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Abstract

Ultrasound imaging has great potential in intraoral diagnosis, due to its
portability, low cost, and low safety risks. A couplant is normally placed between
transducers and tissues for better ultrasound image quality. If applied intraorally, the
couplants should possess good stability in water, robust mechanical properties, as
well as good affinity to transducers and tissues. However, commercial couplants,
such as Aquaflex (AF), are designed for external use and cannot fulfill these
requirements. With great similarity to the extracellular structure, excellent
mechanical properties, and numerous commercialized biomedical applications,
double-network tough hydrogels could act as the potential candidate for couplants.
In this thesis, a review of the ultrasound process and the defects of commercial
couplants, biomedical applications of hydrogels, and mechanisms to synthesize
tough hydrogels are presented first. Methods to quantify mechanical properties,
friction properties, adhesion properties, ultrasound properties, and biocompatibility
are explained next. Then, two types of double-network (DN) hydrogels and their

application in intraoral ultrasound imaging are explored.

In the first theme, Polyacrylamide/Alginate (PAM/Alginate) double-network
hydrogels were evaluated for intraoral ultrasound imaging via a comprehensive

comparison of physical, mechanical, frictional and ultrasound properties to AF. The

1



PAM/Alginate DN hydrogel not only possesses better stability in water as well as
improved mechanical properties and higher coefficients of friction than AF but also
can provide similar ultrasound image quality as AF does. Moreover, the
PAM/Alginate DN hydrogel shows lower cytotoxicity to both cancer (Hela) and
fibroblast cells (MRC-5). With all these significant features, PAM/Alginate DN
hydrogels serve as a proof-of-concept ultrasound couplant with great potential in

intraoral ultrasound imaging.

In the second theme, inspired by the mussel adhesion mechanism, we explored
a poly(vinyl alcohol)-polyacrylamide-polydopamine (PVA-PAM-PDA) hydrogel
synthesized by incorporating PDA into the PAM-PVA double-network for intraoral
ultrasound imaging. The hydrogel not only maintains good stability in water and
superior mechanical properties but also can adhere to different substrates (metal,
glass, and porcine skin) without losing the original adhesiveness after multiple
adhesion—strip cycles. Besides, when applied to image porcine mandibular incisor,
it could provide a similar ultrasound image quality as AF does. With these features,
such hydrogel can serve as the candidate for ultrasound couplant in intraoral

ultrasound imaging.

This work has explored the application of double-network hydrogels to

intraoral ultrasound imaging and provided useful insights into the development of
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multifunctional hydrogel-based interfaces between human tissues and medical
devices for health monitoring and disease diagnosis applications. Via a
comprehensive comparison of the above-mentioned properties to AF, we have
expanded the application of double-network hydrogels to intraoral ultrasound

imaging as the candidates for couplants.

Keywords: Intraoral diagnosis, Double-network hydrogel, Ultrasound imaging,

Frictional properties, Adhesion
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1. Introduction

1.1.Ultrasound imaging

1.1.1. Ultrasound imaging process

The ultrasound imaging process is mainly divided into two parts, ultrasound wave generation
and echo detection and interpretation [1-3]. In the ultrasound generation, the ultrasound wave is
normally produced by a piezoelectric transducer encased in a plastic housing. Phased array
techniques are usually employed to enable the ultrasound machine to change the direction and
depth of focus. Then, the ultrasound wave travels into the body and comes into focus at the desired
depth. Materials on the surface of the transducer enhance the transmission of ultrasound into the
body [4, 5]. Besides, a gel pad is put between the transducer and the patient’s skin to delay signals
for better signal differentiation. However, the ultrasound wave may be reflected where the acoustic
impedance of media changes. In the echo detection and interpretation, the return ultrasound wave
vibrates the transducer, and then the transducer turns the vibrations into electrical pulses which are
detected by the ultrasound scanner and interpreted into ultrasound images. Therefore, to form an
image, the ultrasound scanner needs to determine how long it takes echoes to be received and how

strong the signal is.

1.1.2. The applications of ultrasound imaging and the status of
commercially available couplants
Medical ultrasound is a diagnosis technique developed from ultrasound imaging. It can be

utilized to image internal body structures such as tendons, muscles, joints, blood vessels, and

internal organs [6, 7]. Moreover, it is also applied to help guide biopsies, diagnose heart conditions,



and assess damage after a heart attack. Compared to Computed Tomography (CT) or X-Ray,
ultrasound diagnosis has several advantages [8]. First, it is portable as well as financially
affordable and can provide real-time images. Second, it is non-invasive and extremely safe,
without risks of ionizing radiation. Besides, ultrasound images can demonstrate medical images of
soft tissues with better clarity than X-ray. Additionally, there is not any report about the harmful

effects on humans from the standard diagnostic ultrasound.

During the ultrasound imaging process, gel pads are used as couplants to delay ultrasound
signals away from the initial trigger signals for better signal discrimination and to keep the
ultrasound beam in the focal zone [9, 10]. However, commercially available couplants, such as
AF, are designated for external use. If applied intraorally, AF may face challenges, including low

stability in water, poor mechanical properties, low affinity to transducer and tissues, etc.

1.2.A brief introduction of hydrogels

Hydrogels are three-dimensional (3D) crosslinked polymer networks with high water
content and great similarity to the extracellular matrix (ECM) [11]. Their cross-linking interactions
can be intermolecular bondings (e.g. hydrogen bonding), ionic bonding, and covalent bonding [12].
With different structures and polymer compositions, hydrogels can possess a variety of properties
such as self-healing, temperature-sensitive, pH-sensitive, adhesive, conductive, anti-bacterial, and
biocompatible properties. After the discovery of the first synthetic hydrogel by Wichterle and Lim
in 1954 [13, 14], hydrogels have been widely utilized in the agriculture sector [15, 16], industrial
process [17], diagnostics [18], and bioengineering [19, 20]. Due to their similarities to the ECM,

their applications as biomaterials are also comprehensively explored [21-25].



1.3.The biomedical applications of hydrogels

Different hydrogels with tuned properties were developed for tissue engineering [26], wound
dressing [27], controlled drug delivery systems [28]. A list of commercialized synthetic products
from modified natural polymers are presented in Table 1.1. Therefore, hydrogels could potentially

act as the couplants for intraoral ultrasound imaging.

Product Major Components Main Properties
Granugel® Pectin, carboxymethyl- A transparent and viscous hydrogel for the
(ConvaTec) cellulose, propylene glycol, management of partial and full-thickness
and water wounds. It may be used as a filler for dry
cavity wounds to provide a moist healing
environment
Intrasite Gel® Modified carboxymethyl- Amorphous sterile hydrogel used in dressing

(Smith & Nephew) cellulose (2.3%), propylene  shallow and deep open wounds
glycol (20%), and water

Purilon Gel® Sodium carboxymethyl- Indicated in conjunction with a secondary

(Coloplast) cellulose and water (90%) dressing for necrotic and sloughy wounds as
well as first and second degrees burns

Aquaflo™ (Covidien) Polyethylene glycol, It has a disc-shape that maximizes wound

propylene glycol, and water coverage and helps fill shallow cavities. The
translucent gel allows wound visualization

Woundtab® (First Sulphonated copolymer, The dressing contains a superabsorbent
Water) carboxymethyl-cellulose, hydrogel that can absorb bacteria and retain
glycerol, and water them in its structure.

Table 1.1 Some examples of commercialized hydrogels for wound dressings. [21, 29] Table was

reproduced from [21, 29]

1.4.Existing challenges of conventional hydrogels

Although conventional hydrogels have already been widely used in biomedical applications,
they still face huge challenges for biomedical applications, due to their poor mechanical properties
[30]. Conventional hydrogels are mechanically weak, which could lead to their fracture and tearing

during biomedical applications [31]. Two factors could lead to the brittleness of conventional
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hydrogels. First, conventional hydrogels are normally synthesized from monomers and cross-
linkers via free radical polymerization. Due to the potential difference in reactivity at different
sites, hydrogels are generally heterogeneously cross-linked. When the hydrogels are applied with
external loading, the heterogeneity in crosslinkers leads to the uneven distribution of stress [32].
Besides, when experiencing force loadings, conventional hydrogels do not have energy dissipation
mechanisms, which would lead to the fracture of the hydrogel structure [33]. Therefore, poor

mechanical properties of conventional hydrogels limit their biomedical applications.

1.5.Tough hydrogels

To address the poor mechanical properties of conventional hydrogels, tough hydrogels were
first introduced by Gong et al in 2003 [34]. Tough hydrogels are hydrogels with tensile stress
between 0.1 MPa and 1 MPa and fracture energy between 100 J/m? and 1000 J/m?. Due to their
excellent mechanical properties, they have been proposed for artificial cartilage, wound dressing,

cornea repair material, contact lenses [31, 35].

1.5.1. Methods to synthesize tough hydrogels

As shown in Figure 1.1, to address the aforementioned problems of conventional hydrogels,
different methods are developed to synthesize tough hydrogels, such as increasing the
homogeneity of hydrogels, incorporating the double-network (DN) into hydrogels, and integrating

nanocomposite (NC) inside hydrogels.
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Figure 1.1 Typical strategies for synthesizing tough hydrogels. (A) Tetra-PEG hydrogel
(Homogenous hydrogel). (B) Double-network hydrogel (DN hydrogel). (C) Nanocomposite

hydrogel (NC hydrogel). [36] Image was reproduced from [36]

1.5.1.1. Homogenous tough hydrogels

Homogenous tough hydrogels are synthesized by increasing the homogeneity of
polymerization. Tetra-PEG (Tetra-poly ethylene glycol) is a general example of homogeneous
hydrogels, introduced by Sakai et al [37]. Each macromonomer is derived from PEG (polyethylene

glycol) with a tetrahedron-like structure different in terminal functional groups, either an amine or
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succinimidyl ester. By controlling the unitary molar ratio of two macromonomers, the uniform 3D-
crosslinked structure can be obtained via the formation of the amide bond between their terminal
groups (Figure 1.1A). Although it exhibits the advantages of excellent mechanical properties, in-
situ gel formation, and biocompatibility, it is confined to monomers with the tetrahedron-like

structure.

1.5.1.2. Double-network tough hydrogels

By incorporating two polymer networks with different physical properties into the hydrogel,
the first double-network hydrogel, PAMPS/PAM (poly (2-acrylamido-2-methylpropanesulfonic
acid)/polyacrylamide) hydrogel (Figure 1.1B), was introduced by Gong et al [34]. Due to the
synergistic effect in double-network, DN hydrogels show much better mechanical properties than
two independent structures. To possess good mechanical properties, the first network is typically
designed to be densely crosslinked, acting as the framework, while the second network is usually
loosely crosslinked, employing the energy dissipation mechanism. Therefore, their double-
network structure is normally synthesized via a two-step process: (1) the formation of the
framework of rigid gels via the polymerization and crosslinking in the first step; (2) the formation

of the loosely crosslinked network within the first network in the second step.

Although PAMPS/PAM tough hydrogel has a fracture stress 20 times higher than that of either
PAMPS hydrogel or PAM hydrogel, the PAMPS network is irreversibly crosslinked, and the
fracture of the PAMPS network is unrecoverable. In the stretching process, the PAMPS network
dissipates energy by the fracture of the PAMPS network. Once the energy dissipation layer is
damaged, this type of double-network hydrogel will lose its toughness and function. To enhance

the recoverability of tough hydrogels after fracture, different double-network tough hydrogels



were synthesized via reversibly crosslinked bonding. Suo et al. reported an alginate—
polyacrylamide hydrogels with covalently crosslinked polyacrylamide network and ionically
crosslinked Ca®"-Alginate network in Figure 1.2 [38, 39]. The polyacrylamide network serves as
the framework for the hydrogel, while the Ca*"-Alginate network is reversibly crosslinked and
utilized to employ the energy dissipation mechanism. This hydrogel can possess extraordinary
mechanical properties while retaining its toughness after repeated loadings. Moreover, He et al.
have also developed PVA/PAM (poly (vinyl alcohol)/polyacrylamide) double-network hydrogels
via the freeze-thawing or anneal-swelling methods in Figure 1.3 [40]. PVA/PAM double-network
hydrogels are composed of the physically crosslinked PVA network and covalently crosslinked
PAM network. The PVA network enhances the toughness via the energy-dissipation mechanism,
while the PAM network retains the high stretchability and water content via its long hydrophilic

chains.
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Figure 1.2 (A) Within the alginate-Ca?" hydrogels, the G blocks on different alginate polymer
chains form ionic crosslinks with Ca**. (B) In the PAM hydrogels, the PAM polymer chains form
covalent crosslinks through N, N-methylenebisacrylamide (MBAA; green squares). (C) In the
alginate-PAM DN hydrogels, the two types of polymer networks (alginate-Ca** and PAM) are
intertwined and joined by covalent crosslinks (blue triangles) between amine groups on PAM

chains and carboxyl groups on alginate chains. [38] Image was reproduced from [38]
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Figure 1.3 Schematic illustrations of the preparation of PVA/PAM hydrogels. (A) The control
hydrogel. (B) The F-T (freeze-thawing) hydrogel. (C) The A-S (anneal-swelling) hydrogel. [40]

Image was reproduced from [40]

1.5.1.3. Nanocomposite tough hydrogels

Tough hydrogels can also be developed via incorporating nanocomposite (clay, natural
mineral silicate, and nanoplatelets) into the hydrogel network. Nanocomposite tough hydrogels
were first proposed by Haraguchi and Takehisa [41]. The hybrid structure is achieved via the in-
situ free radical polymerization of specific monomers on the nanocomposite surface after the
homogenous dispersion of nanocomposite in aqueous solutions. Due to the strong ionic and
coordination interaction between the nanocomposite surface and the end groups of the polymer
chain, nanocomposite can serve as multifunctional crosslinkers. In their work, the clay/PNIPAM
(Poly-N-Isopropylacrylamide) Nanocomposite hydrogel (Figure 1.1C) was synthesized with the

clay as the crosslinker. It can have a tensile strength of 0.1 MPa and elongation of over 1000%.



Besides, mussel-inspired adhesive and tough hydrogels, PDA-Clay-PAM (polydopamine-
clay-polyacrylamide) hydrogels, were proposed by Lu et al. via the polymerization of nano-clay-
confined dopamine and crosslinking of acrylamide for wound dressing [42]. As shown in Figure
1.4, with the incorporation of nano-clay, PDA-Clay-PAM hydrogel can have an elongation of over
4000%, the tensile stress of 0.25 MPa, and adhesion of 30 KPa. With the similar design strategies,
reduced graphene oxide/polyacrylamide (rGO-PAM) tough hydrogels are developed for
implantable electronics, and carbon-black nanoparticle/polyacrylamide (CBNP/PAM) tough
hydrogels are synthesized for electricity conduction [43-45]. However, nanocomposites could lead

to potential health risks and reduce the quality of ultrasound images.

dopamine

C

confined nanospace =

0

mussel adhesion in sea water DA oxidization in clay interlayer

& AM monomer
& APS
D . BIS

gel precursors

PDA-clay-PAM hydrogel

Figure 1.4 Schematic illustration of the gelation process of PDA-Clay-PAM hydrogel. [42] Image

was reproduced from [42]
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1.5.2. The application of tough hydrogels

The applications of tough hydrogels are extensively explored via the modification of their
chemical structure. As illustrated in Figure 1.5, tough hydrogels can be utilized as biomaterials
for tissue engineering and drug delivery [46]. Among them, PMMA (poly (methyl methacrylate))

and other tough hydrogels have been commercialized as contact lenses [47-49]. Besides, poly (2-
acrylamide-2-methyl-propane sulfonic acid)/poly (N, N'-dimethyl acrylamide) DN hydrogel and

similar hydrogels have been proposed as artificial cartilage [50, 51]. There is great potential to

expand the biomedical application of tough hydrogels to intraoral diagnosis.

Sensors,
actuators,
microfluidics,
optical
components,
lithograph

Biomaterials,
tissue
engineering,
drug delivery

Artificial
muscles,
robotics, soft
machines

Tough

Flexible
electronics,
battery
components,
reaction
chambers

Sealants,
modulus-
matched
adhesives and
glues

Hydrogels

Separations
technology,
ultrafiltration
membranes

Food materials,
gummi candy

Figure 1.5 The application areas for tough hydrogels with specific fields. [46] Image was

reproduced from [46]

1.5.3. Polymers for double network tough hydrogel

Double-network tough hydrogels are composed of two layers of crosslinked polymer

networks. The polymers for each network have strong impacts on their properties. Among all the
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polymers mentioned above, Alginate, PAM, PVA, and PDA are selected to form the crosslinked

polymer networks for their unique structure and properties explained below.

1.5.3.1.  Alginate

Sodium alginate (Alginate) is the salt of alginic acid, a natural polysaccharide distributed
widely in the cell walls of brown algae. It is hydrophilic and can form viscous gums when it is
hydrated. Alginic acid (Figure 1.6) is a copolymer of (1-4)-linked B-D-mannuronate and C-5
epimer a-L-guluronate in different sequences. When incorporated in hydrogels, alginate can
enhance porosity, cell proliferation, mechanical properties. Hydrogels, composed of alginate, are

widely used in wound dressing, tissue engineering, cell encapsulation, and so on [52, 53].

Figure 1.6 Chemical structure of alginic acid.

1.53.2. PAM

PAM (polyacrylamide) is a polymer formed from the polymerization of acrylamide. With
amide groups, PAM is highly water-absorbent. PAM hydrogels can be formed with acrylamide as
the monomer, N, N'-methylenebisacrylamide (MBAA) as the crosslinker. Via the
copolymerization with other molecules, PAM-based hydrogels, due to their excellent mechanical
properties, can be used to manufacture soft contact lenses and biomaterials for wound dressing.

Although there are concerns about the release of acrylamide, a known neurotoxin and carcinogen,

12



numerous experiments have illustrated that PAM hydrogels still possess excellent biocompatibility

[54-56].

1.53.3. PVA

PVA (poly (vinyl alcohol)), a water-soluble synthetic polymer, can form hydrogels via the
freezing-thawing or annealing-swelling process. At first, PVA dissolves in water at 90 °C, forming
homogenous solutions. In the freeze-thawing process, it is subject to the freezing and thawing
cycle for 2 cycles to form the PVA hydrogels; in the anneal-swelling, it needs to experience a
process of drying, annealing and subsequently immersing in water to form hydrogels [40]. Due to
its well-known biocompatibility, low tendency to protein adhesion, and excellent mechanical
properties, PVA-based hydrogels are widely utilized in cartilage replacements, contact lenses, and

eye drops [57-59].

1.5.3.4. PDA

PDA (polydopamine) is the polymer of dopamine, with great similarity to the structures of
mussel adhesive proteins, synthesized by the self-polymerization of dopamine. Inspired by mussel
adhesion mechanism, PDA has been integrated into hydrogels to enhance their adhesion properties
for numerous biomedical applications, such as DOPA-Fe*" gelatine hydrogel for surgical operation,
PDA-Clay-PAM hydrogel for skin regeneration, and PDA—-pGO-PAM hydrogels for implantable
bioelectronics [42, 43, 60-62]. Besides, dopamine acts both as a hormone and a neurotransmitter

in the brain and body, which also illustrates PDA possess extraordinary biocompatibility.
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1.6.0ODbjectives

Although ultrasound imaging has been widely applied in medical diagnosis, there are few
reports about the application of ultrasound to intraoral imaging. Compared to external ultrasound
imaging, intraoral imaging is more complicated. It requires the couplant to have good stability in
water, excellent mechanical properties to fit the intraoral structures, high affinity to tissues and
transducers for the excellent transmission of the ultrasound wave, and biocompatibility. One of the
main barriers is that the couplant (Aquaflex, AF), commercially available for ultrasound imaging,
cannot meet these requirements. Double-network hydrogels, tuned with specific properties, have
been widely used in biomedical applications, which could potentially act as good candidates for

the ultrasound couplants.

The overall goal of this project is to expand the application of ultrasound imaging to the
intraoral diagnosis via the introduction of double-network hydrogels as couplants and evaluate the
feasibility of different DN hydrogels by a comprehensive comparison to the commercial gel pad

(AF). The detailed objectives are listed as follow:

(1) To develop PAM-Alginate double-network hydrogels with different alginate contents,
evaluating their feasibility as couplants through stability in water, mechanical properties, friction
properties, biocompatibility, and ultrasound imaging.

(2) To develop PVA-PAM-PDA double-network hydrogel with different PAM/PVA ratios,
evaluating their feasibility as couplants through stability in water, mechanical properties, adhesion

properties, and ultrasound imaging.
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1.7.Thesis structure

Chapter 1 gives a general introduction of ultrasound imaging, the barrier to intraoral
ultrasound imaging, an overview of hydrogels and tough hydrogels followed by their biomedical
applications as well as different fabrication strategies for tough hydrogels. Besides, the objectives

of this work are briefly explained.

Chapter 2 presents several techniques and methods to evaluate their properties as ultrasound
imaging couplants, including mechanical properties, frictional properties, adhesion properties,

biocompatibility, and ultrasound properties.

Chapter 3 introduces the synthesis of PAM-Alginate double-network tough hydrogels and
comprehensive characterization of their properties, compared to Aquaflex (AF). PAM/Alginate
hydrogels with different alginate contents were synthesized with the covalent crosslinking of
acrylamide and the ionic cross-linking of alginate. Their stability in water, mechanical properties,
friction properties, biocompatibility, and ultrasound properties were demonstrated in comparison

to AF.

Chapter 4 reports the fabrication of PVA-PAM-PDA double-network hydrogels and their
properties. PVA-PAM-PDA hydrogels were synthesized via the incorporation of PDA into PVA-
PAM double-network. Their stability in water, mechanical properties, adhesion properties, and
ultrasound properties were evaluated regarding AF and PVA-PAM hydrogels to evaluate PVA-

PAM-PDA hydrogels as the candidates for couplants of intraoral ultrasound imaging.

Chapter 5 lists the overall conclusions regarding our results and the suggestions for future

work.
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2. Experimental techniques

2.1.Mechanical properties

2.1.1. Stress-strain curve

As shown in Figure 2.1, the stress-strain curve is one of the unique properties of materials,
measured by the amount of deformation (strain) under loadings (stress). The stress and strain can
be normal or shear. They can also be uniaxial, biaxial, or multiaxial. The deformation can come
from compression, stretching, torsion, and rotation. For the intraoral ultrasound application, only
uniaxial stretching and compression are considered. The tensile strain (¢;, equation 1) is calculated
by the extended length (L-Lo) divided by the initial length (Lo). For engineering purposes, the cross-
section area is assumed to be consistent as the initial cross-section area. The engineering tensile
stress (S, also known as nominal stress, equation 2) is determined by normalizing the force (F) by
the initial cross-section area (49). However, the actual cross-section area will decrease while
samples undergo elastic or plastic deformation. Therefore, the true stress (o) is also introduced for

reference via multiplying engineering stress by the strain according to equation 3.

gt:L—LO (1)
LO
F

S=— 2
) (2)

o=¢S 3)
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Figure 2.1 Stress-strain curve showing typical yield behavior.

Normally, the stress-strain curve has three regions (Figure 2.1). The first region is the linear
elastic stage, and the stress is proportional to the strain and follows Hooke’s law. Moreover,
Young’s modulus can be calculated from the slope of the stress-strain curve. In this region,
materials only undergo elastic deformation. At the end of the first region, materials start
experiencing plastic deformation. In the second region, the stress still increases as material
elongates, except that the slope of the stress-strain curve is flat. In the third region, materials
experience heterogeneous deformation and reinforce as the stress concentrates on the small cross-
section. Based on the stress-strain curve, materials can be divided into two categories, brittle and
ductile materials. When subjected to stress, brittle materials fracture with little elastic deformation
and without significant plastic deformation while ductile materials can be plastically twisted

without crack. The hydrogels studied here are ductile materials.

2.1.2. Toughness

Toughness describes the capacity of a material to absorb energy and plastically deform

without fracturing. It can be quantified by the amount of energy per unit volume that a material
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can absorb before rupturing (Figure 2.2). Toughness (U) can be calculated via the area under the

stress-strain curve:

U= I:’ Sde, (4)

where &; is the strain, ¢ is the strain upon failure, and S is the nominal stress.

Rupture
rd

Stress

Modulus of Toughness

Strain

Figure 2.2 The typical curve to calculate the toughness of materials.

Brittle materials, like ceramics, could be strong but possess limited ductility. Therefore, they
are not strong. In reverse, ductile materials with low fracture strain are not tough, either. Materials

must be both strong and ductile to have high toughness. To have high toughness, materials should

have both high stress and high fracture strain.

2.1.3. Fracture energy
Fracture energy is usually defined as the work needed to create a unit area of the fracture

surface, normally used to quantify the intrinsic resistance of materials in fracture mechanics.
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Fracture energy (G) could be influenced by the cross-linking density of the double-network. As is

shown in Figure 2.3, it can be calculated from the average tearing force from the tearing test:

F
G="t
w

)

where F7 is the average tearing force and w is the width of the sample.

initial notch

Figure 2.3 (A) Sample shape (w =5 mm, L = 50 mm, d = 7.5 mm, the length of the initial notch
i1s 20 mm). (B) The tearing method to measure fracture energy. F; is the tearing force, V'p is the

pulling velocity and V is the crack velocity. [63] Image was reproduced from [63]

2.1.4. Compression strength

Compression strength is the capacity of a material to withstand loads that reduce its size. While
tensile strength resists tension, compression strength resists compression. When the compression
strength exceeds the materials’ compression strength limit, some may fracture while others might
deform irreversibly. Like tensile stress, because the cross-section area changes in the compression,

compression strength also has nominal stress (engineering stress) and the true stress. Normally,
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nominal stress (o) is considered, defined as the compression force (£¢) divided by the initial cross-

section area (A4y), as shown in equation 6.

o = £ (6)
AO

2.1.5. Viscoelasticity

Viscoelasticity is part of the mechanical property of materials that possess both viscosity and
elasticity when undergoing deformation. Viscous materials, such as water, resist strain linearly
when the external load is applied. However, elastic materials, such as rubber, immediately return
to their original state after external stress is removed. Viscoelasticity of materials can be studied
with dynamic mechanical analysis, applying small oscillatory stress and measuring the resulting
strain [64]. The dynamic modulus (G) can be applied to demonstrate the relationship between the

oscillating stress and strain:
G=G'+iG" (7)

in this equation, i = -1, G'and G" are storage modulus and loss modulus, respectively,

G'=20coss (8)
&

G"=20sins (9)
80

where o0y, €9, and ¢ are the amplitudes of stress, the strain, and the phase shift between them,

respectively.
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2.2.Friction Properties

Friction is the force that resists the relative motion. It can happen between solid surfaces and
fluid layers. Friction can be categorized into dry friction, fluid friction, and lubricated friction.
Normally, friction between hydrogels and substrates depends on the normal load, the contact area,
hydration, substrate, hydrogel structure, and sliding speed [65]. The Coefficient of Friction (i,

equation 10) is the ratio between friction force (f) and normal force (F£).

p="L (10)

Fluid, like water and oil, can act as a lubricant to reduce the wearing of two solid surfaces,
which could decrease the friction coefficient accordingly. A tribometer is usually used to measure

friction on the surface.

2.3.Adhesion Properties

Adhesion is the capacity of surfaces to cling to the other surface. Based on the mechanism,
adhesion is proposed as mechanical adhesion, chemical adhesion, dispersive adhesion,
electrostatic adhesion, and diffusive adhesion. Mechanical adhesion comes from the interlock of
two surfaces. Chemical adhesion happens when two separate surfaces form ionic, covalent, or
hydrogen bonds. Dispersive adhesion occurs when two surfaces are held together by Van der
Waals forces. Electrostatic adhesion results from the electrostatic interaction between two surfaces.
Diffusive adhesion derives from the diffusion of one end of molecules into the other material.
Normally, adhesion between materials is a mixture of several adhesion mechanisms. Based on the

different demands, numerous test methods are proposed to measure the adhesion in Figure 2.4,
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shear, tensile (vertical), and 180° peel test. Here, the tensile adhesion test method is adopted to

measure the adhesion of hydrogels to different substrates.

1
h
Shear

s !

Tensile 180° Peel

Figure 2.4 Common adhesion test methods.

2.4.Biocompatibility

Biocompatibility quantifies the extent of how the material is compatible with biological
systems. It could be demonstrated by cell cytotoxicity, which quantifies its property of being toxic
to cells. MTT assay, a colorimetric analysis, can be used to assess the cytotoxicity of materials
[66]. In brief, under defined condition, NAD(P)H-dependent cellular oxidoreductase enzymes can
reflect the number of viable cells. These enzymes can reduce the tetrazolium dye, MTT, to its
insoluble formazan, a purple colour. Then, by comparing it to the blank group, the number of

viable cells could be calculated from their color difference in colorimetric analysis.
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2.5.Ultrasound properties

Group velocity, phase velocity, and attenuation coefficient are three important properties of
the ultrasound wave. The ultrasound velocities may vary in different media. When ultrasound
passes through different media, there would be energy loss in the interface and the interior [2, 4,
9]. As Figure 2.5 shows, compared to water as the media, the decrease of amplitude, while the
sample acts as the media, illustrates that the sample can cause energy loss. Besides, the energy loss
could also be influenced by the frequency of ultrasound. The attenuation coefficients characterize
the energy loss when a beam of ultrasound penetrates a volume of materials. The velocity and
attenuation coefficient can be measured with the experiment setup in Figure 2.6. The speed of
sound in water, Vyaer, was 1480 m/s measured from the water pulse, like the value determined by

the expression:

V.. =1402.9+4.835T —0.047016T° +0.00012725T" (11)

water

at 19.5 °C. The speed of sound in the medium can be determined by the group velocity (V) via the

substitution method:

A+

water

where At is the delay time between the arrival times of the reference points of the signals, and 4 1s
the sample thickness. The travelling speeds of the frequency components of the sample signal are

given by the phase velocities (c(w)):
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c(w) = (13)

where  is the angular frequency, and 4¢(w) is the unwrapped phase difference between the water

and sample spectra.
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Figure 2.5 The ultrasound signals: (A) a water pulse; (B) a sample signal; (C) the amplitude
spectrum of the water pulse; (D) the amplitude spectrum of the sample signal. [10] Image was

reproduced from [10]
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Figure 2.6 The schematic illustration of the experimental setup for the pulse transmission method.

[67] Image was reproduced from [67]

Ultrasonic energy loss due to scattering, absorption, and transmission is quantified by the
attenuation coefficient, « (in dB/cm):

(14)

a(w) = % xlog,, l: Ay (@) :|

Asample (a))

where A,er (@) and Asampie () are the amplitude spectra of the water and sample signals, as shown

in Figure 2.5.

2.6.Ultrasound imaging

Different from the experimental setup for the pulse transmission method in Figure 2.6,
ultrasound imaging is normally conducted with SonixTablet portable medical ultrasonic phased
array system (Figure 2.7A, Analogic, Vancouver, Canada) with a 128-element array transducer
(Figure 2.7B, L40-8/12, Analogic, Vancouver, Canada) at 20 MHz. Enamel, gingival, alveolar

crest, and other oral structures can be clearly shown in ultrasound images.
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Figure 2.7 Ultrasound experiment: (A) The touch-screen SonixTablet ultrasound phased array
system. (B) The 128-element L40-8/12 transducer (Analogic, Vancouver, Canada) is positioned

to scan the LCI. [68] Image was reproduced from [68]
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3. Polyacrylamide/Alginate double-network tough hydrogel

for intraoral ultrasound imaging

3.1.Introduction

Ultrasound has been widely used in medical imaging, following the pioneering research of
Wild and Reid in the 1950s [6, 8, 69, 70]. Compared to X-Ray and computed tomography,
ultrasound imaging is portable, more cost-effective, and safer, without the risk of ionizing radiation
[5,7,71,72]. Considering these benefits, there are strong motivations to apply ultrasound to image
dento-periodontal tissues and diagnose periodontal diseases. In ultrasound imaging, gel pads are
often utilized as couplants for two main purposes: to delay ultrasound signals away from the initial
trigger signals for better signal discrimination and to keep the ultrasound beam in the focal zone
[1-4, 73]. However, currently available commercial gel pads, such as Aquaflex (AF), are limited
to external applications. If applied intraorally, couplants should have the following properties: high
stability in water, being resilient enough to conform to the surface of the gingiva (gum) without
fracture, high coefficient of friction to maintain functional coupling with the tissues and transducer
for excellent transmission of ultrasound, and biocompatibility. However, AF may not meet these
requirements. Therefore, it is of utmost priority to develop a biomaterial with properties described

above as the couplant for intraoral ultrasound imaging.

Hydrogels are three-dimensional (3D) crosslinked polymer networks with high water content
and great similarities to the extracellular matrix (ECM) [52, 60, 61, 64, 74-80]. Therefore,
hydrogels potentially serve as ideal candidates for ultrasound couplants. Nevertheless, being

repeatedly stretched to conform to the contour and surface of the dental tissues, the conventional
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hydrogels may lose their integrity and function in such applications due to their poor mechanical
properties [31, 33, 81-85]. Different types of tough hydrogels with excellent mechanical properties,
including interpenetrating (IPN) hydrogels, double-network (DN) hydrogels, and nanocomposite
(NC) hydrogels have been reported [31, 38, 41, 86]. Considering their stability in water,
outstanding mechanical properties, and excellent biocompatibility, they can be potentially applied
as the couplants for intraoral ultrasound imaging. Among these, PAM/Alginate DN hydrogel is
one type of well-studied tough hydrogels, which has been applied in numerous bioengineering
applications [52, 55]. The unique DN structure not only limits the hydrogel to swell in water but
also allows the fracture energy to be dissipated, which provides excellent stability in water and
mechanical strength required in intraoral ultrasound imaging. However, both frictional and
ultrasound properties of the PAM/Alginate hydrogel remain unknown. Besides, a comprehensive

comparison of physical, mechanical, frictional and ultrasound properties to AF is required.

Here, we systematically studied the frictional and ultrasound properties of PAM/Alginate DN
hydrogel and comprehensively compared all the essential properties required for intraoral
ultrasound imaging between PAM/Alginate DN hydrogel and AF. The PAM/Alginate DN
hydrogel not only displays better stability in water as well as superior mechanical properties and
higher coefficients of friction to AF but also possesses similar ultrasound properties compared
with AF. Besides, the developed hydrogel exhibits lower cytotoxicity to both cancer (HeLa) and
normal fibroblast (MRC-5) cells. Given all the features, the PAM/Alginate DN hydrogel has been
successfully demonstrated as the ultrasound couplant to image porcine mandibular incisor. The
PAM/Alginate DN hydrogel may serve as the proof-of-concept ultrasound couplant for intraoral

ultrasound imaging.
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3.2. Materials and Methods
3.2.1. Materials

Phosphate buffered saline (PBS), alginic acid sodium salt from brown algae (Alginate,
medium viscosity), acrylamide (AM, 99%), ammonium persulfate (APS, 98%), N, N'-
Methylenebisacrylamide (MBAA, 99.5%), N, N, N’, N'-Tetramethyl-ethylenediamine (TEMED,
99%), calcium chloride dihydrate (99%) were purchased from Sigma-Aldrich (USA) and used
without further purification. Aquaflex Ultrasound gel pad (AF) was purchased from Parker

Laboratories Inc (USA).

3.2.2. Synthesis of PAM/Alginate hydrogels

PAM/Alginate hydrogels were synthesized by the free radical polymerization of AM and ionic
crosslinking of alginate [38, 87]. For a typical synthesis process, alginic acid sodium salt was
dissolved in 40 mL PBS (pH = 7.4) to form the homogenous alginate solution. Then AM (4.8 g),
MBAA (0.033 g), TEMED (36 pL) and APS (0.012 g) were dissolved in the alginate solution.
After stirring for a half-hour, the mixture was transported into a glass Petri dish followed by
polymerization at 70 °C for 4 hours. Finally, the formed hydrogel was removed from the Petri dish
and immersed in 3 M Calcium chloride solution for 24 hours. A series of hydrogels with 1, 1.5, 2,
2.5, and 3 w/v% of alginate were prepared, which were denoted as H-1, H-1.5, H-2, H-2.5, and H-

3 respectively.

3.2.3. FTIR and microstructure characterization

Fourier transform infrared (FTIR) spectra of acrylamide, alginate and freeze-dried H-2 were

obtained with the Nicolet iS50 FTIR Spectrometer (attenuated total reflectance, ATR mode) over
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a wavenumber range of 500-4000 cm™! with a resolution of 4 cm™!. The microstructure and element
distribution of H-2 were studied by Zeiss Sigma 300 VP Field Emission Scanning Electron
Microscope (FESEM) with the Energy-dispersive X-ray spectroscopy (EDS) at 15 kV acceleration
voltage. Samples were sectioned from the freeze-dried H-2 and sputter-coated with a thin layer of

gold before SEM characterization.

3.2.4. Swelling test

The densities of all the as-prepared hydrogels and AF were determined by calculating their
mass/volume ratios. Their water percentages (WP) were determined by their initial weights (Winisiar)

and their lyophilized weights (Wa-) according to Equation 15.

— (VV;nitial - VVdry)

initial

wP (15)

The swelling test was used to determine the equilibrium swelling ratios and stability of the as-
prepared hydrogels and AF. Lyophilized samples (the as-prepared hydrogels and AF) were
immersed in 20 mL deionized water in sealed vials at room temperature. At the pre-set time
interval, samples were taken out and excess water was removed with filter papers. Following that,
samples were weighed, and their weights were recorded as Wiwen. The test was not finished until
Wiwen kept constant. Then, the equilibrium swelling ratio (ESR) of each sample was determined

using Equation 16.

W W
ESR:M (16)

dry
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To further demonstrate their stability in water, the degradation test of the as-prepared
hydrogels and AF was performed by immersing them in deionized water. At designed time points,
they were taken out, wiped with filter paper to remove excess water, and then weighted. Their

stability in water was monitored by their relative weights (R;):

(17)

where Wininiar1s their initial weights and W, is their weights at ¢ hour.

3.2.5. Mechanical properties

All mechanical tensile tests were conducted under room temperature via an AGS-X universal
tensile test machine (Shimadzu, Japan) with a crosshead speed of 10 mm/min. All samples were
prepared into stripes (50 mm in length x 10 mm in width x 6.5 mm in thickness). The nominal
tensile stress (§) was calculated by the applied force divided by the initial cross-section area while
the stretched/initial gauge length ratio gave the tensile strain. The true tensile stress was computed
by multiplying the nominal tensile stress with the tensile strain [88, 89]. Besides, the toughness

(U) of samples is defined by the area under the nominal stress-strain curve:
_(ér
U=|"sds, (18)

where ¢ 1s the strain, &ris the strain upon failure, and S is the nominal stress.

Fracture energy was measured by the tearing test with the same tensile equipment [63, 90, 91].
Regarding the standardized JIS-K 6252 1/2 sizes, samples were cut into S0mm x Smm X 6.5mm

cuboids with the initial notch of 20 mm. Two arms of each sample were clamped, and a constant
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velocity of 10 mm/min was applied to pull the upper arm with the lower arm fixed. The tearing

force was recorded to calculate the fracture energy (G) by the following equation:

G =

i1 (19)

where F7 is the average force during the tearing and w is the width of the hydrogel.

3.2.6. Friction tests

The frictional properties were evaluated by the ball-on-disc reciprocal tests on an NHR3
Nanotribometer Tester (Anton Paar) under room temperature (25 °C) [65, 92-96]. Samples were
prepared as a disc of 10 mm % 10 mm x 3mm and fixed to the sample holder of the Nanotribometer.
The ball-on-disc test was conducted by sliding against the titanium ball attached to the cantilever
for a full amplitude of 4.00 mm and a frequency of 0.1 Hz. Each sample was tested for six
consecutive periods with the normal force from 1 to 30 mN correspondingly. The average value

of friction force was obtained from the friction curve. The coefficient of friction was computed by:
M= (20)

where u is the coefficient of friction, f'is the friction force, and F), is the normal force.

3.2.7. Ultrasonic characterization

Three ultrasound properties, group velocity, phase velocity, and attenuation coefficient, were
measured using the transmission-through technique in water [10, 67]. The samples were held in
place by a gel pad holder. The water tank contained a pair of 6.35-mm-diameter 20-MHz

unfocused transducers (Olympus NDT V312-N-SU and V317-N-SU, Waltham, MA) mounted
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coaxially in the transducer holders. The two transducers, one as an emitter and the other as a
receiver, were separated by 200 mm with the samples placed at 140 mm, further than the near field
distance (136 mm) from the emitter. The sample holder was placed between two transducers and
orientated so that the ultrasound beam was perpendicular to the surface of samples. Each sample
was measured five times at five different regions of interest (ROI) with each ROI’s location shifted
5 mm from the previous site while maintaining the same sample’s distance from the emitter and
the sample’s surface perpendicular to the transducers. The transmitter was excited by an Olympus
5800 pulse-receiver (Panametrics, Waltham, MA) and the transmitted signals, intercepted by the
receiver, were recorded and stored by a LeCroy WaveSufer 422 digital oscilloscope (LeCroy,
Chestnut Ridge, NY). The signals were sampled at 2 Gigasamples per second at 8-bit resolution,
and the digitized waveform was continuously averaged over 256 times to increase the signal-to-

noise-ratio.

Two signals were recorded without and with the sample in the beam path as a reference signal
through water (water pulse) and a sample pulse. The speed of sound in water, Viaer, Wwas measured
to be 1480 m/s from the water pulse and was similar to the value determined by the expression:

[97]

V.. =1402.9+4.835T —0.047016T° +0.000127257" (21)

water

at temperature, 7 ~ 19.5°C. The speed of sound in the medium can be determined by the group

velocity (V) via the substitution method [10]:

o (22)

—A1+L

water
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where At is the delay time between the arrival times of the reference points of the signals, and 4 is
the sample thickness. In this work, we used the arrival times of the envelope peaks to calculate the
delay time [9]. The travelling speeds of the frequency components of the sample signal are given

by the phase velocities (c(w)):

c(w) = (23)

where o is the angular frequency and 4¢(w) is the unwrapped phase difference between the water
and sample spectra. The useful frequency range, bounded between +6 dB, was determined.
Dispersion is determined by the slope of the linear least-squares regression line fitted to the phase

velocity versus frequency data within the same frequency range.
Ultrasonic energy loss due to scattering, absorption, and transmission is quantified by the
attenuation coefficient,  (in dB/cm):

(24)

a(w)= % xlog,, {—Amf (@) :l

Asample (a))

where Aer (w) and Asample (w) are the amplitude spectra of the water and sample signals. The
attenuation was not corrected for the transmission loss caused by the water-hydrogel interfaces.
Similarly, when the attenuation is normalized by the relevant frequency band, we obtain the

normalized broadband ultrasound attenuation (nBUA) in dB/MHz/cm.
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3.2.8. Ultrasonic imaging

The H-2.5 and AF gel pads were used as couplants for an ex-vivo ultrasound experiment to
compare the imaging clarity. A porcine center incisor was scanned using a SonixTablet portable
medical ultrasonic phased array system (Analogic, Vancouver, Canada) with a 128-element array
transducer (L40-8/12, Analogic, Vancouver, Canada) at 20 MHz. The transducer traversed the
tooth and gingiva on the labial side so that the long axes of the probe and the tooth aligned [13].
A piece of about 5-mm thick gel pad (H-2.5 or AF) was placed between the contact areas to achieve
good coupling and delay the pulse so that the enamel and gingiva were in the focal zone and their
external surfaces could be imaged. Parker Aquasonic 100 ultrasound gel (Parker Laboratories Inc.,
USA) was used to fill in any void or gap between the transducer, gel pad and the porcine tissues.
The system excited all 128 elements with electronic delays to generate an ultrasound beam that
could focus at a desired focal depth and swept across the region of interest to create an image. A

series of images were recorded with a frame rate of 54 Hz.

3.2.9. Cell cytotoxicity

The biocompatibility of H-2.5 and AF was tested by the MTT assay [66, 98, 99]. Briefly, the
H-2.5 and AF were immersed in Dulbecco's Modified Eagle Medium (DMEM, cell cultivation
medium) for 24 hours respectively. Fibroblast cells (MRC-5 cells) and cancer cells (HeLa cells)
were seeded with a density of 6000 cells per well in 100 pL. of DMEM medium onto a 96-well
plate for 24 hours. Then, the culture media were respectively replaced by 100 uL of Fresh DMEM
media, DMEM media containing the H-2.5 extracts, and DMEM media containing the AF extracts.
After the cultivation of cells for 3 hours, the MTT solution was added into the mixture. Following

3 hours of cultivation, the media were removed, and dimethyl sulfoxide was put in to dissolve the
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formazan crystals. The cell cytotoxicity was characterized by the optical density at 570 nm
(ODs70nm) and calculated from the comparison of optical cell density under the condition
with/without the extract. The culture medium and cell suspension (MRC-5 fibroblast cells and

HelLa cells) without the hydrogel extract served as the blank and the control, respectively:

-O0D
570nm,blank x 100 (25)
0D570nm,blank

OD.
Cell viability (%) = —e

570nm,control -

where ODs70nm, samples OD570nm, blank, and OD570um, control, are the optical densities of the sample, the

blank, and the control, respectively.

3.3. Results and Discussion

3.3.1. Fabrication of PAM/Alginate hydrogels

As presented in Figure 3.1, the first network of PAM/Alginate hydrogel was developed via
the free radical polymerization of AM with APS as the initiator and MBAA as the crosslinker,
which produced transparent hydrogels. The second network was formed via the ionic crosslinking
between alginate and calcium ion. After immersing in calcium chloride solution for 24 hours, the

hydrogels turned into pale white (Figure S3.1).
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Figure 3.1 Schematic illustration of the gelation process of PAM/Alginate hydrogels

Figure 3.2A displays the FTIR spectra of alginate, acrylamide (AM), and H-2 (PAM/Alginate
hydrogel). The absorption peak at 1022 cm™' was attributed to the C-O stretching, shown in the
spectra of both alginate and H-2, suggesting the presence of alginate in H-2. The absorption peaks
at 1667 cm™! and 1603 cm™ corresponding to the C=O stretching, appeared in the spectrums of
AM and H-2, indicating the existence of AM in H-2. Besides, the weak absorption peak at 2820
cm’!, resulted from the C-H stretching of the alkene groups in AM and was absent in the spectrum
of H-2, implying the polymerization of AM in the H-2. The surface morphology and
microstructure of H-2 were characterized by FESEM. Figure 3.2B revealed the crosslinking
network structure in H-2. Besides, the flake-like structure of hydrogel in Fig 3.2B could ascribe to
the growth of the calcium chloride crystals along the pore wall of the hydrogel after freeze-drying

[100, 101]. According to the calcium mapping in Figure 3.2C and 3.2D, calcium ions were well
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distributed in H-2, implying the uniform crosslinking of the alginate-calcium network.
Summarized from the FTIR and SEM data, the PAM/Alginate hydrogel was successfully
fabricated with covalently crosslinked PAM network and ionically crosslinked alginate-calcium

network.

A =

Transmittance

Acrylamide

4000 3000 2000 1000

Wave number (cm™)

Figure 3.2 (A) The FTIR spectra of Acrylamide (AM), Alginate and H-2 (PAM/Alginate
hydrogel). (B) The SEM image of H-2 (PAM/Alginate hydrogel). (C) The element mapping site

of H-2. (D). The calcium element mapping in H-2.

The effect of alginate content (1, 1.5, 2, 2.5 and 3 w/v%) on the density, water percentage and

equilibrium swelling ratio of PAM/Alginate hydrogel was studied. As the content of alginate

38



increased from 1 to 3 w/v%, the densities of PAM/Alginate hydrogels almost remained constant
(Figure S3.2). However, due to the increased alginate content, the water percentage of the as-
prepared hydrogels had a slight decrease (Figure 3.3A). In comparison, the water percentage of
AF was 96.4%, much higher than those of the as-prepared hydrogels. Furthermore, the equilibrium
swelling ratio of the as-prepared hydrogels decreased with increasing alginate content (Figure
3.3B), which is attributed to their increased crosslinking density [102]. The as-prepared
PAM/Alginate hydrogels could still maintain the original shape after being immersed in water for
48 h (Figure S3.3). In contrast, the equilibrium swelling ratio of AF could not be accurately
measured as AF was fully dissolved in water due to its low stability (Figure 3.3C), which may

pose potential risks in the intraoral ultrasound imaging.

To further demonstrate the better stability of the as-prepared PAM-Alginate hydrogels
compared to AF, their degradation tests in water were conducted. As presented in Figure 3.3D,
H-3 almost remained initial weight after immersing in water for 50 hours. Moreover, the relative
weight of the as-prepared hydrogels decreased with the increasing alginate content from H-1 to H-
3 due to the increasing crosslinker density. Comparatively, the relative weight of AF sharply
increased at first and then gradually decreased because AF absorbed water and dissolved in the
water. After immersing for 55 hours, AF could only retain approximately half its original weight.
Therefore, better stability in water makes the as-prepared PAM/Alginate hydrogels potential

candidates for couplants.
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Figure 3.3 (A) The water content of the as-prepared PAM/Alginate hydrogels and AF. (B) The
equilibrium swelling ratio of the as-prepared PAM/Alginate hydrogels. (C) Frozen-dry H-2 and
AF swelling in deionized water for 12 hours and 24 hours respectively. (D) The relative weight of

the as-prepared PAM/Alginate hydrogels and AF versus immersion time.

3.3.2. Mechanical properties

The mechanical properties of the as-prepared hydrogels and AF were characterized by
uniaxial tensile tests. Compared to AF, the as-prepared hydrogels show desirable mechanical
properties for intraoral ultrasound imaging. Figure 3.4A presents H-3 at the initial state (left) and

after being stretched three times (right). Figure 3.4B shows the stress-strain curves of the as-
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prepared hydrogels and AF. H-3 could be stretched to five times its initial length while AF could
only be extended to three times its initial length. Moreover, the introduction of alginate can
significantly improve the nominal tensile fracture stress of the hydrogels from 0.047 MPa (1 w/v %
alginate, H-1) to 0.121 MPa (3 w/v % alginate, H-3). However, when samples were stretched, their
cross-section area decreased, and the nominal tensile stress could not reflect the true tensile stress.
Therefore, the true tensile stress of the as-prepared hydrogels was presented as a reference, which
increased from 0.131 MPa to 0.700 MPa from H-1 to H-3 as well (Figure 3.4C). In comparison,
the nominal and true fracture stresses of AF are 0.068 MPa and 0.351 MPa, respectively, which
both fall between H-1.5 and H-2. It is noted that small steps could be occasionally observed in the
stress-strain curve (e.g., H-2.5, Fig 3.4B), which was most likely caused by the possible stick-slip
tearing behavior during the tensile test of double-network tough hydrogels as reported in previous

studies [103-105].

Toughness quantifies the energy dissipated by unit volume material before rupture. The
second network of the as-prepared hydrogels can dissipate energy by reversibly breaking the
ionically crosslinked bonds between alginate and calcium ions. As the content of alginate increases,
the amount of ionically crosslinked bonds per volume increases. It illustrates the rise in the
toughness of the as-prepared hydrogels from 0.0628 MJ/m* (H-1) to 0.4382 MJ/m* (H-3) by
employing the energy dissipation mechanism (Figure 3.4D). However, the toughness of AF is

0.1583 MJ/m?®, which also falls between the toughness of H-1.5 and H-2.
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Figure 3.4 (A) H-3 at the initial and three times stretching states. (B) The nominal stress curves.
(C) The true stress curves. (D) The toughness from the nominal stress curves. (E) The sample

shape (Left, L = 50 mm, w =5 mm, 4 = 6.5 mm, notch = 20 mm) and schematic illustration of the
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tearing experiment (Right, F; is the tearing force, and V is the pulling velocity). (F) The

corresponding fracture energy.

As demonstrated in Figure 3.4E, the fracture energy of the as-prepared hydrogels and AF was
characterized by the tearing test. As the amount of alginate increased, their fracture energy
increased from 35 J/m? to 177 J/m? (Figure 3.4F), which is also ascribed to the energy dissipation
mechanism of the second network. With the increase of alginate content, the crosslinked sites
increase, and energy required to fracture increases. In comparison, AF only has fracture energy of
73 J/m?. Both the toughness and tearing tests show that the as-prepared hydrogels possess much
better mechanical properties than AF. These superior mechanical properties are desirable for the
hydrogels to be used intraorally so that they can conform to the contour and surface of the dental

tissues without spontaneous rupture.

3.3.3. Frictional properties

In general, the frictional interaction between samples and substrates depends on the normal
load, hydration, substrate, hydrogel structure, and sliding speed [65, 92, 93, 106-111]. Frictional
properties of the as-prepared PAM/Alginate hydrogels and AF were characterized by the
Nanotribometer via the ball-on-disc test with the titanium ball. Figure 3.5A illustrates that as the
normal load increased, the friction force correspondingly increased. However, the coefficient of
friction (CF) of the as-prepared hydrogels kept decreasing until the normal load increased to
approximately 10 mN, and then their CF had a slight increase (Figure 3.5B). In comparison, the
CF of AF almost remained constant under different normal loads. Under normal loads, the
interstitial fluid is extruded from the porous structure to the conjunction, and the pressurization of

interstitial fluid occurs to support a proportion of the applied loads, which reduces the coefficient
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of friction as the lubricant. Figure S3.4 presents the CF curves of H-2.5 vary under low (1 mN),
medium (10 mN), and high (30 mN) normal loads. Under the low load, limited water was squeezed
out to the conjunction. Without enough water as the lubricant, the coefficient of friction was
relatively higher. However, the increase of normal load led to more water acting as the liquid
lubricant, which elucidates the decrease in CF of the as-prepared PAM/Alginate hydrogels from
low normal load to medium load. Based on the Stribeck Curve, the lubrication regimes of the as-
prepared hydrogels from low load to medium load (Figure 3.5B) is the mixed lubrication of
asperities and the liquid lubricant [106, 112-114]. When the normal load increased to the high load,
the deformation of as-prepared hydrogels increased accordingly. The distortion of tough hydrogels
took the dominant effect, which correspondingly led to an increase in their CF. Therefore, the
lubrication regimes of the as-prepared hydrogels from medium load to high load are primarily the
hydrodynamic lubrication [93, 115-117]. In comparison, the water content of AF was relatively
high (96.4%), which makes the lubrication regime for AF all hydrodynamic lubrication. Therefore,

the CF of AF did not change obviously under different normal loads (Figure 3.5B).

Besides, the CF of the as-prepared hydrogels is much higher than that of AF, which could be
generated from the lower hydration level and metal complexation [118, 119]. Among the as-
prepared hydrogels of different alginate contents, their CF reached the peak point at 2.5 w/v%
alginate (H-2.5), which could be ascribed to the mutual interaction of polyacrylamide network and
alginate-calcium network. Compared to AF and other as-prepared hydrogels, H-2.5 possesses a
higher coefficient of friction, which can facilitate firm contact with tissues and transducers without

slippage for the stable transmission of ultrasound.
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Figure 3.5 Frictional properties. (A) The dependences of the friction force on the normal force.

(B) The dependences of the coefficient of friction (CF) on the normal force.

3.3.4. Ultrasonic properties

The transmission-through experiment was performed to measure the ultrasonic properties of
the samples (Figure 3.6A), which were secured in place by the holder (Figure 3.6B). Figure 3.6C
presents the typical responses of water and sample pulses. The phase velocities of ultrasound for
the as-prepared hydrogels and AF do not depend on the frequency within the +6 dB frequency
range, i.e., from 7.2 to 22.5 MHz (Figure 3.6D), which indicates there is no dispersion (slope = 0)
(Table S3.1). The phase and group velocities of the as-prepared hydrogels are almost the same
with an average of 1519 m/s. The velocities increase slightly from 1511 to 1525 m/s when the
alginate content increases from 1 to 3 w/v% (Figure 3.6D). In comparison, AF has a velocity of
1600 m/s, about 5% faster than the average velocity (1519 m/s) of the as-prepared hydrogels. The
hydrogels and AF all have velocities higher than water, which is 1480 m/s. The attenuation of the
as-prepared hydrogels varies nonlinearly with frequency (Figure 3.6E). The increase in alginate

content enhances the attenuation, for example, from 1.84 dB/cm to 3.50 dB/cm at 17 MHz as seen
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in Figure 3.6E and Table S3.1 with an average of 2.74 dB/cm. The attenuation of AF at 17 MHz
is about 2.36 dB/cm within the ranges of the hydrogels. However, the mean value of the attenuation
coefficients of the as-prepared hydrogels (nBUAae = 0.20 dB/cm-MHz) and AF (nBUAAar = 0.20
dB/cm-MHz) are statistically equal, which implies their energy loss characteristics are very similar.

The same is true for the density, which ranges from 1.01 to 1.03 g/cm™ (Figure S3.2).
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Figure 3.6 Ultrasonic characterization of potential couplants. (A) The transmission-through
experimental setup. (B) A couplant mounted in a holder. (C) The reference pulse (Red, water) and
sample pulse (Black, H-2.5). (D) The phase velocities versus frequency. (E) The attenuation

coefficient versus frequency.

Figure 3.7 demonstrates the 20-MHz ultrasonography of a porcine tooth-periodontium

complex using AF and H-2.5, respectively. The images clearly show part of the enamel, gingiva,
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the alveolar bone, and cementum-enamel junction. The attenuation coefficient of H-2.5 is higher
than AF, i.e., 3.21 dB/cm versus 2.36 dB/cm, indicating that the ultrasound experienced more
energy absorption when going through the H-2.5 than AF. However, both gel pads provide
ultrasound images of similar quality. All tissue boundaries are visibly identified. This is as
expected as the strength of the echoes is governed by the reflection coefficients of the impedance
contrast of the interfaces. The acoustic impedance, Z is defined by the product of density and
velocity. In this case, the acoustic impedances of the H-2.5 and AF are very close in value, i.c.,

1.54x10%rayls and 1.65x10° rayls respectively where Zii.2 s is approximately 93% of Zar.
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Figure 3.7 Ultrasonic imaging of the dento-periodontium: (A) The imaged incisor. (B) A
schematic illustration of oral structure. (C) The ultrasound image with AF as the couplant. (D) The

ultrasound image with H-2.5 as the couplant.

3.3.5. Biocompatibility

The biocompatibility of the as-prepared hydrogel (H-2.5) and AF were evaluated via using
both cancer (HeLa) and fibroblast (MRC-5) cell lines with MTT assay. As shown in Figure 3.8,

after 3 hours of cultivation in the extracts of H-2.5, the cell viability of over 95% was maintained
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for both cancer cells and fibroblast cells, which elucidates that the hydrogel showed low
cytotoxicity to both cells. Although acrylamide was reported to show potential cell cytotoxicity
and cancer risk, many PAM-based hydrogels have been developed for biomedical applications.
Due to the polymerization of acrylamide and interconnected polymer networks, PAM-based
hydrogels show high biocompatibility [54]. Instead, AF showed lower biocompatibility for both
Hela and MRC-5 cells, which could be a concern for intraoral ultrasound imaging. Therefore, the

developed hydrogels can serve as potential couplants for intraoral ultrasound imaging.
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Figure 3.8 Cell viability of HeLa cancer cells and MRC-5 fibroblast cells after 3 hours incubation

with the extracts.

3.4. Conclusions

PAM/Alginate tough hydrogels were explored as potential couplants for intraoral ultrasound
imaging by a comprehensive comparison of their physical, mechanical, frictional, and ultrasound

properties as well as biocompatibility to the commercial couplant (AF). When used as couplants

49



for porcine incisor, the as-developed PAM/Alginate hydrogels display as good ultrasound image
quality as AF. However, compared to AF, the as-developed hydrogels have better stability in water,
superior mechanical properties, and higher coefficients of friction. Additionally, the as-developed
hydrogels show better biocompatibility to both cancer cells (Hela) and fibroblast cells (MRC-5)
than AF. This work not only expands the application of tough hydrogels in the field of ultrasound
imaging but also provides useful insights into the development of novel interfaces between human

and medical devices for real-time health monitoring applications.
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4. Mussel inspired adhesive double-network hydrogel for

intraoral ultrasound imaging

4.2. Introduction

Ultrasound imaging has been widely applied to biomedical diagnosis, due to its portability,
low cost, and low safety risks [4, 5, 8, 72]. Moreover, compared to quantitative computed
tomography (QCT) and dual-energy X-ray absorptiometry, ultrasound imaging can image soft
tissues with improved clarity [120-123]. Considering these benefits, ultrasound could be
potentially used to image dento-periodontal tissues and diagnose periodontal diseases. For better
image identification, gel-based couplants are often used between transducers and tissues to delay
the ultrasound signals [1, 2, 124]. If applied intraorally, the couplants should possess good stability
in water, excellent deformability to fit the contour of gums, as well as strong adhesiveness to both
transducers and tissues to maintain functional coupling [125]. Nevertheless, commercially
available couplants, such as Aquaflex (AF), are designed for external use and cannot fulfill these
requirements. Hence, it is essential to develop a multifunctional biomaterial with the

aforementioned properties for intraoral ultrasound imaging.

Due to the excellent biocompatibility and low cost, numerous poly(vinyl alcohol) (PVA)-
based hydrogels have been widely utilized in biomedical applications [31, 126-130]. However,
most PVA-based hydrogels could be easily ruptured and lose their functionalities when subjected
to repeated compression or stretching [131, 132]. Hence, different PVA-based double-network
(DN) hydrogels with improved mechanical properties have been extensively explored in different

fields [133-135]. Among these, PVA/PAM (Poly(vinyl alcohol)/polyacrylamide) DN hydrogels
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have been broadly studied in numerous biomedical applications [136-138]. The unique structure
not only helps to maintain excellent stability in water but also allows mechanical energy to be
dissipated for improved mechanical properties [139]. However, no attempt has been made to
endow the PVA/PAM DN hydrogel with strong adhesive property, which limits their application
in intraoral ultrasound imaging. Inspired by mussel adhesion mechanism, incorporating
polydopamine (PDA) into the hydrogel network could achieve strong reversible adhesiveness to
different substrates, which could ensure the functional coupling of tissue/couplant/transducer for

stable ultrasound transmission [60-62, 74, 140-143].

Herein, we report a mussel-inspired PVA-PAM-PDA DN hydrogel as the potential couplant
for intraoral ultrasound imaging. A series of hydrogels were synthesized with different PAM/PVA
ratios and PDA content. A systematic comparison of physical, mechanical, adhesive, and
ultrasound properties was conducted between PVA-PAM-PDA hydrogels and the commercial AF
gel pad. The PVA-PAM-PDA hydrogel displays better stability in water, superior mechanical
properties, and improved adhesive properties than AF. Besides, the PVA-PAM-PDA hydrogel has
been successfully applied as the ultrasound couplant to image porcine mandibular incisor, which
produces ultrasound images with the same quality as AF does. This work provides new insights
into the development of novel hydrogel-based interfaces between human tissues and medical

devices for health monitoring and disease diagnosis applications.

4.3. Materials and Methods
4.3.1. Materials

Acrylamide (AM, 99%), poly (vinyl alcohol) (PVA, Mw 89,000-98,000, 99+% hydrolyzed),

ammonium persulfate (APS, 98%), N, N'-Methylenebisacrylamide (MBAA, 99.5%), N, N, N’, N'-

52



Tetramethyl-ethylenediamine (TEMED, 99%), and dopamine hydrochloride (DA) were purchased
from Sigma-Aldrich and used without further purification. All other reagents and solvents were
used as received. Aquaflex ultrasound gel pad (AF) and Parker Aquasonic 100 ultrasound gel were

purchased from Parker Laboratories Inc (USA).

4.3.2. Hydrogel preparation

PVA-PAM-PDA hydrogels were synthesized by the following procedures [40, 42, 43, 45,
144-146]. In brief, PVA was dissolved in 40 mL distilled water at 90 °C for half an hour. Then,
DA was added to the PVA solution where pH was adjusted to 8 with 0.01M NaOH. The mixture
was stirred for half an hour to induce the self-polymerization of DA. Next, AM, APS, MBAA, and
TEMED were added into the mixture in an ice bath. After stirring for another half-hour, the mixture
was transported into a glass petri dish and heated in an oven for 4 hours at 70 °C. Then it was
subject to 12 hours of freezing at -10 °C, followed by 6 hours of thawing for two cycles. PVA-
PAM hydrogels were also fabricated via the same procedure without the presence of DA. The

detailed compositions of the hydrogels are listed in Table 4.1.

AM PVA PAM/PVA DA APS MBAA TEMED HxO

Hydrogels Ratio
(2) (2) (2) (2 (2) (uL)  (mL)
Hd-0.5 2 4 0.5 0.200 0.012 16
Hd-1 3 3 1 0.024  0.300 0.018 24 40
Hd-2 4 2 2 0.400 0.024 32
H-0.5 2 4 0.5 0.020 0.012 16
H-1 3 3 1 0 0.030 0.018 24 40
H-2 4 2 2 0.040 0.024 32
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Table 4.1 The compositions of the PVA-PAM-PDA (Hd) hydrogels and PVA-PAM (H) hydrogels

(Hydrogels are denoted by their PAM/PV A ratios).

4.3.3. Characterization

Fourier transform infrared (FTIR) spectra of Hd-2, H-2, PVA, AM (acrylamide), and DA
(dopamine hydrochloride) were measured with Nicolet iS50 FT-IR Spectrometer (ATR mode). In
each case, the spectra measurement was performed between the wavenumber of 500 - 4000 cm™!
with the scan number of 32 and the resolution of 4 cm™. The microstructures of Hd-2 and H-2
were characterized by the field emission scanning electron microscopy (FESEM, Zeiss Sigma 300
vp). Samples were sectioned from hydrogels, lyophilized, and coated with a thin layer of gold. The
water percentages of all the as-prepared hydrogels and AF were determined with their initial
weights and their lyophilized weights. Their densities were measured by calculating their

mass/volume ratios.

4.3.4. Swelling test

The swelling tests were conducted to characterize the equilibrium swelling ratio (ESR) of the
as-prepared PVA-PAM-PDA and PVA-PAM hydrogels as well as AF. Briefly, the lyophilized
samples were immersed into deionized water in sealed vials at room temperature. When reaching
the pre-set time interval, samples were taken out from the vials and the superficial water was
removed with a filter paper. Then, the samples were weighed. ESR was calculated by equation

26:

ESR=(W,~W,,)/ W, x100% (26)
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where Wu, and W; were the lyophilized weight and the weight after swelling pre-set times,

respectively.

4.3.5. Mechanical tests

The tensile strength of samples was measured by an AGS-X universal tensile test machine
(Shimadzu, Japan) with a loading cell of 50 N [147]. Samples were cut into a cuboid of 60 mm X
5 mm x4 mm. Each test was conducted with a crosshead speed of 10 mm/min. The strain was
calculated by the extended gauge length divided by the original gauge length while the tensile
stress was calculated by the applied force divided by the initial cross-section area [64]. Besides,
the toughness (U) of PVA-PAM-PDA hydrogels was determined by the area under the tensile

stress-strain curve (equation 27):
_ (e
U= jo Sde, (27)

where ¢ is the tensile strain, £1s the tensile strain upon failure, and S is the tensile stress. Young’s
modulus was assessed from their tensile stress/strain ratios in the linear region. Moreover, the
loading-unloading cyclic tensile tests were performed to Hd-2, H-2, and AF with their maximum

strains as 300%, 300%, and 150% respectively.

Besides, the compressive tests were conducted with the same AGS-X universal test machine
under the compression mode with a crosshead speed of 5 mm/min. The cylinder shape samples
were prepared in vials with a diameter of 22.8 mm and a height of 11 mm. 5 cycles of loading-
unloading compressive tests were conducted to each sample at the maximum strain of 70% to
evaluate their recoverability after compression [42]. Each consequent cycle was conducted after a

recovery period of 2 min. The compression strain (&.) was calculated as the deformed height (/)
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divided by the initial height (%) of the samples (equation 28) while the compression stress (o)
was obtained with the compression load (F.) divided by the initial cross-section area (4¢) of the

samples (equation 29):

e =hlh (28)

o=F./ 4 (29)

The maximum compression strength was defined as the stress when the compression strain reached

70%.

To further evaluate their mechanical properties, the dynamic rheology test of the samples was
performed on an AR-G2 stress-controlled rheometer (TA Instruments) with a 20 mm diameter
parallel-plate configuration and 50 um gap at 25 °C [33, 66, 81, 148-153]. Dynamic frequency
sweeps were performed at 1.0% strain amplitude with angular velocities ranging from 0.1 to 100
rad/s. Strain amplitude sweeps were performed at an angular frequency of 10 rad/s with the strain

from 0.01% to 1000% to determine the linear viscoelasticity region.

4.3.6. Adhesion test

Following the tensile adhesion test methods, the AGS-X universal test machine was used to
measure the adhesion strength of samples [42, 154-156]. The samples were placed on the surface
of substrates with a bonding area of 10 mm % 10 mm. Substrates were compressed together with
a force of 20 N for 30 s and pulled to failure with a crosshead speed of 5 mm/min. The adhesion
strength was calculated by the maximum force upon detachment normalized by the initial bonding

area. Stainless steel, glass, and porcine skin were chosen as substrates, mimicking the adhesion to
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the metal transducer, teeth, and soft tissues. The repeating adhesion of Hd-2 was measured by

repeating the adhesion—strip process for 15 times.

4.3.7. Ultrasound characterization

Ultrasound characterization of the as-prepared hydrogels was performed by the immersion
transmission-through technique with AF as the reference [10, 67, 125]. The experimental setup
consisted of a piece of hydrogel mounted on a gel pad holder placed between the two coaxially
mounted transducers. The transducers used were a pair of 6.35-mm-diameter 20-MHz unfocused
transducers (Olympus V317-N-SU, Waltham, MA), separated by 20 cm with the samples placed
at 14 cm away from the emitter, a bit farther than the near field distance. Care was taken to ensure
the ultrasound beam was perpendicular to the surface of the samples. Five measurements were
taken for each sample at five different regions of interest (ROI), shifted 5 mm apart from each
other in a direction perpendicular to the beam. A pulse-receiver (Olympus 5800, Panametrics,
Waltham, MA) excited the emitter and the transmitted signal was recorded by an oscilloscope
(LeCroy WaveSufer 422, LeCroy, Chestnut Ridge, NY). The recorded signals were averaged over

256 times to increase the signal-to-noise ratio.

A reference signal (water pulse) without the sample in the beam path and a sample pulse were
measured. The velocity of ultrasound in the hydrogels can be determined by the group velocity (7,
equation 30) in the time domain or the phase velocity (c¢(w), equation 31) in the frequency

domain[9, 10]:

V=h(h/v,

pater

~Ar)" (30)

1

c(@) = wh(0h/V,,, ~Ap) 31)

57



where At is the delay time between the arrival times of the envelope peaks of the signals, % is the
sample thickness, Viaer, 1S 1480 m/s as measured from the water pulse, w is the angular frequency,
and 4¢ is the unwrapped phase difference between the water and sample spectra. Finally, the slope
of the linear least-squares regression line fitted to the phase velocity versus frequency data

determines the dispersion normally within the frequency range bounded between =6 dB.

The attenuation coefficient, « (in dB/cm) dictates the collective energy loss due to scattering,

absorption, and transmission, as per equation 32,
a(w) =20h"log,, [ 4., (0)/4,,,,.(®)] (32)

where Ayer (w) and Asampie (@) are the amplitude spectra of the water and sample signals. The
transmission loss caused by the water-hydrogel interfaces was not considered. The normalized
broadband ultrasound attenuation (nBUA) in dB/MHz/cm is obtained by normalizing « by the

relevant frequency band.

4.3.8. Ultrasound imaging

A porcine center incisor was scanned using a SonixTablet portable medical ultrasonic phased
array system (Analogic, Vancouver, Canada) operating at 20 MHz with a frame rate of 29 Hz [2,
125]. The transducer was placed on the tooth and gingiva on the labial side with the transducer’s
long axis aligned with the long axis of the tooth. A piece of about 5-mm thick gel pad (H-2, Hd-2,
or AF) was used as couplants between the transducer and the dental tissues with ultrasound gel
(Parker Aquasonic 100, Parker Laboratories Inc., USA) to fill in any void between the transducer,
gel pad, and the porcine tissues, ensuring the good transmission of ultrasound energy through the

gap to the target.
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4.4. Results and Discussion
4.4.1. Fabrication and characterization of the PVA-PAM-PDA hydrogels

The fabrication of the PVA-PAM-PDA hydrogels was achieved by incorporating PDA into
the PVA-PAM double-networks, as presented in Figure 4.1. First, the PVA-PDA complex can be
formed through the noncovalent interactions (e.g. hydrogen bonding) between PDA and PVA
during the self-polymerization of DA. After the polymerization of AM in the PVA-PDA mixture,
the 1st chemically crosslinked PAM network was formed. The obtained hydrogels were subjected
to two cycles of the freeze-thaw process to induce the crystallization of PVA, forming the 2nd

physically crosslinked PVA network and the final PVA-PAM-PDA hydrogels (Figure S4.1).

PVA crystallization region

(D)

Intraoral ultrasound
imaging

PVA

( A) DA polymerization (C) | Freeze-thaw

at pH=38 Process / (((

Ultrasound

Periodontal Structure

PAM network

PVA-PDA complex

59



Figure 4.1 Schematic illustration of the fabrication of PVA-PAM-PDA hydrogels. (A) The
formation of the PVA-PDA complex. (B) The formation of Ist chemically crosslinked PAM
network in the PVA-PDA mixture. (C) The formation of 2nd physically crosslinked PV A network.

(D) The PVA-PAM-PDA hydrogel was applied as the couplant for intraoral ultrasound imaging.

Figure 4.2A presents the FTIR spectra of DA, Hd-2, H-2, PVA, and AM. The weak absorption
peak at 2930 cm™! and the strong absorption peak at 1074 cm™ in Hd-2, H-2, and PVA were
ascribed to the intramolecular bonded O-H stretching and the C-O stretching respectively,
indicating the presence of PVA in Hd-2 and H-2. Besides, the absorption peaks at 1667 cm™ and
1605 cm™ corresponding to the C=0 stretching, appeared in the spectra of Hd-2, H-2, and AM,
suggesting the existence of AM in Hd-2 and H-2. However, the weak absorption peak at 2820 cm”
! resulted from the C-H stretching of the alkene groups in AM and disappeared in the spectra of
Hd-2 and H-2, implying the polymerization of acrylamide in Hd-2 and H-2. Due to the low content
of DA, there is no clear difference between the absorption peaks of Hd-2 and H-2. The morphology
of Hd-2 and H-2 was characterized by scanning electron microscope (SEM) after lyophilization
and presented in Figure 4.2B and 4.2C. The pores of H-2 distribute relatively uniformly while the
pores of Hd-2 are heterogeneously scattered with sizes from 2-20 pum, indicating the interweaved

three-dimensional structures of Hd-2 due to the incorporation of PDA [157].
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Figure 4.2 (A) The FTIR spectra of DA (dopamine hydrochloride), Hd-2, H-2, PVA, and AM
(acrylamide). (B) The SEM image of Hd-2 (PVA-PAM-PDA hydrogel). (C) The SEM image of

H-2 (PVA-PAM hydrogel).

The density, water percentage, and stability in water of the couplants may impact their
ultrasound imaging performance [1, 124]. Therefore, the effect of the PAM/PVA ratio and the
PDA content on the density, water percentage, and stability in water of the as-prepared hydrogels
was studied. The densities of all as-prepared hydrogels were almost the same (Figure S4.2A).
Besides, as shown in Figure 4.3A, for both PVA-PAM-PDA hydrogels and PVA-PAM hydrogels,

their water percentages almost remained the same at around 84%. In contrast, the water percentage
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of AF was 96.4%, much higher than that of the as-prepared hydrogels. Moreover, the equilibrium
swelling ratios (ESR) of both PVA-PAM-PDA hydrogels and PVA-PAM hydrogels increased with
the increasing PAM/PVA ratio (Figure 4.3B and S4.2B), which could result from the increase of
amide groups at higher PAM/PV A ratio that could enhance the hydration capacity of the hydrogels
and lead to the increase of ESR. However, the ESR of AF could not be precisely measured as AF
fully dissolved in water (Figure S4.3). In comparison, both PVA-PAM-PDA and PVA-PAM
hydrogels could retain original shapes after immersing in water for 24 hours (Figure S4.3), which
suggests PVA-PAM-PDA hydrogels possess better stability in water for intraoral ultrasound

imaging.
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Figure 4.3 (A) The water percentage of the PVA-PAM-PDA hydrogels, PVA-PAM hydrogels,
and AF. (B) The equilibrium swelling ratio of PVA-PAM-PDA hydrogels at different time

intervals.

4.4.2. Mechanical Properties

Compared with AF, both PVA-PAM-PDA hydrogels and PVA-PAM hydrogels possess better

stretchability (Figure 4.4A and S4.4A). As PAM/PVA ratio increased, the stretchability of both
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PVA-PAM hydrogels and PVA-PAM-PDA hydrogels increased, which is due to the higher stretch
limit of the PAM network [40]. Moreover, the increase of PAM/PVA ratio also led to an increase
in the toughness of both PVA-PAM-PDA hydrogels and PVA-PAM hydrogels while resulted in
the decrease in Young’s modulus (Figure 4.4B and S4.4B). The increase of toughness could be
ascribed to the enhanced energy dissipation through the rupture of more hydrogen bonds within
the PVA/PAM network with the higher PAM/PVA ratio. The decrease in Young’s modulus is
attributed to the increasing amount of soft and ductile component in the system (i.e. PAM).
Besides, the fatigue resistance properties of Hd-2, H-2, and AF were evaluated via five successive
loading-unloading tensile tests. Both Hd-2 and H-2 exhibited superior recovery after stretching
with almost no strength loss (Figure 4.4C, S4.4C, and S4.5). In comparison, the maximum
strengths of AF at the strain of 150% were gradually compromised after each cycle (Figure 4.4D),

suggesting the poor recovery of AF after stretching.

63



>

Tensile Stress (MPa)

(@

Tensile Stress (MPa)

0.1

0.0

0.02

0 200

0 100

334%

434%

400
Strain (%)

600

200
Strain (%)

300

O

Tensile Stress (MPa)

0.2

0.1

Toughness (MJ/m?)

L' M Toughness
B Young's Modulus

=2
o

-3
o
Young's Modulus (KPa)

N
o

0.08

0.04

0.00

Hd-0.5 Hd-1 Hd-2 AF

100 150

Strain (%)

Figure 4.4 (A) The stress-strain curves of the PVA-PAM-PDA hydrogels and AF. (B) The

toughness and Young’s modulus of the PVA-PAM-PDA hydrogels and AF. Successive loading-

unloading tensile test cycles of (C) Hd-2 and (D) AF.

Compression measurements with 5 loading-unloading cycles were also conducted to evaluate

the compression-recover properties of AF and the PVA-PAM-PDA hydrogels. As shown in Figure

4.5A, AF could not recover to the initial state after the first cycle of compression. The maximum

compression strength of AF successively decreased after each cycle (Figure 4.5B). In comparison,

Hd-2 could fully recover after being compressed to the same strain of 70%. Besides, the maximum

compression strength of the first cycle for the PVA-PAM-PDA hydrogels decreased from 441 KPa
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to 42.8 KPa (Figure 4.5C-E) as the PAM/PVA ratio increased from 0.5 to 2, which suggests
decreasing the stiffness of the hydrogel could lower the compression resistance of the PAM-PVA-

PDA hydrogels as well as reduce their maximum compression strength. Similar results were also

found in PAM-PVA hydrogels (Figure S4.6).
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The mechanical properties of the PVA-PAM-PDA hydrogels and AF were further investigated
using a rheometer [158]. In frequency sweeps, both PVA-PAM-PDA hydrogels and AF displayed
dominant elastic solid behavior with the storage modulus (G’) higher than the loss modulus (G”)
over the entire angular frequency range (Figure S4.7A and S4.7B). In the PVA-PAM-PDA
hydrogels, the increase of the PAM/PVA ratio led to the decrease of their viscoelastic modulus,
suggesting the decrease of the stiffness of the hydrogels, which is consistent with Young’s modulus
results from the tensile tests. Besides, the strain sweep tests showed the linear viscoelastic region
of the hydrogels and measured the critical strain for hydrogel failure (Figure S4.7C and S4.7D).
Their strain sweeps present that each curve of storage modulus showed a constant region followed
by a subsequent decrease while PVA-PAM-PDA hydrogels possessed high critical strains. As the
PAM/PVA ratio increased, the critical strains of PVA-PAM-PDA hydrogels were elevated, which

is consistent with the elongation results from the tensile tests.

Summarized from the mechanical tests, the increase of the PAM/PVA ratio enhances the
stretchability and the toughness of PVA-PAM-PDA hydrogels and PVA-PAM hydrogels while
reducing their maximum compression strength. Overall, the PVA-PAM-PDA hydrogel exhibits
better stretchability and superior reversible recovery from deformation than AF, which could fulfill

the requirements for intraoral ultrasound imaging.

4.4.3. Adhesion ability

Hd-2 exhibited strong adhesiveness to different substrates, as shown by its firm adhesion to
the glass petri dish, skin tissues, metal, and bending arms (Figure 4.6A). The adhesion properties
of the PVA-PAM-PDA hydrogels, PVA-PAM hydrogels, and AF were quantitatively measured

by the tensile adhesion test methods (Figure 4.6B). It is noted that Hd-2 possesses much stronger
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adhesion to all three substrates than the other hydrogels (Figure 4.6C). The strong adhesion of
Hd-2 results from the synergy of two effects: 1) the strong interfacial bonds formed between the
catechol groups and different substrates through various intermolecular interactions (e.g. hydrogen
bonding, metal coordination, n-x stacking, etc.) [159-162]; 2) the relatively tough hydrogel matrix
can dissipate energy effectively when the interface is stressed [163-165]. It is also noted that the
adhesion of Hd-2 to porcine skin was much higher than its adhesion to glass and metal, which is
ascribed to the increased number of hydrogen bonds formed between the catechol groups in Hd-2

and amide groups and carbonyl groups of porcine skin [45].

Apart from the relatively higher adhesion, Hd-2 presented repeatable adhesion to glass, metal,
and porcine skin, mimicking the adhesion to teeth, the metal transducer, and oral tissues, which
was illustrated with the adhesion—strip test over 15 cycles. There was almost no loss in its adhesion
strengths to all three substrates (glass, metal, and porcine skin), and its adhesion strengths to their
surfaces were respectively maintained at approximately 3.5 KPa, 2.6 KPa, and 10.5 KPa over the
15 cycles (Figure 4.6D). The combination of the relatively outstanding strength and repeatability
of adhesiveness makes Hd-2 possess strong affinities to oral tissues, transducers, and teeth to

maintain functional coupling for intraoral ultrasound imaging.
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Figure 4.6 (A) The photos of Hd-2 adhered to different substrates: (1) glass, (2) skin, (3) metal,
(4) finger and metal at two sides, (5) the back of hand and metal at two sides, (6) bending arm
upward, and (7) bending arm downward. (B) Schematic illustration of the tensile adhesion test
process (Left: attachment, Fc, Compression force; Right: detachment, Fa, Adhesion force). (C)

The adhesion strength of samples to glass, metal, and porcine skin. (D) Repeatable adhesion
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behavior of Hd-2 (PVA-PAM-PDA hydrogel) to different substrates (glass, metal, and porcine

skin).

4.4.4. Ultrasound properties

The ultrasonic properties of the samples were measured by the transmission-through
experiment (Figure 4.7A). Figure 4.7B presents the typical responses of reference (water) and
sample pulses. The sample pulse arrived earlier than the reference pulse since all the velocities of
the hydrogels and AF are higher than water velocity, which is 1480 m/s. The average phase
velocities and standard deviations of the PVA-PAM hydrogels (1541 £ 5 m/s) and PVA-PAM-
PDA hydrogels (1547 + 5 m/s) are almost the same (Figure 4.7C, S4.8A, and Table S4.1). In
comparison, AF has a velocity of 1592 m/s, about 3% faster than the average velocity of the
hydrogels. The ultrasonic phase velocities of the hydrogels and AF are independent of the
frequency from 11.7 to 24.4 MHz, within the +6 dB frequency range (Figure 4.7C and S4.8A)
while the ultrasound attenuation varies nonlinearly with frequency (Figure 4.7D and S4.8B).
Table S4.1 shows that at 19.5 MHz, the average attenuation of the PVA-PAM hydrogels is 3.34
dB/cm, smaller than that of the PVA-PAM-PDA hydrogels (4.04 dB/cm) but higher than that of
AF (2.86 dB/cm). The increase in PAM/PV A ratio enhances the attenuation, e.g., from 3.05 dB/cm
to 3.52 dB/cm and from 3.71 dB/cm to 4.31 dB/cm for the PVA-PAM hydrogels and PVA-PAM-
PDA hydrogels, respectively. The mean nBUA values of the PVA-PAM hydrogels and PVA-
PAM-PDA hydrogels are 0.30 dB/cm-MHz and 0.34 dB/cm-MHz respectively, higher than that of

AF (0.22 dB/cm-MHz).
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Figure 4.7 Ultrasound characterization of the potential couplants. (A) The transmission-through
experimental setup. (B) The reference pulse (Black, water) and sample pulse (Red, Hd-2). (C) The

phase velocities versus frequency. (D) The attenuation coefficient versus frequency.

4.4.5. Ultrasound imaging

Ultrasound scanning of a porcine incisor was schematically illustrated in Figure 4.8A with
the recorded images using AF (Figure 4.8B), H-2 (Figure 4.8C), and Hd-2 (Figure 4.8D)
respectively. The enamel, gingiva, alveolar bone, and cementum-enamel junction can be seen from
the images. Even though the attenuation coefficients of the H-2 and Hd-2 hydrogels are much

higher than the AF. However, both H-2 and Hd-2 hydrogels provide good and sharp ultrasound
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images with clear tissue boundaries. The reflection coefficient or the strength of the echoes is
affected by the impedance contrast of the interfaces. The H-2 and Hd-2 hydrogels have the acoustic
impedance (product of density and velocity) values of 1.62x10° rayls and 1.61x10° rayls,
respectively, very close to the acoustic impedance of AF (1.64x10° rayls). While both types of
hydrogel provide similar ultrasound characteristics and image quality, Hd-2 is preferable as it has

a much better adhesive property, which will prevent slippery during ultrasound imaging.
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Figure 4.8 Ultrasound scan of a porcine incisor: (A) A schematic illustration of the ultrasound
scan of the tooth-periodontium structure where the couplant sits between the transducer and the
tissues. (B) The ultrasound image with AF as the couplant. (C) The ultrasound image with H-2 as

the couplant. (D) The ultrasound image with Hd-2 as the couplant.

4.5. Conclusions

The mussel-inspired PVA-PAM-PDA hydrogels were fabricated and explored as potential

couplants for intraoral ultrasound imaging. Comprehensive characterization and comparison of
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their physical, mechanical, adhesive, and ultrasound properties were conducted between PVA-
PAM-PDA DN hydrogels and the commercial AF. The increase of the PAM/PVA ratio enhances
their stretchability and toughness while the incorporation of PDA into the hydrogel network could
further facilitate their adhesiveness to various substrates. The as-prepared PVA-PAM-PDA
hydrogel possesses better stability in water, superior mechanical property, and repeatable strong
adhesiveness than commercially available couplants (such as AF). Moreover, when applied as
couplants to image porcine incisor, the as-prepared hydrogel produces a similar quality of
ultrasound images as AF does. Considering all these features, the PVA-PAM-PDA hydrogels
could serve as an excellent couplant candidate for intraoral ultrasound imaging. This work
provides novel insights into the development of multifunctional hydrogel-based interfaces between

human tissues and medical devices for health monitoring and disease diagnosis applications.
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5. Conclusions and Future Work

5.2.  Major Conclusions and Contributions

In this thesis work, two types of double-network hydrogels are explored as the potential
couplants for intraoral ultrasound imaging via a systematic comparison of the above-mentioned
properties to commercially available gel pad (AF). It expands the application of these two DN
hydrogels to intraoral ultrasound imaging and provides insights into the development of
multifunctional hydrogel-based interfaces between human and medical devices for health
monitoring and disease diagnosis applications. The major conclusions and original contributions

are listed in the following:

(1) PAM/Alginate DN hydrogels were prepared and explored for the intraoral ultrasound
imaging. When used as couplants for porcine incisor imaging, the PAM/Alginate hydrogels
display as good ultrasound image quality as AF. Besides, compared to AF, the as-developed
hydrogels have better stability in water, superior mechanical properties, and higher coefficients of
friction. Additionally, the as-developed hydrogels show better biocompatibility to both cancer cells
(Hela) and fibroblast cells (MRC-5) than AF. With these features, PAM/Alginate hydrogels could
act as ideal candidates for couplants.

(2) PVA-PAM-PDA DN hydrogels were fabricated and explored as potential couplants for
intraoral ultrasound imaging. A comprehensive comparison of the physical, mechanical, adhesive,
and ultrasound properties was conducted between PVA-PAM-PDA hydrogels and commercial AF.
The as-prepared PVA-PAM-PDA hydrogel possesses better stability in water, superior
stretchability and excellent recovery from deformation, and strong and repeatable adhesion than

commercially available couplant (such as AF). When applied as couplants to image porcine incisor,
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the as-prepared hydrogel produced the same quality of ultrasound images as AF did. Considering
all these features, PVA-PAM-PDA hydrogels could serve as an excellent couplant candidate for

intraoral ultrasound imaging.

5.3. Future Work

In this study, we have explored the application of PAM/Alginate DN hydrogels and PVA-
PAM-PDA DN hydrogels for intraoral ultrasound imaging by a comprehensive comparison of the
properties to AF and pave the way for intraoral ultrasound imaging. However, there are still

challenges regarding clinic applications, and some recommendations are presented.

(1) Currently, these two hydrogels are fabricated in the lab scale. Further industrial process
and fabrication methods need to be explored to manufacture these two hydrogels on a large
scale for potential intraoral diagnosis applications.

(2) The PAM/Alginate hydrogels have been explored as potential couplants via a variation of
Alginate contents. Further researches on the effect of PAM content on the PAM/Alginate
hydrogels could be investigated to find the PAM/Alginate hydrogel with better
performance for intraoral ultrasound applications.

(3) The as-prepared PVA-PAM-PDA hydrogel, with good stability in water, excellent
mechanical properties, and enhanced adhesion, could act as the potential couplants for
intraoral ultrasound imaging. However, the impact of PDA contents should also be further

explored for the intraoral application of PVA-PAM-PDA hydrogels.
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Appendices

Appendix A Supporting Information for Chapter 3

A B C

Figure S3.1 The pictures of the as-prepared PAM/Alginate hydrogels and commercial gel pad. (A)

H-1. (B) H-1.5. (C) H-2. (D) H-2.5. (E) H-3. (F) AF.
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Figure S3.2 The densities of the as-prepared PAM/Alginate hydrogels and AF.
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Figure S3.3 The as-prepared PAM/Alginate hydrogel samples (H-1 — H-3, from left to right)

swelling in water. (A) After 12h. (B) After 48h.
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Figure S3.4 The friction coefficient curves of H-2.5 under different normal loads: (A) 1 mN (low

load). (B) 10 mN (medium load). (C) 30 mN (high load).
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Dispersion

Sample \ominal - Group (11.7 - 24.4 MHz) at nBUA
Frequency Velocity
Slope Intercept
# (MHz) (m/s) (m/s-MHz) (m/s) (dB/cm)  (dB/cm-MHz)
Aquaflex 20 1601 £ 1 0 1600+1 236+0.04 0.20+0.01
H-1 20 1512 +£2 0 1511+1 1.84+0.12 0.13+£0.02
H-1.5 20 15171 0 1518+ 1 225+0.18 0.15+0.04
H-2 20 1520 £ 1 0 1520+£2 2.94+0.07 0.24+0.01
H-2.5 20 15251 0 1525+1 3.21+£0.12 0.25+0.02
H-3 20 1523 £2 0 1523 +£2 3.50+0.15 0.25+0.03

Table S3.1 Group velocities, dispersion, and nBUA of hydrogels. (T The attenuation coefficients,

a are determined at 17 MHz, the dominant frequencies of the spectra.)
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Appendix B Supporting Information for Chapter 4

Figure S4.1 The pictures of the as-prepared PVA-PAM-PDA hydrogels, PVA-PAM hydrogels,
and commercial gel pad: (A) Hd-0.5. (B) Hd-1. (C) Hd-2. (D) H-0.5. (E) H-1. (F) H-2. (G) AF

(Aquaflex ultrasound gel pad).
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Figure S4.2 (A) The densities of the as-prepared PVA-PAM-PDA hydrogels, PVA-PAM

hydrogels, and AF. (B) The equilibrium swelling ratio of PVA-PAM hydrogels at different time

intervals.

Figure S4.3 Frozen-dry AF and the as-prepared hydrogels immersed in distilled water. 12 h: (A)
AF, (B) Hd-0.5, Hd-1, Hd-2, H-0.5, H-1, andH-2 (from left to right) ; 24 h: (C) AF, (D) Hd-0.5,

Hd-1, Hd-2, H-0.5, H-1, andH-2 (from left to right).
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Figure S4.4 (A) The stress-strain curves of the PVA-PAM hydrogels and AF. (B) The toughness
and Young’s modulus of the PVA-PAM hydrogels and AF. (C) The successive loading-unloading

tensile test cycles of H-2.
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Stretching Releasing

Figure S4.5 Images of the samples undergoing the stretching-releasing process. (A) Hd-2. (B) AF.

(C) H-2.
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Loading Unloading
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Figure S4.6 (A) Images of Hd-2 undergoing compression testing to 70% strain. The cyclic

loading-unloading curves of PVA-PAM hydrogels: (B) H-0.5, (C) H-1, (D) H-2.
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Figure S4.7 Dynamic rheology of the samples on frequency: (A) PVA-PAM-PDA hydrogels, (B)

AF. Dynamic rheology of the samples on strain: (C) PVA-PAM-PDA hydrogels, (D) AF.
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Figure S4.8 (A) The phase velocities of PVA-PAM hydrogels and AF versus frequency. (B) The
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attenuation coefficient of PVA-PAM hydrogel and AF versus frequency.

. Dispersion
Sample \eminal - Group (11.7 - 24.4 MHz) o' nBUA
Frequency Velocity
Slope Intercept
# (MHz) (m/s) (m/s:-MHz) (m/s) (dB/cm)  (dB/cm-MHz)

Aquaflex 20 1593 + 1 0 1592+1 2.86+0.09 0.22+0.01
H-0.5 20 1537 £2 0 1536 £1 3.05+£0.20 0.28 £0.02
H-1 20 1542 + 1 0 15411 3.44+0.15 0.31+0.01
H-2 20 1546 + 1 0 15461 3.52+0.14 0.32+0.01
Hd-0.5 20 1542 +2 0 1542+1 3.71+£0.19 0.31+0.02
Hd-1 20 1548 £ 1 0 1548 +1 4.11+0.18 0.35+0.01
Hd-2 20 15511 0 15511 431+0.19 0.36+0.01

Table S4.1 Group velocities, dispersion, and nBUA of AF and the as-prepared hydrogels. (* The

attenuation coefficients, o are determined at 19.5 MHz, the dominant frequencies of the spectra.)
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