With respect to preparing hydrogels to mimic biological tissues, there are a number of factors to
consider which would affect the performance of the hydrogel produced. First, the type of network
formed by polymer(s) can be classified into conventional and unconventional polymer networks.
Conventional networks refer to polymer chains connected by permanent covalent bonds, with
minimal presence of entanglements, physical crosslinks, and reversible chain connections. Some
limitations of conventional network hydrogels include relatively poor mechanical strength and
brittle behaviour with low fractur energy compared to other hydrogels. A number of strategies exist
that enhance conventional network hydrogels to improve their mechanical properties, resilience,
or otherwise make the hydrogels more functional in a desired application. These strategies are
quite varied and have produced different subgroupings of hydrogels that each carry their own
specific advantages and disadvantages. For the purposes of this review, the strategies explored will
mainly be relevant to the optimization of hydrogels for tissue engineering applications. Table 1
below compares the mechanical properties of biological tissues to those reported in the studies of
model systems reviewed.
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Table 2.1.: Comparison of mechanical properties between biological tissues and hydrogel

models.
. . Young’s
Tissue Type [ég;n;ailel r{ﬁl;:)e Ultimate Tensile Modulus References
& Strain (%) (MPa)
. _ ) ) [10], [11],
Bio 1-30 117 - 307 0.5-188 | [ 1)3]
0.347 1731 0.0229 [55]
Skin 0.05 70 8000 [56]
Synthetic 0.8 914.3 0.2401 [57]
433 100 0.0067 [58]
0.61 1127 0.063 [59]
Bio 0.04 - 0.8 30 - 60 0.03-8 | [18],[21]
45 42 6784.8 [60]
2.38 802 0.8 [61]
Muscle Synthetic 1.2 530 2.6 [62]
04-3 160 - 310 0.06 — 0.25 [63]
2.76 2921 0.221 [64]
Bio 10 100 051 [14], [15]
, 2.6 34 3.3 [65]
Cartilage | g0 thetic 521 572 4.06 [66]
22 270 0.6 [67]
Bio 13- 300 6-50 4000 - 8000 [21]
13 <10 7.2 [68]
{?ngzqneilfg Synthetic 0.8 >1000 3 [69]
£ y 7.2 ~130 5.4 [70]
11.10 1879 ~10 [71]
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Tendons and Ligaments

Due to their structural and functional similarities, many of the approaches used to fabricate
hydrogels that mimic tendons and ligaments are quite similar. The main role of tendons is to
connect bone to muscle, while ligaments connect bones to other bones. Consequently, both tendons
and ligaments consistently experience tensile stress in the human body. Both tissues are anisotropic
in nature, meaning that the mechanical behaviour exhibited by the tissues under stress is dependent
on the direction of the force applied. When developing hydrogels to mimic these tissues,
modifications are often made to simulate the anisotropic nature of the tissues. Achieving
anisotropic properties in hydrogels generally involves orienting the polymer chains in the hydrogel
to achieve a more ordered structure, as opposed to their natural scattered pattern. A relatively
simple way to achieve such a structure is by stretching the hydrogel unidirectionally such that the
polymer chains align themselves in the direction of the applied force. Kim et al. employed such a
strategy to develop an anisotropic double network hydrogel that exhibits similarly high mechanical
properties to tendons. This was accomplished by developing a double network (DN) structure with
alginate and polyacrylamide as the main polymers reinforced with silica microrods. This DN
hydrogel was then stretched, dried, and crosslinked, as shown in Figure 2.10 below [68]. These
DN hydrogels were also modified to exhibit impressive adhesive properties between tendon and
bone through the incorporation of poly(2-hydroxyethyl aspartamide) modified with aminopropyl
imidazole (PHEA-API) to form a triple network hydrogel [69].
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Figure 2.10: Design of the strong, stiff adhesive TN hydrogel. The TN, an energy-dissipative matrix, consists of three
types of polymers: an ionically crosslinked Alg (Ca2+ ion; blue circle), covalently cross-linked PAM, and imidazole-
containing adhesive polymers (PHEA-API). The final TN-RsC anisotropic hydrogel subjected to the RsC process
(linear remodeling of polymers by stretching and fixation) was cross-linked by AlI3+ ions and exhibited strong
mechanical and adhesion properties [69]

While stretching hydrogels can align polymer chains to simulate anisotropic fibers, one of the key
features of tendons and ligaments that contribute to their tensile properties is the hierarchical
structure they possess. In this structure, thinner fibrils are collected into fibers, then those fibers
into bundles, and this process continues until the full tendon and ligament is formed. Park and Kim
mimicked this structure by braiding anisotropic hydrogel strands into a hierarchical hydrogel cable.
These cables showed impressive load bearing capacities, being able to withstand heavy loads up
to 13 kg and having a tensile strength of 4.7 MPa [72].
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Figure 2.11: Schematics of a) tendon fascicle and b) its analogue, braided anisotropic hydrogel cable comprising
anisotropic hydrogels. c¢) Photograph of the braided hydrogel cable, braided hydrogel rope, and anisotropic hydrogel
strand and polarized optical microscopic image of a hydrogel strand showing an anisotropic structure [72].
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Another technique that can be used to improve the physical performance of hydrogels is annealing.
This process commonly involves heating up hydrogels beyond their crystallization temperature to
increase the crystallinity of the polymer regions. These crystalline regions can act as obstacles to
the propagation of tears in gels when they are stretched. Lin et al. proved this concept through the
development of an anti-fatigue-fracture hydrogel that showed fatigue thresholds, defined as the
critical energy released under loading, ranging from 110 J/m? without dry annealing to 1000 J/m?
after 90 minutes of annealing [73]. In another approach, Wei et al. used solution annealing to
develop chemically crosslinked cellulose gels, then proceeded to physically crosslink the gels
through a solvent exchange using ethanol vapour [70]. Wu et al. combined these strategies and
used solvent exchange and wet annealing to produce a strong hydrogel with anti-fatigue properties
[71]. Under tensile stress, as would be experienced by tendons and ligaments in the body, these
annealed hydrogels show significant resistance to tearing and maintain their physical properties
over more cycles of mechanical loading. The solvent exchange method used by Wu et al. and Wei
et al. also promotes entanglement amongst the amorphous polymer chains in the hydrogels. When
stretched, these entanglements can be broken, and in doing so, energy is dissipated that provides
strength to the hydrogel models.
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Figure 2.12: Illustration of fatigue crack propagation in an amorphous hydrogel and in hydrogels with low and high
crystallinities under cyclic loads [73].
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Cartilage

Cartilage exists on the caps of bones where it supports and protects the bone. While tendons and
ligaments experience primarily tensile forces in the body, the main function of cartilage lies in its
ability to resist compressive forces. When designing materials to mimic cartilage, many of the
techniques and strategies used serve to improve or optimize the compressive and frictional
properties of the material.

A common technique used in the design of cartilage mimicking materials is the creation of a double
network (DN) hydrogel. Sometimes called interpenetrating network (IPN) hydrogels, these gels
are developed by preparing a primary single network hydrogel, exposing it to a secondary network,
and curing the two together. This process creates further crosslinking and greater entanglements
which improve the hydrogels resistance to compression. This technique can many different types
of polymers depending on the desired features for the hydrogel. Means et al. developed a cartilage
mimicking hydrogel that had comparable modulus, strength, and lubricity to human cartilage.
Means et al. combined poly(acrylamido-2-methylpropanesulfonic acid) (PAMPS) with poly(N-
isopropylacrylamide) (NIPAAm) and acrylamide (AAm) to form a PMAPS/P(NIPAAm-co-AAm)
DN hydrogel. Means et al. were able to achieve a compressive strength of approximately 25 MPa,
a modulus above 1 Mpa, and a lower coefficient of friction than human cartilage. This was
attributed to the anionic charges in the AMPS structure which contributed to a tightly crosslinked
primary network, the stiffness of the NIPAAm component, and the hydrophilic nature of
acrylamide which allowed the DN hydrogel to retain moisture more effectively [74]. Ding et al.
used a multiphysical crosslinking approach to develop an IPN hydrogel that uses hydrogen bonds
and ionic bonds to maintain its structural integrity while also carrying an equilibrium water content
of over 70%. Acrylic acid (AA) and acrylamide (AAm) were the main components of the different
networks, with xanthan gum (XG) and guar gum (GG) acting as sources of hydrogen bonding
sites, and iron, Fe*"*, and tetraborate, B4O7*" acting as ionic crosslinking agents. The resultant
hydrogels had an equilibrium water content of 72-76% and an elastic modulus between 1.4-3.3
MPa, which are comparable to the same properties in human cartilage [65].
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Figure 2.13: Illustration of Means et al.’s cartilage mimicking hydrogel [74].
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Another technique used to mimic the structure of cartilage involves incorporating nanoparticles
into hydrogels that provide stiffness and crystallinity to the gels. As the gels are compressed, one
dimensional nanoparticles can apply opposing forces axially and as they break, they dissipate
energy that further resists the compressive forces. Chen et al. used this principle to develop a
bilayer hydrogel with a compressive strength of 5.21 + 045 MPa, a compressive modulus of 4.06
+ 0.31 MPa, and hard-soft and soft-soft coefticients of friction of 0.032 and 0.028 respectively, all
of which are comparable to human cartilage [66]. By using polydopamine (PDA) to form
nanoparticles of Fe3O4 on a montmorillonite (MMT) surface, Chen et al. created magnetic PDA-
Fe304-MMT nanohybrids that were then integrated into a polyvinyl alcohol and polyacrylic acid
hydrogel. Then, upon inducing a magnetic field on the hydrogel, the nanoparticles aligned
themselves in the direction of the magnetic field, effectively creating an anisotropic hydrogel. By
using two different layers, one oriented perpendicular to the surface and one parallel, Chen et al.
were able to better simulate the configuration of collagen fibers and chondrocytes in the cartilage
[75]. Yu et al. employed a similarly layered approach by preparing a bilayer hydrogel, also known
as a Janus hydrogel, that consisted of PVA, chitosan, sodium hyaluronate, with a hybridized,
mineralized hydroxyapatite layer on the surface. The hydroxyapatite layer contributed to
compressive strengths as high as 78 MPa while the negatively charged carboxyl groups on the
surface of the hydrogel give the system a coefticient of friction of 0.024 [67].

Muscle

Muscles are a very important and complex group of tissues in the body that are responsive to
various stimuli in the body, especially pH and electricity, contain anisotropic structures similar to
the other tissues discussed, and possess impressive mechanical properties that enable them to
support the body and facilitate locomotion.

It is believed that artificial muscles composed of multiple layers are capable of bending and
straightening the arm in conjunction with the contraction of the biceps and triceps muscles. The
simplest unimorphic system consists of a responsive layer and a non-responsive layer, referred to
as active and passive layers, respectively. The sensitivity of a pH-responsive is based on its ability
to associate and dissociate with hydrogen ions according to the pH of the aqueous environment.
Using this concept, Ryan et al. developed an artificial muscle composed of a dry gel film, in which
a strip of polyacid triblock copolymer was cast onto a glass microscope slide in an
acetone/methanol solution[76]. Using tetrahydrofuran as the polybase, gel strips were cast and
placed over the dried polyacid gel perpendicularly. The developed gel film can be bent in an acidic
condition toward the anionic layer and in a neutral or basic condition toward the cationic layer
(Figure 2.14) [76].
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Figure 2.14: An illustration of the ionized and nonionized chemical structures and chain morphologies of the
polyacid and polybase triblock copolymers under acidic and neutral/basic conditions. PMMA microdomains are
represented by solid spheres [60].

A number of studies have also shown different strategies to make hydrogels that are responsive to
electrical stimuli. Ismail et al. developed a composite hydrogel using electrically conductive
polypyrrole and biocompatible chitosan polymers, to act as an artificial muscle in response to an
electric current [60]. In electrolyte solutions as dilute as 0.01 M, the hydrogel actuator responded
to electrical stimuli within five seconds, resembling the real mechanism that triggers natural
muscle contractions. Bassil and coworkers followed this concept to design new electrobio-active
hydrogel microfibers with high sensing and actuating capabilities [77]. As a result of the
fabrication process, the microfibers possessed a tunable electroactivity with a 2D control of
position at low driving voltages. The developed microfibers behave as well as or better than natural
fibers. This solves complex problems related to advancing biomimetic mechanisms since the key
is to develop sensors and actuators that behave like natural skeletal muscle. Inspired by previous
studies, a smart and artificial muscle constructed of nanoparticles coated with ion-conducting
nanoparticles was developed by Sun et al., whose work significantly improves ion conduction
efficiency, mechanical properties, and electrochemical performance [78]. An anisotropic, highly
conductive ion channel is then formed by intertwining it with MWCNTs and r-GOx (Figure 14).
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Figure 2.15: (a) Excitation transportation process of human muscle, (b) and (c) high-efficiency ion channel
movement mechanism, and (d) electromechanical experiment of all-hydrogel artificial muscles [78].

With respect to anisotropy, it is possible to reproduce the unidirectional contraction and expansion
of muscle fibers by amplifying the deformation of muscle-mimicking hydrogel in a specific
direction (Figure 2.15). Sun et al. fabricated an anisotropic PEG-PNIPA hydrogel with an aligned
dual network microstructure, exhibiting anisotropic two-dimensional shrinkage as a function of
temperature [79]. The first network consists of an aligned porous PEG scaffold and the second
network consists of PNIPA polymerizing within the pores. An aligned porous PEG scaffold is
critical in achieving anisotropic shrinkage since it not only facilitates the formation of the PNIPA
microcylinders but also constrains the axial shrinkage of cylindrical samples. The anisotropic
PEG-PNIPA hydrogel has been demonstrated as an efficient and simple method of fluid regulation.
In comparison with conventional hydrogels, anisotropic intelligent hydrogels offer advantages in
terms of design and manufacturing.
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Figure 2.16: (a) Schematic illustration of the formation of the aligned dual network PEG—PNIPA
hydrogel. (b) Proposed mechanism of the anisotropic shrinkage of the aligned dual-network PEG—PNIPA
hydrogel [79].

There are a number of techniques for patterning, but 3D printing is one of the most promising. Wu
et al. demonstrated the capability of 3D printing tough physical hydrogels that respond differently
to programmed deformations. To print 3D objects using extrusion-based techniques, highly
viscous solutions of poly(acrylic acid-co-acrylamide) (P(AAc-co-AAm)), poly(acrylic acid-co-N-
isopropyl acrylamide) (P(AAc-co-NIPAm)), and/or their mixtures are used [61]. These mixtures
are then submerged in a FeCls solution where metal-coordination complexes work to crosslink the
polymers. To achieve equilibrium, the gel constructs are submerged in a large quantity of water
(Figure 2.17). The use of 3D printing in combination with structural control has enabled
programmed deformations of hydrogels, known as 4D printing hydrogels. During the extrusion-
based printing process, Lewis et al. incorporated stiff cellulose fibrils into NIPAm precursor
solutions that were shear-oriented, resulting in nanocomposite gel fibers with anisotropic swelling
properties [80]. By using 3D printing, such anisotropic gel fibers can be integrated into complex
configurations and deformed in a controlled manner [81]. According to Zhao et al., the formation
of tough double-network hydrogels is achieved by 3D printing physical alginate hydrogel,
followed by polymerization to form the second network [81]. Additionally, tough physical
hydrogel constructs can be created by printing salt-plasticized, polyion-complex solutions into
water, where the gels were formed after removing the salt and forming ionic bonds between the
polymers [62], [63].
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Figure 2.17: Fabrication of 3D-printed, tough hydrogels [61].

Living organisms use their muscles to actuate their body parts in order to perform various tasks.
When picking up an object, the fingers should be bent to the appropriate degree and in the proper
direction. Due to the anisotropic structure of certain hydrogels, which consist of parallel lamella
networks, contraction of the polymer network results in bending of the hydrogel. Another approach
relies on self-healing hydrogels, making the assembly of the hydrogel blocks into an integrated
system possible. This results in composite motion of the integrated hydrogel. Yu et al. have
developed a general, controllable strategy for constructing anisotropic nanocomposite hydrogels
consisting of highly ordered lamellar precious-metal nanostructure assemblies (e.g. Ag, Au, Pt,
and Cu). The hydrogels are fabricated by self-assembling metal nanostructures modified with
thiolates as highly branched crosslinkers during in situ polymerization [64]. Silver
nanoparticle/polyacrylamide (SNPP) hydrogels, as a typical example, exhibit exceptional
anisotropic mechanical properties in addition to high strength. Through the interaction of the PAM
network around lamellar silver assembly architectures, the tangent modulus parallel to the lamellae
is 3.9 times greater than the tangent modulus perpendicular to the lamellae. There is also notable
anisotropy in optics and swelling behaviour as well (Figure 2.18).
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Figure 2.18: Hlustration of how SNPP hydrogel is formed [64].
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Skin

The largest organ in the human body, skin possesses anisotropic tensile, self-healing, and
conductive properties that serve its role as a protective barrier between the rest of the body and the
external environment. As the most superficial layer of the body, skin also plays a major role as a
sensory organ for mechanical, thermal, and electrical stimuli. By selecting specific additives, these
sensory capabilities can be imparted on hydrogels, allowing them to better replicate the function
of skin in the body.

Taking inspiration from the structure of DNA, Q. Zhang et al. used a combination of adenosine
monophosphate and quaternized chitosan (QCS) as additives to develop a polyacrylamide-based
fatigue-resistant hydrogel with self-healing abilities and used sodium chloride in their design as a
conducting agent. Stretching was used to make the resultant gel anisotropic, and under tension the
QCS chains acted similarly to collagen in the body, contributing to the tensile strength of the
material [55].
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Figure 2.19: Stress strain curve for Q. Zhang et al.'s hydrogel model [55].

Polyacrylamide is a commonly used polymer in skin mimicking systems due to its mechanical
strength along with its softness that is similar to human skin. Xia et al. also used polyacrylamide
along with gold-polydopamine in a glycerol-base hydrogel and reported good adhesion to a
number of substrates, high stretchability, and self-healing abilities [82]. In another instance of
biomimicry, J. Zhang et al. copied Merkel cells, which act as mechanoreceptors in human skin, to
develop an ionic hydrogel capacitive pressure sensor. This was done by combining collagen fibers
with multi-walled carbon nanotubes and hydrolyzing the matrix in a NaOH and urea solution to
create a 3D gel. The resultant gel contains pores to allow for the migration of ions throughout the
network [83].

With respect to electronic sensing, conductive additives or wires can be incorporated into
hydrogels to impart desired properties. Pan et al. used a proanthocyanin/reduced graphene oxide
network in a PVA-borax hydrogel that was plasticized using glycerol [56]. D. Zhang et al. used a
two-step method to fabricate cellulose biomimetic hydrogels, distributing a polyacrylamide
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network throughout porous cellulose hydrogels. Their process resulted in a combination of
collagen and elastin fibers in the hydrogel, which are the main components in human skin [57]. Yi
et al. prepared a mold laden with ultrahigh molecular weight polyethylene (UHMWPE) fibers
which provide a strain-limiting effect and impart an anisotropic property on the polyacrylamide
gel [58]. Jo et al. took a similar approach, using a metallic nanowire as an electrode in a silk protein
hydrogel [84]. These wires and fibers appear to be analogous to the Langer lines in human skin
which dictate the anisotropic tensile properties of the skin. Taking a cue from the structure of
plants, Yang and Yuan developed a zwitterionic biomimetic skin using cellulose nanocrystals
(CNCs) as a filler in their hydrogel. The low density and significant hydrogen bonding capacity of
CNCs enable them to act as a bridge throughout the hydrogel matrix, notably improving the
mechanical properties of the hydrogel. Yang and Yuan reported a maximum tensile strength of 0.61
MPa as well as a maximum compressive strength of 7.5 MPa [59].
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Figure 2.20: Yi et al's use of wires to mimic Langer Lines in a hydrogel model [58].

All of the skin-mimicking models discussed thus far have replicated skin using a single-layered
approach. As mentioned earlier, human skin is a multilayered organ with the dermis providing the
bulk of the mechanical properties due to its abundance of collagen and elastin fibers, and the
epidermis providing significant barrier properties as the most superficial layer of the organ. Full-
thickness, multi-layer skin models better represent the physiological structure of the skin while
also possessing greater structural stability and improved barrier properties. [85] This makes the
models more useful in applications such as surgical training models, cosmetics testing, and drug
delivery where factors such as the thickness of the skin or diffusivity are important parameters.

Kwak et al. used gelatin methacrylate to construct a 3D hydrogel that represented the dermal and
epidermal layers of the skin. To better replicate the structural properties of the skin, Kwak et al.
incorporated fibroblasts into the dermal portion of the model and HaCaT keratinocytes into the
epidermal section. By using a softer gelatin methacrylate matrix for the dermal portion and a stiffer
matrix for the epidermal, the team was able to effectively replicate the layered structure of skin
[86]. Wang et al. also used fibroblast and keratinocyte cells to accomplish a full thickness hydrogel
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model, but instead opted for an interpenetrating polymer network as opposed to a layered model.
This allowed for cells to better proliferate throughout the model by developing a dynamic network
as opposed to a stubborn one. Wang et al. reported Young’s moduli between 20-32 kPa and
elongations at break of 50-70% [87].

Benefits & Drawbacks

Various types of hydrogels are utilized in tissue mimicking applications due to their softness and
hydrated properties which resemble natural tissues. Both natural and synthetic hydrogel tissue-
mimicking materials have been tailored to provide specific mechanical properties, controlled
biodegradability, appropriate biochemical signaling, and architectural features that facilitate the
mimicry of each component. However, the field also acknowledges certain drawbacks associated
with hydrogels. Peppas & Khademhosseini shed light on the challenges and limitations of
hydrogel-based approaches. Issues such as mechanical strength, and long-term stability pose
significant hurdles in their widespread adoption, calling for innovative solutions and further
research [88], [89]. Despite these challenges, hydrogels continue to hold promise in various
biomedical applications. Annabi et al. discuss their potential as elastic sealants for surgical
procedures, showcasing the versatility and adaptability of hydrogel-based materials in addressing
clinical needs [90].

Some of the most pertinent mechanical properties of skin include its self-toughening abilities and
its anisotropy. The tunable qualities of hydrogels provide an opportunity to better mimic these
properties by manipulating the concentrations and selection of polymers that constitute the base
gel as well as the crosslinking techniques that dictates the flexibility of the hydrogel. [55], [82]
With respect to the anisotropic properties, the effects of additives including one-dimensional
nanomaterials such as cellulose nanocrystals, or macro materials such as wires, are analogous to
those of Langer lines [58], [84]. One significant drawback for existing hydrogel models of skin is
the ability of the gels to maintain consistent performance under cyclic stress as skin experiences
in vivo. Another is the tendency of hydrogels to lose moisture to the environment which
jeopardizes the physical structure and mechanical properties of the hydrogels.

Similarly, the benefits of replicating cartilage using hydrogels lie in their tunable qualities. A
number of studies have used a layering approach to effectively represent the gradient nature of the
chondrocytes that provide articular cartilage with its mechanical properties [66], [67]. Current
drawbacks for using hydrogels to replicate cartilage include the lack of data pertaining to: (i) the
longevity of hydrogels in vivo, (i1) the fatigue resistance of the models, and (ii1) the
biocompatibility and bioactivity of the hydrogels. There is still a need for more research and
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material development before hydrogels can be considered a viable candidate for in vivo cartilage
replacement [91].

Hydrogels present significant benefits for mimicking muscle tissue, primarily due to their high
water content, tunable mechanical properties, ability to form 3D structures, and
biofunctionalization capabilities [92], [93]. Their resemblance to the hydrated environment of
natural tissues makes them more similar to the environment in the body and conducive to cell
encapsulation and proliferation [94]. Moreover, the mechanical properties of hydrogels can be
adjusted to mimic those of native tissues by altering parameters such as polymer concentration and
crosslinking density [93]. However, challenges exist in utilizing hydrogels for muscle mimicry.
Their limited mechanical strength and stiffness compared to native tissues may compromise their
ability to withstand physiological loads and maintain structural integrity over time [89]. Swelling
and degradation in aqueous environments pose additional concerns, potentially altering
mechanical properties and releasing degradation by-products [95]. The dense network structure of
hydrogels could also impede nutrient and oxygen diffusion, impacting cell viability and tissue
development. Furthermore, poor cell penetration into dense hydrogel networks may limit tissue
integration, particularly in thick constructs or in vivo settings [96].

Moreover, hydrogels present promising prospects for tendon and ligament regeneration due to their
biocompatibility, tunable mechanical properties, and ability to encapsulate cells and bioactive
molecules [97]. They create a supportive environment for cell survival and tissue regeneration
while offering the flexibility to match native tissue mechanics through adjustments in composition
and crosslinking [98]. However, challenges such as limited mechanical strength, swelling, and
diffusion restrictions must be addressed to ensure their long-term efficacy in tissue engineering
applications [99]. Despite these drawbacks, ongoing research aims to optimize hydrogel design
and functionality, unlocking their full potential in promoting the regeneration of functional tendon
and ligament tissue.

Conclusion

Hydrogels are biomaterials with many potential applications in tissue mimicry and regenerative
medicine. The literature highlights their benefits and drawbacks, shaping their role in mimicking
muscles. In summary, each system of hydrogels—offers unique advantages and drawbacks for
creating materials that mimic the mechanical properties of each component. The choice of method
depends on specific application requirements, such as structural complexity, mechanical
properties, and biocompatibility, and the intended use in tissue engineering and regenerative
medicine. Hydrogels offer several advantages for creating materials that mimic the mechanical
properties of muscles, including high water content, tunable mechanical properties, 3D structure,
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and biofunctionalization capabilities. However, challenges such as limited mechanical strength,
swelling and degradation, diffusion limitations, and poor cell penetration need to be addressed to
optimize the performance and functionality of hydrogel-based scaffolds for tissue engineering and
regenerative medicine applications. Additionally, while hydrogels offer significant promise for
tissue engineering, addressing their inherent limitations is essential to harnessing their full
potential in promoting tissue regeneration and functional recovery in these critical musculoskeletal
structures. Continued research and innovation in hydrogel design and optimization hold the key to
overcoming these challenges and advancing the field of tissue engineering.
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3. Experimental Work

This chapter presents the experimental section of this thesis. Here, PVA hydrogels are modified
using a solvent exchange with glycerol and thermal annealing to improve the compressive modulus
and yield strength of the hydrogels. The results are presented, and key findings are identified and
discussed.
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The Effects of Solvent Exchange and

Annealing on the Compressive Properties of
PVA Hydrogels

Chukwunonso Moneme, Paula Wood-Adams

Abstract

In the world of tissue engineering, hydrogels are growing in popularity as a tissue mimicking
material due to their tunability and softness. Many techniques have emerged over the years to
improve the mechanical performance of these materials and allow them to more closely simulate
biological tissues. One such technique, annealing, is commonly used to develop tough PVA
hydrogels for tensile loading applications such as mimicking skin or muscle. This work explores
the efficacy of thermal annealing and solvent exchange in the development of hydrogels intended
for compressive loading applications such as mimicking cartilage. Hydrogels were prepared using
an adapted double solvent exchange method, and underwent compressive testing after being
annealed for 0, 30, 60, 90, and 120 minutes. FTIR and DSC were used to investigate the thermal
and chemical behaviour of the hydrogels in different stages of development. The FTIR results
showed evidence of conformational changes in the hydrogel throughout development, as well as a
lack of chemical reactions. The DSC results contained evidence of plasticization due to residual
glycerol from the solvent exchange processes. The resultant hydrogels possessed increased
compressive moduli and yield strengths with increased annealing time up to a peak time of 90
minutes.
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Introduction

Hydrogels are a class of material of interest in the domain of tissue engineering as potential
candidates for the simulation of biological tissues. At its most basic, a hydrogel is a network of
polymeric material dispersed through an aqueous matrix. Hydrogels are soft, customizable, and
highly tunable, which makes them attractive candidates in tissue engineering where mimicking
each type of tissue may require different properties. In their most simple state, however, hydrogels
do not tend to possess the mechanical strength or resilience necessary to simulate biological tissues
which regularly undergo repetitive mechanical stresses. To overcome this, a number of techniques
and strategies have been developed over the years to strengthen and toughen hydrogels. Some
examples of these include combining different types of polymers into one hydrogel, producing
double network or interpenetrating network hydrogels, twisting and braiding hydrogels together
to mimic the structure of muscles, and using additives to promote greater crosslinking, or otherwise
manipulate the properties of the gel.

One technique that is quite simple in both concept and execution is annealing. This involves
heating up a hydrogel beyond the crystallization temperature of the polymer to condense the
polymer molecules and facilitate increased crystallization. This increased crystallization bolsters
the mechanical properties of the polymer. This technique is quite extensively used in tensile
applications, which are very important when simulating tissues such as skin, muscle, tendons, or
ligaments. There are, however, tissues such as cartilage which do not undergo tensile stresses as
much as they do compressive loads. Much of the literature around annealing of hydrogels explains
the impacts of crystallization in the context of stretching and tearing. Lin et al. even uses annealing
to develop anti-fatigue-fracture hydrogels that can “maintain robustness under cyclic mechanical
loads” within the context of tensile loading [73]. There is, however, a lack of data in the literature
about the efficacy of thermal annealing as a technique in developing strong hydrogels to undergo
compressive loading. An important limitation of annealing, though, is that it requires relatively
high temperatures, around or exceeding 100 °C. Given the vaporization temperature of water,
annealing thick hydrogels can result in a loss of volume that is not easily restored. There has been
recent research, however, on a wet annealing process to produce hydrogels that could circumvent
that issue entirely [71]. This technique employs solvent exchange processes and combines it with
thermal annealing to produce mechanically strong hydrogels. This work aims to explore if such a
process could be effective in producing hydrogels intended to undergo compressive loading. This
will allow for the evaluation of the utility of this technique in the development of hydrogels
intended to simulate tissues such as articular cartilage in the human body.
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Methodology

Developing Hydrogels

First, 15 wt.% of neat PVA (from Sigma-Aldrich, Mw 85 - 124 kg/mol, >99% hydrolyzed) was
added to a beaker with a stir bar, followed by distilled water. The beaker was then covered to
minimize evaporation and placed on a stirring hot plate at 160 °C and 400 rpm. Mixing was
continued for 3 hours, then the speed and temperature were both turned down to allow bubbles to
move to the surface of the mixture. Small volumes, of ~ 5 mL, were placed in the freezer overnight
at -20 °C. Afterwards, the gels were allowed to thaw at room temperature for 2 hours. The
hydrogels were placed in an excess of glycerol for 48 hours to allow for solvent exchange. The
resultant organogels were then annealed in a furnace at 100 °C for times ranging from 0 to 120
minutes. After annealing, the gels were submerged in water for 48 hours to finish the second
solvent exchange and once again produce hydrogels.

To facilitate discussion, the gels will be referred to as the “initial hydrogel” after they have been
freeze-thawed but before further modification, “organogel” after undergoing the first solvent
exchange to glycerol, and “rehydrated” after the second solvent exchange back to water. Different
annealing times will be indicated by “unannealed” for 0 minutes and 30, 60, 90, or 120 min
accordingly for the rest.

Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was used to investigate the bonds present in the
hydrogels throughout their development. The FTIR tests were conducted at wavelengths ranging
from 500 — 4000 nm. Each sample was tested in three different locations and the intensities of each
test were averaged to obtain the curves for each specimen.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to investigate changes in the crystallinity and
thermal behaviour of the hydrogels throughout their development. The DSC was conducted from
25—-250°C at a heating/cooling rate of 5 °C/min on a heat-cool-heat cycle. The cooling and second
heating peaks of each of the curves were analyzed using the TA Universal Analysis software. The
first heating curves were omitted due to inconsistencies in the shapes and numbers of peaks. Each
test was performed in triplicate, and the values obtained from the peak analyses were averaged.
One-way ANOVA analysis with a Tukey post-hoc test was conducted for the melting and
crystallization peaks after different annealing times.
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Compression Testing

Compression tests were conducted on a Universal Testing Machine (UTM) from Hoskin Scientific
using a 5000 N load cell. The gel samples used were discs and the diameter and thickness of each
disc were measured using a calliper. The data obtained was modified to present strain as a
percentage (¢) of the initial length (Lo), and stress (o) in Pascals from the recorded force (F) and
the initial cross-section area (A4). Each sample was subjected to 8 replicates due to a significant
variation in the data. Outlier analysis was conducted, and the results of the compressive modulus
and yield strength after different annealing times were put through a one-way ANOVA analysis
with a Tukey post-hoc test.

The curves obtained were viewed on a double logarithmic scale to determine the periods of
linearity at the beginning of each curve. A strain range of 0.5-5% was identified as the linear region
for all specimens, and linear regression was used to obtain the slope, taken to be the compressive
modulus of each unique specimen. To identify the yield strength, the linear model was extrapolated
along the full range of each curve. The standardized residuals (7;) were then calculated from the
real residuals (e;) between the linear model and the actual stress, and the mean of the residuals (&)
as shown in Equation 1 [100]. The point at which the residuals for each curve began to consistently
exceed 0.0002 was selected as the yield point, representing the onset of plastic deformation.
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Results
Hydrogel Development

To circumvent the issue of water evaporation, a modified version of the solvent exchange method
performed by Wu et al. was employed to allow the annealing to take place without significant loss
of thickness [71] After solvent exchange the organogels were detectably 18% smaller in diameter
(p<0.001) and 24% in thickness (p<0.001) and they were also tangibly stiffer. The gels softened
and returned to almost their initial size after being submerged in water for 48 hours.

Figure 3.21: Hydrogels after being frozen and thawed (left) and organogels after the solvent exchange to glycerol (right).
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FTIR

A comparison of the FTIR spectra for the materials used in developing the hydrogel, as well as the
spectrum for one annealed and rehydrated hydrogel sample, is displayed in Figure 3.2 below. The
PVA spectrum contains a broad band at 3300 ¢cm™ attributed to hydrogen bonding and -OH
vibrations. Due to the significant presence of OH groups in the structure of both water and glycerol,
this broad band is present in all spectra. The peak located at around 2880 cm! is assigned to CH
bonds as are the peaks at around 1430 cm™!, and the peak located at 2930 cm™! is assigned to CH»
bonds [101]. Other than the 3300 cm™ OH band, the neat water spectrum only contains one other
band at around 1700 cm™. While bands in this region are commonly associated with carbonyl
groups, here this band actually represents the H-O-H bending resonance of water [ 102]. Lastly, the
glycerol spectrum contains the OH peak at 3300 cm™, CH> and C-O-H stretches overlapping
between 1210 and 1420 cm™, and most uniquely, a series of C-O stretches representing primary
and secondary alcohols between 990 and 1110 cm™ [103]. The final spectrum of the annealed and
rehydrated hydrogel displays a combination of bands from the three components’ spectra,
especially PVA and water.
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Figure 22: Comparison of the FTIR spectra of the hydrogel components.

Figure 3.3a below compares the FTIR spectra of the gels at different stages in the process. From
top to bottom the spectra represented are of the hydrogel after being frozen and thawed, then the
organogel after the first solvent exchange, the same organogel after being annealed for 60 min, and
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lastly the rehydrated hydrogel. Comparing the bands of the initial hydrogel and organogel spectra,
the notable reduction in the HOH peak of water at around 1700 cm combined with the
amplification of the CHz and CH peaks at around 2900 cm™ and the introduction of the alcohol
peaks at around 1000 cm™! indicate that the solvent exchange from water to glycerol occurred as
expected. When the organogel is annealed, the HOH peak almost entirely disappears, and the CH
and alcohol peaks are further amplified. This indicates that residual water is evaporated during
annealing. Upon rehydrating the annealed gel, the spectrum returns to a form similar to the initial
hydrated spectrum.

The amplitudes of the PVA associated peaks of the rehydrated gel fall between that of the initial
hydrogel and those of the organogels, as shown in Figure 3.3b below. Specifically, the rehydrated
spectrum shows amplifications in the CH> and CO peaks at 2935-2950 cm™ and 1090-1100 cm’!,
respectively, as compared to that the initial hydrogel. This indicates that the conformation of the
PVA network chains in the organogel is partially preserved in the rehydrated sample. The shoulder
in the rehydrated spectrum at 1046 cm™ indicates that a small amount of glycerol remains in the
hydrogel matrix after rehydration. The lack of new peaks throughout the process suggests that no
chemical changes are occurring.
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Figure 3.3: (a) Comparison of the FTIR spectra for the hydrogel at different stages of development. (b) Amplitudes of CH>, and
CO peaks for each spectrum.

Figure 3.4 below contains the FTIR spectra for each of the organogels and rehydrated gels after

30, 60, 90, and 120 minutes of annealing. Annealing time has no significant effect for either the

organogels or hydrogels. There is, however, a notable difference in the spectrum between the

unannealed organogel and the annealed organogels. This is believed to indicate a conformational

change of the PVA network that occurs during annealing for at least 30 min.
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Figure 23: FTIR Spectra of organogels and hydrogels after annealing at different times

Figure 3.5 below shows the DSC thermograms of two series of hydrogels. The first series is the
initial hydrogel that is simply PVA solubilized in water, frozen, thawed and annealed (in water) for
varying times. The second series is the hydrogel which underwent solvent exchange to glycerol
prior to annealing in glycerol, and then rehydration in a second solvent exchange process. In Figure
3.5b we observe a notable shift in both the melting and crystalline peaks as annealing time
increases, while no such shift is observed in Figure 3.5a with the peaks overlapping quite neatly.
Since the only difference in the samples tested is the solvent exchange with glycerol, it stands to
reason that this shift is a result of some interaction between the hydrogel structure and glycerol.
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Figure 24: DSC thermograms of (a) initial hydrogels and (b) rehydrated hydrogels.

In Figure 3.6, we see a minimum crystallization temperature after 90 minutes of annealing.
However, the one-way ANOVA test also indicates a lack of statistical dependence on annealing
time, with high p-values (p>0.05) for the melting and crystallization peak temperatures.
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Figure 25: Graphs showing the peak temperatures for the melting (endotherms) and crystallization (exotherms) peaks. Data
included is the average of 3 repeats per specimen.

Compression

The compression test results across different annealing times shows similar trends in the
compressive modulus and yield strength of the hydrogels. There was a steady increase in both
modulus and yield strength (p = 0.015 and 0.001, respectively). Pairwise post-hoc comparison
indicated that it took 90 minutes of annealing for modulus (p = 0.021) and yield strength (p =
0.001) of the PVA to detectably increase.
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Figure 26: The compressive modulus and yield strength of rehydrated hydrogels with different annealing times. Data points are
the mean of 8 repeats per specimen, with bars indicating standard error. P-values for the compressive modulus and yield
strength are 0.015 and 0.001 respectively. Homogeneous subsets are indicated with asterisks (*, **).

Comparing the compressive properties of the hydrated samples to the organogels, there is a
significant difference between their values. While the hydrogel samples had a maximum modulus
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and strength of approximately 572 and 3650 Pa respectively, the organogel samples had maximum
values of approximately 1880 and 7000 Pa respectively. There was also a considerable increase in

both properties of the organogels after annealing.
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Figure 27: The compressive modulus and yield strength of hydrogels at different stages of the process. Data points are the mean
of 8 repeats per specimen, with bars indicating standard error.

Comparing the initial hydrogel to the rehydrated hydrogel after both solvent exchange steps, but
without annealing in between, there is a reduction in the compressive moduli of the gels. The
rehydrated hydrogel in this case had a compressive modulus of 28 Pa while the initial hydrogel
had a modulus almost twice that at 52 Pa, as shown in Figure 3.9 below.
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Figure 28: The compressive modulus of the initial and rehydrated unannealed hydrogels, as well as the unannealed organogel.
Data points are the mean of 8 repeats per specimen, with bars indicating standard error.
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Discussion

The double solvent exchange method of hydrogel production process outlined in this work makes
use of two distinct mechanisms. One is thermal annealing, and the second is the solvent exchange
with glycerol.

The compression test results confirm that thermal annealing does increase the compressive
modulus and yield strength of the hydrogels, with a significant improvement at around 90 minutes
of annealing. The fact that the samples that were annealed for 90 minutes outperformed the samples
that were annealed for 120 minutes is in line with similar tensile tests performed by Wu et al. [71].
This result implies that the annealing time can be optimized depending on the components and
properties of the desired hydrogel. The FTIR results also suggest that these differences in
mechanical properties are not due to any chemical differences in the makeup of the hydrogel
components, meaning that the introduction of glycerol did not produce byproducts or molecular
changes in the hydrogel matrix. The differences in the FTIR spectra for the initial and rehydrated
hydrogel suggest that the hydrogel underwent conformational changes throughout its
development, and that a small amount of glycerol remained in the hydrogel matrix after the second
solvent exchange back to water. Glycerol has been reported to have a plasticizing effect in PVA
networks and has also been reported to lower the melting and crystallization temperatures of the
polymer [104], [105]. Since plasticizers increase the mobility of polymer molecules, the presence
of glycerol in the system should correspond with a reduction in the modulus of the hydrogel. This
is observed in the compression data as seen in Figure 3.9, which shows that when the hydrogel
undergoes a solvent exchange to glycerol and another back to water with no annealing in between,
the compressive modulus decreases by almost 50%, from 52 Pa to about 28 Pa.

While the presence of trace amounts of glycerol in the hydrogel matrix reduces the compressive
modulus of the hydrogel, the organogel possesses a modulus almost double that of the hydrogel
after rehydration. This can be attributed to the compacting of the PVA chains that occurs in glycerol
due to its nature as a poor solvent for PVA [71]. This densification of the hydrogel reduces the
distance between PVA molecules which can be seen in the change in the physical dimensions of
the gel after it was soaked in glycerol. This compacting of the polymer chains allows the
interactions between the PVA molecules to overcome the interactions between PVA and glycerol,
which facilitates greater crosslinking through crystallization. As the gels are annealed, changes
occur in the conformations of the amorphous segments of PVA, which forms a stronger 3-
dimensional network. This results in an impressive modulus of 1880 Pa before the second solvent
exchange back to water, which is also a significant change from a modulus of about 575 Pa in the
organogel before annealing. The FTIR results in Figures 3.3b and 3.4 indicate that the
conformational effect of glycerol and annealing is at least partially retained after the second solvent
exchange to water due to the physical crosslinking. This ultimately results in the improved
mechanical properties of the rehydrated annealed samples as compared to those of the rehydrated
unannealed samples as seen in Figures 3.7 and 3.8.
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Conclusions

Based on the results presented, it is apparent that thermal annealing in glycerol can be an effective
strategy for producing hydrogels with improved compressive mechanical properties in addition to
tensile properties. The issue of losing volume in the hydrogel due to the evaporation of water at
high temperatures is also avoided through the solvent exchange process. Solvent exchange, with a
poor solvent for the polymer, as glycerol is for PVA, further promotes crystallization and produces
a stronger 3-dimensional hydrogel. While the solvent exchange facilitated a more effective
annealing process and greater crystallization in the PVA hydrogel matrix, the double solvent
exchange process does not improve the mechanical properties of the hydrogel without thermal
annealing. Similarly, thermal annealing without the solvent exchange results in highly compacted
hydrogels due to the evaporation of water which provides the hydrogel with its volume. It is also
important to note that the DSC and FTIR both showed evidence of residual glycerol remaining in
the rehydrated gel matrix. Though the impact this had on the mechanical properties was not
particularly significant, it is important to take note of, especially if the hydrogel were to be used in
in vivo applications. While the hydrogel showed improved mechanical properties, the organogel
showed the best mechanical properties due to the densification of the PVA network. This suggests
that other toughening strategies such as double network gels may be more effective techniques in
developing hydrogels for compressive loading applications depending on the desired mechanical
properties [106], [107].
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4. Conclusion & Future Work

This work explored the utility and potential of hydrogels in tissue engineering applications.
Chapter 2 outlined many developments that have emerged in recent years which improve the
mechanical properties of hydrogels and allow them to mimic other functions of biological tissues
such as self-healing, conduction, and stimuli-response. There is still work to do to address the
limitations that are inherent to hydrogels, especially their mechanical strength, swelling and
degradation behaviour, and diffusion limitations. Addressing these challenges could unlock a
greater range of applications in tissue replacement and regeneration. Chapter 3 looked specifically
at the development of hydrogels for compressive loading, which are relevant in mimicking tissues
such as cartilage. Ultimately, this study demonstrated that thermal annealing can be an effective
strategy for the development of hydrogels with improved compressive mechanical properties.
While standard annealing would evaporate the water in the hydrogel matrix, the solvent exchange
method not only maintained the volume of the hydrogels, but also densified the gel, facilitating
more extensive crosslinking during annealing. The combination of these two techniques resulted
in notably improved compressive mechanical properties.

4.1. Future Work

The research outlined in Chapter 3 would be well complemented with some further development
and experimentation that could not be included in this work due to resource limitations. First, a
more thorough investigation into the optimization of the hydrogel network by using different
concentrations of PVA and glycerol could provide more information about the interactions between
the components and the extent of the impact that the solvent exchange can have on the mechanical
performance of the hydrogel. Moreover, conducting fatigue testing on the developed hydrogel
could provide deeper insights into the longevity of the hydrogel and the consistency of the
improved mechanical properties under continuous cyclical compressive loading. Lastly, while the
method explored in Chapter 3 produced tougher hydrogels, the maximum compressive modulus
and yield strength were 572 and 3650 Pa respectively. These are both significantly lower than the
same values of biological cartilage, 0.5-1 and 10 MPa respectively, as identified in Chapter 2. To
achieve these values, incorporating an interpenetrating network approach with the solvent
exchange and annealing could be a viable approach. Combining these techniques would further
densify the system and increase the crystallization, both of which would improve the mechanical
properties of the hydrogels system.
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Appendix A — Yield Point Determination

This appendix presents the graphs of the standardized residuals in the linear segment of one
compression curve and how it relates to the selection of the yield point.
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Compression results of one curve compared to its standardized residuals, with the yield point identified by a dashed line.
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Appendix B — Statistical Analysis

This appendix contains the results of the one-way ANOVA analyses conducted for the data
contained in Chapter 3, as well as the Tukey post-hoc analysis. All analyses were done in SPSS.

ANOVA
Sum of
Squares df Mean Square F Sig.
CompModulus  Between Groups 1639510.370 4 409877.692 3604 015
Within Groups 3881013157 a5 113743233
Total 5620623627 38
YieldStrength  Between Groups  43832095.042 4 10958023.760 5712 001

Within Groups 67147858227 35 1818510.264

Total 110979954 27 38

CompModulus YieldStrength
Tukey HSD® Tukey HSD?®

Subsetforalpha=0.05 Subsetforalpha=0.05
AnnTimes I 1 2 AnnTimes M 1 2
.00 8 277775 .00 8  650.2365
30.00 8 7B.2467 30.00 8 121053496
60.00 8 1451418 1451418 60.00 8 16108507
120.00 8 3611724 3611724 120.00 8 24453003 24453003
90.00 8 571.8217 890.00 a 3649.7649
Sig. .298 A07 Sig. 094 424
Means for groups in homogeneous subsets are Means for groups in homogeneous subsets are
displayed. displayed.
a. lUses Harmonic Mean Sample Size = a. lUses Harmonic Mean Sample Size =
8.000. 8.000.

One way ANOVA and Tukey post-hoc results for the compressive modulus and yield strength across different annealing times.
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ANOVA

Sum of
Squares df Mean Square F Sia.
Tm Between Groups 9.768 4 2.442 26 A&70
Within Groups 184 086 10 16.408
Total 203.854 14
Te Between Groups 3.283 4 821 048 .8g5
Within Groups 180.379 10 18.038
Total 183.662 14
™m Tec
Tukey HSD® Tukey HSD®
Subsetfor Subsetfor
alpha=0.05 alpha=0.05
AnnTimes M 1 ANnTimes I 1
120 3 221 5467 a0 3 1852600
50 3 222.2100 120 3 18565800
60 3 2228333 60 3 1858733
30 3 223.0267 3o 3 186.3000
0 3 223 8367 i 3 186.6000
Sig. 460 Sig. 94
Means for groups in homogeneous Means for groups in homogeneous
subsets are displayed. subsets are displayed.
a. Uses Harmonic Mean Sample a. Uses Harmonic Mean Sample
Size = 3.000. Size = 3.000.

One way ANOVA and Tukey post-hoc results for melting and crystallization peak temperatures across different annealing times.

ANOVA
Sum of
Squares df Mean Square F Sig.
Diameter  Between Groups 181.865 1 181.865 415 688 =001
Within Groups 7.875 18 438
Total 189.740 18
Thickness EBetween Groups 6,682 1 6.682 70.340 =001
Within Groups 1.710 18 045
Total 8,392 18

One way ANOVA results for the dimensions of the initial hydrogel and organogel.
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