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Two challenges of bioabsorbable biomaterial design are the loss of properties over time and the 

functionality of the biomaterial. Two methods for approaching these challenges are through self-

healing materials and composite materials. Self-healing materials are able to recover their prop-

erties to some degree in the event of damage; thus, the material is able to continue functioning 

with little variation of properties over a comparable time scale and damage. Composite and hybrid 

materials are highly tunable materials with two or more materials combined to harness the prop-

erties of each and, potentially, create new functionalities. This project aims to define three new 

self-healing composite hydrogels. One that is gelatin-based and two that are hyaluronan (HA) 

based. The determination of whether the temperature-dependent gelatin hydrogel as described 

by the reference paper by Liu et al. 2019 was tested by repeating the synthesis of the copolymer, 

GelMA-UPyMA-MEO2MA (GUM). However, even with alterations to the procedure and the addi-

tion of borosilicate bioactive glass (B12.5-Mg5-Sr10) (BG), GUM was determined to be not feasi-

ble as described due to inconsistencies in gelation tests, spectrophotometry, and temperature 

ramp rheological testing. The addition of BG to the HA hydrogels was more promising as the BG 

decreased the gelation time, the gels remained transparent, and the carbodihydrazide and alde-

hyde modified HA gel (HAHA) demonstrated improved self-healing at neutral pH. Additionally, the 

degradation of the HA gels with BG kept the pH consistently neutral compared to the acidic solu-

tion of the gels without BG. The alterations to the structure and behavior of the HA gels became 

more apparent with time, amplitude, and frequency sweeps. Where both HA gels demonstrated 

decreases in storage moduli, which was further supported by increased relative mesh size and 

decreases in crosslinking density. However, HA modified with aldehyde groups and polyvinyl al-

cohol modified with hydrazide groups (HAPVA) was more stable with time and different frequen-

cies. HAHA gels were prone to failure at high frequencies after 24 hours. Rheological results of 

both HA gels suggest that the BG will stay suspended over time. HAHA gels displayed more brittle 

behavior during compressive testing at high strains and had lower stiffnesses, which reflects the 

structural changes and brittle behavior of BG incorporated into the gel. GUM and HAPVA do not 

seem promising as candidates for composite hydrogels as they are currently. HAHA hybrids have 

drawbacks, but with further study and optimization, the advantageous properties, such as im-

proved self-healing and transparency, could be useful for biomedical applications.  

Keywords: Bioactive Glass, Composite, Gelatin, Hyaluronan, Hydrazone cross-linking, Self-
healing 
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1 INTRODUCTION 

Two challenges of bioabsorbable biomaterial design are the loss of properties over time 

and the functionality of the biomaterial. Bioabsorbable materials lose their strength and 

mass as they degrade in the body, which leads to changes in their properties. This can 

cause the material to fail in its function as it may no longer be able to support the healing, 

growth, or functionality of a device or tissue. In some cases, the degradation of the ma-

terial can have adverse effects on the surrounding tissue [1].  

This challenge is partially counteracted by careful selection of materials for a particular 

application. But these can still fail suddenly due to internal or external stresses that the 

body undergoes on a daily basis or be less than ideal materials. However, another 

method of approaching this challenge is through self-healing materials. Self-healing ma-

terials by definition are able to recover their properties to some degree despite degrada-

tion or breakage. Thus, the material can continue functioning as intended with relatively 

little variation of properties over a comparable time scale and damage. Meaning these 

materials can be more robust and ideal materials for a given application [2,3].  

The second challenge is the functionality of biomaterials. Biomaterials have historically 

been one class of material or simple composites. These materials are relatively simple 

compared to the complexity of the body [1]. Each class of materials has advantages and 

disadvantages that limit their functionality in the body. For example, polymers are bio-

compatible but have low strength, so they are unable to be used for load-bearing appli-

cations. As the field of biomaterials has evolved, more complex materials have been 

engineered, such as composite materials and hybrids. These composites and hybrids 

aim to capitalize on the advantages of multiple classes of materials while minimizing the 

disadvantages of them. Additionally, new material properties can arise that none of the 

constituents have individually [4].  These new materials are highly specific in function 

and better mimic the body. By mimicking the body’s properties with a material, an implant 

or device can integrate better with the body. In the case of a tissue scaffold, the new 

tissue should function more similarly to native tissue than with the less-specialized ma-

terials. This is because cells receive signals from their environment, and, thus, a bio-

material is able to directly impact the cellular function. So the closer to the body a material 

can be, the closer those signals are to the natural signals that cells receive [1,5]. 
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With this project, bioactive glass was added to a gelatin hydrogel and hyaluronan hydro-

gels to create three composite materials. Both bioactive glass and these various hydro-

gels have their own advantages in applications separately. Bioactive glass is a versatile 

bioactive material and this advantageous versatility is due to the compositional flexibility 

of glass. Bioactive glass can have different ions incorporated into it that produce thera-

peutic effects. For example, strontium, zinc, and cobalt aid anabolic activities in bone 

tissue. So, depending on the substitutions incorporated, they can aid with bonding to 

body tissue, antimicrobial properties, and triggering specific cellular pathways. However, 

bioactive glass has mainly been limited to bone tissue regeneration [1,2,6]. 

Hydrogels have relatively low strength, biocompatibility, and tailorable compositions that 

provide a wide array of properties. The mechanical properties limit the use of hydrogels 

to soft tissues. But hard tissue engineering could benefit from these properties as well. 

For example, an injectable hydrogel with suitable mechanical properties could easily fill 

a bone defect, accelerate bone repair, and better controlled release of bioactive mole-

cules. Soft tissues could also benefit from the properties of bioactive glass. For example, 

the bioactivity could direct cellular responses to improve regeneration of soft tissues 

[1,7]. As a result, hybrids and composites are of interest in various applications.  

Thus, this thesis provides a literature review on the topic of hybrid and composite mate-

rials with a focus on bioactive glass and hydrogel composites and hybrids. The experi-

mental component of this thesis aims to explore how adding bioactive glass to three self-

healing hydrogels alters the properties of these hydrogels. As one of the hydrogels was 

previously untested by this lab, the fabrication of it was tested before its basic properties 

were characterized with bioactive glass. The other two hyaluronan hydrogels have been 

previously tested by this group, so the short-term term degrative, rheological, and me-

chanical behaviors of the hyaluronan hydrogels with bioactive glass were characterized 

in addition to the basic properties. Each of these composite hydrogels are candidates for 

bone tissue growth in vitro and in vivo.  

1.1 Objectives 

To summarize the objectives of this project, the objectives are: 

• Determine whether it is possible to fabricate the self-healing, temperature-de-
pendent gelatin hydrogel as described by the reference paper by Liu et al. [8]. 

• Explore how the addition of bioactive glass to one gelatin and two hyaluronan 
hydrogels affects their gelation time, appearance, and basic properties. 

• Determine how the short-term degrative, rheological, and mechanical behaviors 
of the two hyaluronan-based gels are altered by the addition of bioactive glass. 
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2 THEORETICAL BACKGROUND 

2.1 Biomaterials Background 

Biomaterials are materials that interact with a living system, usually by exerting some 

influence on the system for therapeutic or diagnostic purposes [9]. Many consider there 

to be four distinct generations of biomaterials that have developed since the 1950s (Fig-

ure 1). Each generation of materials is characterized by the interaction they have with a 

living system.  

 

 

 

 

The first generation were materials that were inert. An inert material has no interaction 

with the body’s tissues and triggers minimal responses, such as an immune response. 

Second generation materials introduced the properties of bioactivity and biodegradability 

also known as bioabsorbability. Bioactive materials do interact with tissues and can trig-

ger responses from the body. Biodegradation is the gradual dissolution of the material 

over time within the body’s environment. However, a material did not exhibit both bioac-

tivity and biodegradation simultaneously until third-generation materials were developed 

around the 1990s. The fourth generation of materials strives to be biomimetic, meaning 

they take inspiration from life for their function. More specifically, the function can mimic 

the body directly or the function can mimic another life-form in some way and be used in 

Figure 1 Visual of the generations of biomaterials over time and their general prop-
erties (adapted from [10–14]). 
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the body. This is the generation currently under development and is closely tied to the 

development of regenerative and personalized medicine [10]. The evolution of these ma-

terials reflects human’s ability to mimic natural tissues more effectively. However, each 

generation of materials is still used in certain applications.  

Biomaterials can be made of organic or inorganic materials and can be made of any 

class of material including metals, polymers, ceramics, and glasses. Glasses and hydro-

gels (within polymers) [15], will be expanded upon in the following sections. 

2.2 Bioactive Glasses 

Bioactive glasses are amorphous materials. This means they have no long-term molec-

ular order. They are highly soluble (bioresorbable), bioactive, antibacterial, bond to tis-

sue, are biocompatible, and easy to tailor with oxides or trace elements for specific func-

tions, and their physical properties are tailorable (e.g. roughness, particle size, porosity, 

surface area, shape, etc.). Such traits have made bioactive glasses useful for wound 

repair, especially bone trauma (e.g. fractures and bullet wounds), and other tissue engi-

neering applications [16,17]. However, applications of bioactive glass have been limited 

due to its brittle and difficult to control release of ions and therapeutic factors. But further 

bioactive glass applications are under development. For example, the bioactivity and 

antibacterial properties have generated interest for skin burn treatment [7]. One of the 

concerns related to soft tissue applications with bioactive glass, however, is the calcifi-

cation of these softer tissues due to the formation of hydroxyapatite. However, current 

research shows promising results as bioactive glass research is expanding to other soft 

tissues such as the nervous system, gastrointestinal tract, heart, and liver [2]. 

The binding ability of bioactive glasses to both calcified and soft tissues within the body 

is a useful ability as it integrates an implant with the body. This stabilizes the implant and 

also means the body is more likely to accept the implant with fewer complications. The 

mechanism of bonding to soft tissues is not as well understood currently. However, the 

bonding to calcified tissues is better understood and may be similar to the bonding mech-

anism to soft tissues. The basic mechanism of silica bioactive glass bonding to tissue 

begins with the biodegradation of the material surface. This releases ions from the sur-

face of the material due to the reactive environment of the body. These ions exchange 

themselves for hydrogen ions from the body causing the glass network to break apart. 

Silanol (SiOH) forms on the surface as a result, which polymerizes into a gel (Si-O-Si). 

The gel then absorbs calcium, phosphate, and carbonate into it, which produces a hy-

droxycarbonate apatite (hydroxyapatite) layer. Hydroxyapatite has properties similar to 

native bone tissue. This layer is considered the bioactive layer because it further absorbs 



5 

 

growth factors, which triggers macrophage activity. The macrophages signal for undif-

ferentiated cells to migrate to the area, and the environment around the dissolving glass 

aides in the subsequent differentiation and proliferation of these cells into new tissue. 

Thus, the bioactive glass becomes inseparable from the new tissue as is it degrades 

[18]. 

While this degradation mechanism is usually described using the first bioactive glass as 

reference, which was called Bioglass®, it applies to the B12.5-Mg5-Sr10 borosilicate 

glass used for this project [19]. The borosilicate glass used in this project was modified 

BonAlive® S53P4 glass, which had a composition of 47.12%mol silica (SiO2),  6.73%mol 

boric acid (B2O3), 6.77%mol calcium oxide (CaO), 22.66%mol sodium oxide (Na2O), 

1.72%mol phosphorus pentoxide (P2O5), 5%mol magnesium oxide (MgO), and 10%mol 

strontium oxide (SrO) [20]. MgO, B2O3, and SrO change the ions being released by the 

glass, which alters the dissolution rate of the glass and the response of the cells. Boron 

and magnesium are added to glasses for the purpose of inducing osteogenesis and an-

giogenesis. Osteogenesis is the growth of bone and angiogenesis is the growth of blood 

vessels, which are required to provide nutrients to growing tissues. Strontium is only 

used to induce osteogenesis. Each element induces osteogenesis by a different mech-

anism. Magnesium activates the Notch1 signaling pathway, boron activates the mitogen-

activated protein kinases (MAPK) pathway, and strontium promotes osteoblast activity, 

wnt pathway activation, and upregulating genes necessary for the development and 

health of bone [2]. Notch1 and Wnt activation and repression are especially important in 

multiple cellular differentiation pathways [21,22]. MAPK is also a regulator of differentia-

tion, proliferation, and cell survival [23]. Thus, B12.5-Mg5-Sr10 may be useful in other 

application where cellular differentiation is required. Additionally, borosilicate glasses 

have been demonstrated to encourage a more gradual ion release in vitro, better human 

mesenchymal stem cell cellular morphology, which can differentiate into osteoblasts, in-

creased proliferation, and promote equivalent metabolic activity to those exposed to non-

borosilicate glasses, such as 45S5 [16]. Overall, borosilicate glasses have demonstrated 

more rapid hydroxyapatite formation, leading to faster bone formation and, thus, faster 

healing of bone defects. The effectivity of borosilicate glasses on mesenchymal stem 

cells is of great interest for research because of how many types of cells mesenchymal 

stem cells can differentiate into and provide an opportunity to expand the applications of 

bioactive glasses [24].  
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2.3 Hydrogels 

Traditional hydrogels are 3D polymeric networks that are able to absorb large amounts 

of water [15]. They are usually homogenous, are relatively soft, easy to deform and have 

low strength [25,26]. However, the wide array of abilities hydrogels can possess (e.g. 

injectability, self-healing, temperature-dependence, elasticity etc.) has attracted much 

interest to them as specialized biomedical materials.  

2.3.1 Self-Healing Hydrogels 

Perhaps one of the key areas of properties that hydrogels have is the ability to be stimuli 

responsive. When hydrogels are able to undergo predictable structural changes in re-

sponse to an environmental stimulus, they are defined as smart hydrogels [15,27] be-

cause these changes can be taken advantage of to increase the functionality of the ma-

terial.   For example, when injecting a more liquid-like hydrogel into the body, the tem-

perature of the body can trigger gelation of the gel into a more solid material for use as 

a tissue scaffold for wound healing [8].  

When that smart response allows the hydrogel to reform the material’s network once 

broken, they are defined as self-healing because they can heal or recover their structure 

without external intervention [27]. Self-healing does not mean the material will fully re-

cover, but that it will recover the structure to some degree. But, after multiple breaks or 

damages, a material can still fail. But where traditional materials have tried to prevent 

damage or repair materials upon damage, these self-healing materials retain the original 

properties of the material and can heal the material before it reaches a point of failure. 

So their behavior is more predictable and stable overall [28]. 

The main mechanism of self-healing hydrogels is constitutional dynamic chemistry. This 

chemistry relies on bonds that readily dissolve or form depending on the environment. 

This chemistry can utilize non-covalent bonds, such as hydrogen bonds, or covalent 

bonds between certain chemical groups, such as hydrazone bonds [29].  

However, the dynamic chemistry of self-healing hydrogels also presents a challenge. 

Because, while the chemistry of these reactions is understood, it is more difficult to suc-

cessfully apply them in the body. For example, acylhydrazone bonds are most efficient 

at self-healing in acidic conditions but the body has an overall pH that is neutral with 

areas that have lower or higher pHs. Thus, a material with these bonds would struggle 

to self-heal in the body [26]. As these bonds require specific conditions for the bonds to 

be dynamic, it limits their application [30]. Additionally, the dynamic bonds lead to weaker 

structures, which gives them sometimes unsuitable properties, such as low strength [28].   
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In the context of this project, hydrazone cross-linking (covalent) bonds in the hyaluronan 

gels and hydrogen bonds and hydrophobic interactions in the gelatin gel were the mech-

anisms of self-healing. Hydrazone cross-linking occurs between hyaluronan modified 

with an aldehyde group (HAALD) and a hyaluronan modified by carbodihydrazide 

(HACDH) leading to HAALD-HACDH (HAHA). Additionally, polyvinyl alcohol modified 

with a hydrazide group (PVAHY) and an aldehyde-modified hyaluronan (HALD) forms 

HALD-PVAHY (HAPVA) using hydrazone bonds. The structure of these polymers with 

the hydrazone bonds is found in Figure 2. Hydrazone cross-links are dynamic covalent 

bonds, which have been used in other self-healing hydrogels [29].  Covalent bonds are 

strong bonds while also exhibiting 40-100% self-healing efficiency[28]. Because these 

bonds occur almost spontaneously at acidic conditions (pH = 4.5) and can still form 

slowly at neutral pH [31], they are promising candidates for robust self-healing hydrogels 

for biomedical applications. 

 

 

 

 

 

For the gelatin gel, the hydrogen bonds and hydrophobic interactions do not require a 

specific pH so self-healing can continue when the material enters physiological condi-

tions [8]. Hydrogen bonds are physical interactions between hydrogen atoms. This 

means that if those are broken, the hydrogen atoms will try to reform them. UPyMA self-

heals with this mechanism, which exhibits nearly 100% recovery efficiency. Similarly, 

hydrophobic interactions are physical interactions. When hydrophobic sections of a pol-

ymer are disturbed and are in a hydrophilic environment, they will seek out hydrophobic 

Figure 2 Schematic of the chemical structure of (A) HAALD-HACDH 
and (B) HALD-PVAHY bonding by hydrazone bonds (violet) (Adapted 
from [31,32]). 
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sections to minimize surface area. Hydrophobic interactions demonstrate fast recovery 

but also a wide range of recovery efficiency (20-100%) [28].  

The combination of polymers for the gelatin gel includes two thermo-responsive poly-

mers: Di(ethylene glycol)methyl ether methacrylate (MEO2MA) and 2-(3-(6-methyl-4-

oxo-1,4-dihydrophydrimidin-2-yl)ureido)ethyl methacrylate (UPyMA) [33,34]. GelMA is 

modified gelatin. Gelatin is a naturally occurring polymer in the body as it is a byproduct 

of collagen degradation. Thus, it has good biocompatibility and low immunogenicity. 

However, gelatin has low rigidity and the degradation is difficult to control. By modifying 

gelatin with methacrylate groups, gelatin is able to cross-link. Cross-linking builds a more 

organized molecular network in the hydrogel, resulting in a more stable, rigid material. 

Cross-linking also provides a method to better control the degradation behavior and hy-

drogel formation of the material. Additionally the methacrylate groups are reactive groups 

that can be replaced by further functional group modifications [35–37]. UPyMA as a mon-

omer is reported to be stretchable, flexible, and self-healing [38]. These polymers are 

contributing to the ability of the gel to form hydrogen bonds and hydrophobic interactions. 

Thus, this GelMA- MEO2MA-UPyMA (GUM) was demonstrated by Liu et al. [8] to be a 

promising self-healing and thermo-responsive polymer for biomedical applications (Fig-

ure 3).  

 

 

 

 

 

Over the course of this literature review, it was found that information on self-healing 

composite and hybrid hydrogels where bioactive glass is incorporated into various hy-

drogels is growing rapidly. This is largely because of the promising combination of traits 

that can be achieved by combining them. Examples of hybridized and composite hydro-

gels were found with GelMA and 45S5 bioglass [35,37,40]. However, no literature has 

Figure 3  Schematic of GelMA-UPyMA-MEO2MA copolymer structure 
(Adapted from [8,35,39]). 
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been found that hybridizes or composites any of the three copolymer hydrogels in this 

project. Additionally, most examples of composites and hybrid hydrogels utilize 45S5 

rather than borosilicate bioactive glass. Research suggests the future of the field lies with 

more complex hybrid and composite hydrogels because of the search for highly func-

tional biomimetic biomaterials. 

2.4 Hydrogel Composites and Hybrids 

Composite and hybrid materials are often confused because of their overlapping traits. 

By some definitions, hybrid materials are a category of composite materials. This is be-

cause hybrid materials are a group of materials that incorporate two or more materials 

into their composition like composites [5]. While their definition is similar to that of com-

posite materials, there is a distinction between composite and hybrid materials that 

comes down to three generally agreed-upon traits: composition, scale of constituents, 

and material interaction type. Firstly, hybrid materials usually have at least one organic 

component and one inorganic component. Secondly, the size of the constituent particles 

varies between molecular and nano or micrometer scale, whereas composites have 

larger constituents. Thirdly, hybrid materials have chemical bonds between the different 

materials, whereas composites do not. Hybrids are further divided based on the bonds 

into Class I and Class II hybrids. Class I have weak bonds between the materials, such 

as van der Waals or hydrogen bonds, and Class II have covalent bonds between the 

materials. (Figure 4) [4,5,41,42].  

 

 

 

 

 

 

Figure 4 Summary of the criteria of hybrid materials: (a) hybrids have 
an inorganic and organic component, (b) each component has a scale 
between molecular and nano, and (c) that the components have some 
interaction, such as a bond, between them [4,5,41,42]. 



10 

 

Due to the level of control humans have on the size, composition, and properties of the 

raw materials, we are able to control the interactions precisely, which makes hybrid ma-

terials highly tailorable. This allows for novel properties and optimizing materials for a 

particular function to a degree that has not been possible previously. Meaning that these 

hybrid materials  can be more ideal for applications that the constituent materials could 

not be used for individually in the past [42].  

Hybridization and composition between hydrogels and bioactive glass can be challeng-

ing with regards to identifying the correct composition parameters for an application with 

regards to mechanical properties, bioresorbability, and biocompatibility of the material. 

However, if successfully done, the hybrid or composite material can increase cell prolif-

eration and cell adhesion in the area, and aid in organizing the new tissue to better mimic 

native tissue, while maintaining a suitable degradation rate that supports the remodeling 

tissue [43]. 

In order to understand the native tissue’s properties, as well as a material’s properties, 

both need to be carefully characterized before the material can be applied clinically. 

Characterization of materials includes techniques that provide insight into mechanical, 

physical, and chemical behavior. This includes gelation tests, spectrophotometry, rheol-

ogy, self-healing tests, compression testing, and degradation series testing. A short 

background will be provided for each of these characterization techniques in the follow-

ing section.  

2.5 Characterization Techniques 

2.5.1 Gelation Test 

Gelation tests are necessary to understand basic behaviors of a gel. As gelation is the 

creation of the hydrogel’s micro and macro structure, it is closely tied to the end proper-

ties of the gel. Thus, gelation tests explore how consistent the gels formed from the pol-

ymer solutions are, how long gelation takes, and other gelation parameters (e.g. concen-

tration, temperature, humidity, etc.). Additionally, an important consideration for the ge-

lation of a biomedical hydrogel is that they must have gelation conditions that will not 

hinder cell viability, especially if they are incorporated into the gel in later stages of re-

search [44]. 

2.5.2 Self-healing Test 

Self-healing tests test the capacity of hydrogels to heal in the short-term when their struc-

ture is physically damaged. Since, self-healing is defined as healing without external 
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intervention, the environment of testing is essential to test this capacity (e.g. temperature 

or pH). As a hydrogel may heal in a limited set of conditions, they may not be conditions 

relevant to its application. This is often done by breaking a sample and placing the pieces 

together to observe the interface between the pieces. Following preliminary testing of 

hydrogels, research into self-healing often adds mechanical testing, such as compres-

sion testing [28]. 

2.5.3 Compression Testing 

While the scope of this project did not reach the use of mechanical testing to determine 

self-healing efficiency, it did utilize compression testing. Compression testing was used 

to determine the compressive strength of the HAHA hydrogel. These types of tests apply 

force normal to a sample, so that the sample is flattened. The measurements of strain, 

stress, and deformation can be used to calculate Young’s modulus, compressive 

strength, yield strength, and other parameters that may be useful to understand the be-

havior of the material under compression [45]. 

Hydrogels are often used in applications where they do not need high compressive 

strength (i.e. load-bearing applications) [25,26]. But hybrid and composite hydrogels are 

being developed for applications where hydrogels were not used previously. It is now 

common for testing hybrid and composite hydrogels with compression testing to under-

stand if these novel hydrogels can withstand the forces they would be subjected to in the 

body for applications such as bone regeneration [40,46,47]. 

2.5.4 Degradation Test 

Applications for hydrogels include drug delivery, cell growth regulation, or cellular deliv-

ery, which all require highly controlled degradation of the hydrogel and extends to hybrid 

and composite hydrogels [44]. As hybrid and composite hydrogels have two or more 

phases, it adds complexity to the degradation behavior. Since the materials may not 

have congruent degradation profiles, the combined material may not degrade as ex-

pected or requires alterations to the composition to tailor the degradation profile to the 

application [43]. So, these tests are undergone to understand how a gel for an application 

would be impacted by the body as it degrades, especially when polymer-specific en-

zymes are present. Additionally, this can also provide insight into how the degradation 

may impact the surrounding cells in the body [44].  
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2.5.5 Ultraviolet-Visible Light Spectrophotometry (UV-VIS) 

Spectrophotometry is a method that can measure the absorbance and transmission of 

light through a sample. As seen in Figure 5, light from a light source is divided into the 

components of the light spectrum. One wavelength is selected using a slit that allows 

one wavelength to pass. The selected wavelength then passes through a sample to the 

sensor. The amount of light that reaches the sensor is recorded as the amount of light 

transmitted through the sample. The inverse of this is the absorbance. This can be re-

peated over a spectrum of wavelengths for a sample [48,49].  

 

 

 

 

 

 

Absorbance can be used to calculate the concentration of a sample using the Beer-Lam-

bert Law. The Beer-Lambert Law states:  

 

𝐴 =  휀𝐿𝐶    (1) 

 

Where A is the absorbance of the sample (unitless), ε is the extinction coefficient (mL*g-

1*cm-1), L is the distance the light travels through the sample in centimeters, and C is the 

concentration of the sample (g*mL-1 ). 

Beer-Lambert’s Law conveys that absorbance is proportional to concentration for a given 

wavelength. This linear relationship can be plotted as known concentrations versus ab-

sorbance. From this samples of the same substances with unknown concentrations can 

be accurately calculated  [48,49]. 

Figure 5 Illustrates how light travels through a spectrophotometer to 

measure absorbance and transmission of a sample. Above the sample 

and sensor and within the sample are the labeled parameters of Beer-

Lambert’s Law [48,49]. 
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2.5.6 Rheology 

Rheology is the study of material flow under various conditions. As there are many types 

of rheology and equations associated with it, this review focuses on rotational and oscil-

latory rheometry with regards to the tests presented in this thesis. Relevant equations 

will be later introduced in the methods section. 

Rotational and oscillatory rheometry focuses on the behavior of materials, especially 

those that are non-Newtonian (e.g. gels, polymer solutions, etc.) at low shear rates (<103 

s-1). These materials have both viscous (liquid-like) and elastic (solid-like) behavior, 

which influence the viscosity [50].  Viscosity is the resistance to flow of material layers 

over each other [51]. Viscosity is shear stress (converted from the torque, τ) divided by 

shear rate (converted from the angular velocity, ω). These are measured by controlling 

either the shear stress, shear rate, or shear deformation. Shear stress is the force parallel 

to the sample, shear rate is the speed of deformation, and shear deformation is how 

much the sample deforms.  These values can be used to calculate values like the storage 

and loss moduli (G” and G’ respectively) that provide insight into the micro and macro 

structures of materials and interactions between materials when multiple components 

are present [52] (Figure 6).  

 

 

 

 

 

Temperature Ramp 

Temperature ramps are used in rheology to determine structural changes in a gel as 

temperature changes. For example, GUM was demonstrated to gelate once injected into 

Figure 6 Illustration of the rotational and oscillatory rheometer set up. 
Where torque and angular velocity are applied by a geometry on the 
sample. The measured values can be converted into shear strain, shear 
stress, shear rate, and deformation. From these other useful values can 
be calculated, such as G’ and G” (Modified from [50,51,53]). 



14 

 

a physiological temperature (37 °C). The gelation of a gel in a particular temperature 

range can be observed by this method [8]. 

 

Amplitude Sweep 

Amplitude sweeps submit a sample to constant shear stress with increasingly larger 

strains that last for the same amount of time. The resulting plot of strain versus the stor-

age and loss moduli (G’ and G” respectively) identifies the linear viscoelastic region of 

the material. The linear region usually occurs at low strains and appears as a plateau for 

both moduli. This region is the strain range used for later oscillatory rheological tests as 

the samples will not be destroyed within this region due to strain. 

If G’ is larger than G”, the sample displays gel-like behavior as the solid structure domi-

nates the behavior at that strain. When G” is larger, the materials is fluid-like. The point 

where G’ begins to decrease is the yield point, which is the point where the structure 

begins to collapse and flow [53]. 

 

Frequency Sweep 

A frequency sweep uses a low strain value identified in the linear region of the amplitude 

sweep. The frequency sweep submits the sample to a constant stress at increasingly 

faster intervals. This provides insight to the internal structure of the material and behavior 

over time. Where low frequencies describe slow changes of stress and high frequencies 

for fast changes of stress. Frequency tests can be used to determine characteristics such 

as sedimentation, cross-linking density, and mesh size of the polymer network [54]. 

 

Time Sweep 

Time sweeps are used to study the stability of a material over time since some materials 

can flow in a time-dependent manner to applied stress. Parameters such as frequency 

and strain amplitude are constants over a longer time scale (hours) For example, gelation 

time can be assessed by time sweep. Gelation can be determined by interpreting the 

moduli curves immediately after mixing. First, G” > G’, so it would be liquid-like, then G” 

= G’ (gel-point), and after that point G’ > G”, so it would be gel-like. This information is 

important for the preparation of novel gels [50].   
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3 MATERIALS & METHODOLOGY 

3.1 Materials 

Acetone, 6-methylisocytosine (98%), anhydrous dimethyl sulfoxide (DMSO, 99.9%), 2-

isocyantoethylmethacrylate (98%), methacrylic anhydride (94%), di(ethylene glycol)me-

thyl ether methacrylate (MEO2MA, 95%), potassium persulfate (KPS, 99%), sodium hy-

droxide (NaOH, 10M), N, N, N’, N’ - tetramethylethylenediamine (TEMED, 99%), gelatin 

(porcine, 300 g Bloom), gelatin methacryloyl (80% substitution, 300 g Bloom), and hya-

luronidase (HAse, Bovine testes, Type I-S, lyophilized powder): 20-50 U/mg) were pur-

chased from Sigma Aldrich (St. Louis, MO, USA). Phosphate buffer solution (PBS, 7.4 

pH) was prepared from disodium phosphate anhydrous (Na2HPO4), sodium chloride 

(NaCl), and sodium dihydrogen phosphate monohydrate (NaH2PO4 x H2O) respectively 

purchased from VWR Life Sciences Amresco (Radnnor, PA, USA), VWR Chemicals 

BDH (Radnor, PA, USA), and JT Baker (Phillipsburg, NJ, USA). Dulbecco’s Modified 

Eagle Medium F-12 Nutrient Mixture (DMEM, Ham, [+] L glutamine) was purchased from 

Thermo Fisher (Waltham, MA, USA). Congo Red Dye was purchased from Santa Cruz 

Biotechnology (Dallas, TX, USA). B12.5-Mg5-Sr10 bioactive glass (< 38 μm diameter) 

was provided by the Bioceramic, -Glass, -Composites Group at Tampere University. Two 

aldehyde-modified hyaluronans (HALD and HAALD), hydrazide-modified polyvinyl alco-

hol (PVAHY) and hydrazide-modified hyaluronan using carbodihydrazide (HACDH) were 

provided by the Biomaterials and Tissue Engineering Group at Tampere University. 

Spectra/Por® 4 Dialysis Membrane Standard RC Tubing (MWCO 12-14 kD) was pur-

chased from Spectrum Chemical Manufacturing (New Brunswick, NJ, USA). Whatman 

FP 30/0.2 CA-S syringe filters were purchased from GE Healthcare Life Sciences (Marl-

borough, MA, USA). 

3.1.1 Phosphate Buffer Solution (PBS) Preparation 

PBS was prepared using the following procedure and used in Parts A and B. 3.540 g of 

disodium phosphate anhydrous (Na2HPO4), 0.755 g of sodium dihydrogen phosphate 

monohydrate (NaH2PO4•H2O), and 5.90 g of sodium chloride (NaCl) were added to a 1 

L volumetric flask with a stirring magnet. The flask was filled to the 1 L line with distilled 

water.  The flask was closed and placed on a magnetic stirrer for 2 hours without heat at 

800 rpm. After 2 hours, the flask was removed from the stirrer and the magnet was re-

moved from the flask. If the volume was below the line on the flask, it was filled to the 
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line with distilled water. A stopper was inserted into the flask and left overnight at room 

temperature. The following day the pH was measured to ensure it was between 7.35-

7.45. If it was too basic, small amounts of NaH2PO4 were added until it was in the desired 

range. If it was too acidic, Na2HPO4 was added in small amounts until it was in the de-

sired range. The final PBS was stored at -5 °C for a maximum of 1 month.  

3.2 Part A – Gelatin-based Hydrogel Methods 

The methods in this section apply to the GUM hydrogel. Most of the methods are the 

same or modified from a reference paper by Liu et al. [8]. The feasibility and repeatability 

of the described thermo-responsive hydrogel was tested before further characterization 

was performed. Figure 7 illustrates the experimental flow using the methods described 

by the following sections. 

 

 

 

 

 
 

3.2.1 2-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2 

yl)ureido)ethyl methacrylate (UPyMA) Synthesis 

Before copolymerizing UPyMA with the other polymers, it was synthesized according to 

Liu et al. [8]. Then, 2.75 g of liquid 2-isocyanatoethylmethacrylate was measured in a 

Figure 7 Experimental flow of Part A for the gelatin-based hydrogel, 
GUM and GUM with bioactive glass (BG). 
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glove box with nitrogen atmosphere. The closed vial was kept in nitrogen atmosphere 

while measuring 2.0 g of 6-methylisocytosine (98%). The 6-methylisocytosine was trans-

ferred to a two-neck round-bottom flask with a magnetic stirrer. 50 ml of DMSO (99.9%) 

was added to the 6-methyllisocytosine using a syringe and warmed to 170 °C in an oil 

bath with a stirring rate of 600 rpm to begin but was decreased to 130 rpm as temperature 

increased. Once dissolved, the oil bath was removed. The 2-isocyanatoethylmethacry-

late was injected into the solution. The reaction was allowed to continue for 10 minutes 

while being stirred vigorously. Then, the flask was transferred to an icy water bath. Once 

cool, the contents of the flask were transferred equally to two 50 ml falcon tubes and 

centrifuged twice at 6500 rpm for 5 minutes at 0 °C. The supernatant was removed by 

pipette. Acetone was added to each tube so that the volume was 50 ml. The acetone 

was removed following an additional two centrifuge rounds with the same settings. The 

precipitate was transferred to a new two-neck round-bottom flask for vacuum drying over-

night at room temperature. The flask was cooled in an ice bath before the solid was 

collected and was left in vacuum conditions at ambient temperature for 2 days. The re-

sulting polymer was stored at –20 °C [8]. 

For modifications 3 and 4, stored UPyMA and a new batch of UPyMA were lyophilized 

for one week instead of vacuum drying. This was done due to the significant difference 

in measured UPyMA concentration by UV-VIS when comparing the drying techniques 

(See Figure 11 in Section 4.1.2). Both were stored at –20 °C.  

3.2.2 Gelatin methacrylate (GelMA) Synthesis 

Before copolymerizing GelMA with the other polymers, GelMA was synthesized using a 

modified procedure based on the procedure described by Liu et al. [8]. This method con-

sisted of weighing 3.0 g of gelatin and placing it into a 250 mL two-neck round-bottom 

flask with a magnetic stirrer in it. 30 ml of PBS (pH 7.4) was added to the flask. The 

solution was stirred at 600 rpm in a pre-warmed oil bath at 40 °C. The temperature was 

increased to 50 °C as 6 ml of methacrylic anhydride was added dropwise. Stirring con-

tinued for 5 hours. Near the end of the reaction time, the temperature was decreased to 

40 °C, 72 ml of PBS was pre-warmed to 37 °C. At the end of 5 hours, the warmed PBS 

was added to the flask with the stirring rate remaining at 600 rpm. The solution was 

transferred to hydrated dialysis membranes and placed in a 2 L beaker filled with distilled 

water at 37 °C for one week. Water was changed twice a day. Contents of the dialysis 

sleeves were transferred to 50 ml falcon tubes. The solution was centrifuged at 7000 rpm 

for 5 min at 37 °C three times to remove precipitate that formed during dialysis. The 
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supernatant was separated into new 50 ml falcon tubes and stored at -20 °C until lyoph-

ilization. Lyophilization was done for 5 days, and then the polymer was stored at –20 °C 

[8]. 

3.2.3 GelMA-UPyMA-MEO2MA (GUM) Synthesis 

The purpose of synthesizing this copolymer was to obtain a polymer with traits from each 

of the constituents. Ideally, the resulting polymer would be stable, thermo-responsive, 

self-healing, and flexible with some rigidity. Besides self-healing it should gelate once 

injected into a physiological environment (37 °C), which would make it a useful biomed-

ical hydrogel for injecting into wounds in the body to accelerate healing. 

 The first batch of GelMA-UPyMA-MEO2MA (GUM 1) was synthesized according to Liu 

et al. [8]. The method consisted of dissolving 0.50 g GelMA from Section 3.2.2 in 100 ml 

of deionized water in a three-neck round bottom flask at 40 °C while stirring at 400-500 

rpm (approximately 2-3 hours). The solution was cooled to room temperature. In a sep-

arate beaker, 0.1 g of UPyMA from Section 2.2.1 was dissolved in 5 ml of 1M NaOH. 

Then 0.1 ml of MEO2MA and 0.02 g of KPS were gently stirred into the GelMA solution. 

The UPyMA was added to the three-neck round bottom flask and degassed with nitrogen 

for 1 hour. 50 µl of TEMED was measured in glove box and added to the three-neck flask 

using a syringe. The reaction occurred for 10 hours under protection of nitrogen. The 

mixture was transferred to dialysis sleeves and dialyzed against water for 3 days. Water 

was changed once a day. The solid was lyophilized for one week, weighed, and then 

stored at -5 °C [8]. The outline of the structural modifications that gelatin undergoes as 

GUM is synthesized is presented in Figure 8.  
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To determine how changing the amount of UPyMA in the copolymer impacted the prop-

erties of the gel, the second synthesis reaction (GUM 2) doubled the amount of UPyMA 

in the reaction (0.2 g of UPyMA). All other reagent amounts remained the same. 

The concentration of UPyMA in GUM 1 and 2 were not as different as expected (See 

Section 4.1.2), thus it was determined that UPyMA was not fully dry after following the 

protocol, so the concentrations in the reaction were low to begin with. The difference 

between the suggested time of drying by vacuum versus the same time in a freeze-dryer 

drastically changed the concentration of UPyMA in solution (See Figure 11 in Section 

4.1.2 for UPyMA drying method comparison by ultraviolet-visible light spectroscopy). So, 

all UPyMA was dried by lyophilization to determine if it would be incorporated into the 

final polymer better. Thus, the third synthesis reaction (GUM 3) utilized the same 

amounts of reagents as the first, however, freeze-dried UPyMA was used. 

The fourth reaction (GUM 4) explored the influence of the synthesized GelMA in Section 

3.2.2 utilized the same amounts of reagents and freeze-dried UPyMA as the third reac-

tion but used Sigma GelMA (80% methacrylated), which was the target methacrylation 

of the synthesized GelMA. Because the Sigma GelMA had a known degree of methac-

rylation, it had a high probability to have more modification by UPyMA and MEO2MA. 

However, the Sigma GelMA stated that it was light, heat, and air sensitive. Thus, this 

Figure 8 Outline of how the process steps change the structure of gel-
atin. Where it is first methacrylated to produce GelMA, which is further 
modified by UPyMA (blue) and MEO2MA (red). The overall structure re-
lies on the hydrogen bonds and hydrophobicity between the elements 
to form the gel’s final structure (Adapted from [8,35,39]). 
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GelMA was handled in a glovebox environment in dark conditions. Dark conditions were 

maintained during the reaction, dialysis, and lyophilization steps of synthesis. A summary 

of the differences between the batches of GUM is provided in Table 1. 

 

 

 

Following lyophilization, the obtained polymer was weighed. The percent of the reported 

yield achieved was calculated by: 

 

% 𝑌𝑖𝑒𝑙𝑑 𝐴𝑐ℎ𝑖𝑒𝑣𝑒𝑑 = 100 − ((
𝑁−𝑅

𝑅
) ∗ 100 %)  (2) 

 

Where N is the yield of the reaction (g), R is the yield reported by Liu et al. [8] (g). 

3.2.4 GUM Gelation Test 

GUM hydrogels were formed according to Liu et al. [8] The method involves stirring in 

various weight percentages (2.5, 5.0, 7.5%wt) of the polymer created in Section 3.2.3 

into PBS (pH 7.4) at 20 °C using magnetic stirrers. Amounts added to PBS are found in 

Table 2. A water bath with cool water and ice was used to maintain 20 °C.  Once the 

polymer was no longer visible (2-3 hours), 100 μl of the mixture was pipetted into 1 ml 

syringe molds. These molds were placed in a humidity chamber, which was then moved 

to an incubator at 37 °C [8]. After 10 minutes, the gels were removed, and the state of 

gelation was determined by the ability of the gel to hold the shape of the mold. The 

method was modified for GUM 4 by keeping the water bath in dark conditions. 

 

Table 1 Summary of the variable changed for each synthesis reaction 
for GUM polymer. 

GUM Polymer Reaction 

1 As reported by Liu et al.[8] 

2 2x UPyMA (vacuum dried) 

3 Freeze-dried UPyMA, same amount as 1 

4 Sigma Aldrich 80% methacrylated GelMA, otherwise same as 3 
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Weight Percent of GUM (%wt) Weight of Polymer (mg) Amount of PBS (ml) 

2.5 10 0.4 

5.0 20 0.4 

7.5 30 0.4 

 

When testing glass mixtures, 15%wt of B12.5-Mg5-Sr10 bioactive glass (BG) was added 

to 5.0%wt mixtures of each GUM at the same time as PBS was added to the polymer. 

The procedure was the same to determine the effects of adding glass on gelation. 

3.2.5 Ultraviolet-visible (UV-VIS) Spectrophotometry 

The UV-VIS tests were performed using a Shimadzu UV 3600 Plus UV-VIS-NIR Spec-

trophotometer (Kyoto, Japan). The tests were to determine the concentration of UPyMA 

in each of the supramolecular copolymer, GUMs, and to measure the differences be-

tween the GelMA synthesized compared to 80% methacrylated GelMA sold by Sigma 

Aldrich. The solutions, concentrations, and wavelength range were the same as in Liu et 

al. [8] for comparison. 

Solutions were prepared at 1 mg/ml for all polymers tested in 0.1 M NaOH (GUM 1-4, 

synthesized GelMA, Sigma Aldrich GelMA, and pure gelatin). 700 μl of each solution was 

used in a cuvette with a path of 1 cm for each sample. The sample absorbance was 

measured between 200 and 400 nm because the main peaks for UPyMA and GelMA are 

within this range. To prevent contamination of the samples and cuvettes, the reusable 

cuvette was rinsed three times and wiped with a clean tissue between sample runs of 

the same polymer with 0.1 NaOH and rinsed with ethanol, distilled water, and 0.1 M 

NaOH between different polymers [8]. 

A standard curve for UPyMA was produced by diluting a 50 μg/ml stock solution of 

freeze-dried UPyMA in 0.1 M NaOH to 1, 3, 6, 10, 20, 30, and 40 μg/ml. Each concen-

tration was run in the same manner as the other polymer solutions. The absorption at 

268 nm for each concentration was used to create a linear concentration versus absorp-

tion curve. From this curve a linear regression model was calculated to determine the 

amount of UPyMA from a solution with an unknown amount of UPyMA. 

3.2.6 Temperature Ramp Rheology 

Rheological samples were prepared in the same manner as in the previous section. One 

rheological sample was 0.5 ml. To account for loss during preparation and pipetting, 0.7 

Table 2 Amounts of reagents for each mixture used for each type of 
GUM in gelation tests. 
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ml of sample was prepared the day before a test. This allowed for air bubbles to escape 

the sample. For GUM 1, 2, and 4, 7.5%wt samples were used. However, GUM 3 was 

prepared at 5%wt due to the inefficacy of mixing and excess bubbles in the solution at 

higher concentrations. As Liu et al. [8] demonstrated GUM to have temperature-depend-

ent behavior, a temperature ramp was preformed from 10-40 °C (1 °C/min, 0.1% strain, 

1 Hz frequency) using a 20 mm plate-plate geometry to confirm the described behavior. 

A Discovery HR-2 rotational rheometer (TA Instruments, New Castle, DE, USA) was 

used for all rheology tests, including those in Part B. 

500 μl of the sample was pipetted onto the center of the lower plate and the geometry 

gap (1500-1600 μm) was adjusted until the initial axial force was between 0.04-0.08 N 

after relaxation of the material. H2O drops were distributed evenly around the circumfer-

ence of the lower plate. An environmental hood was placed over the plates before start-

ing the test to protect the hydrogels from dehydration. Ethanol was used to clean the 

geometry plates between samples. This was repeated for each GUM and GUM with 

15%wt of B12.5-Mg5-Sr10 bioactive glass. 

The results were interpreted using storage (G’) and loss (G”) moduli. G’ reflects the elas-

tic behavior of the material. It is the amount of energy the material can store and recover 

when stress is applied. Whereas, G” reflects the viscous behavior, or the liquid-like be-

havior of the material and the energy the material loses. Thus, the relationship between 

the two provides information about the material behavior under different conditions. One 

of the methods of representing the changing relationship between G” and G’ is tangent 

delta. Tangent delta (tan(delta or δ)) is a ratio between the two and is mathematically 

modeled by [50,55]:   

 

tan(𝛿) = 𝐺"/𝐺′    (3) 

 

Where both G” and G’ are measured in Pascals and tan(δ) is in radians. The behavior of 

tan(δ) provides insight into how the material’s structure is changing under circumstances. 

When tan(δ) < 0.1, the gel structure is strong. When tan(δ) > 0.1, the gel structure is 

weak. In the temperature ramp, it provides information about temperature-dependent 

behavior of the structure [56].  
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3.2.7 Statistical Analysis 

When appropriate a value is given in standard deviation plus or minus one standard 

deviation format. ANOVA analysis without replication was used to determine if the per-

cent of UPyMA in each GUM sample and the reported values of 4.4%wt UPyMA were 

significant or not with 95% confidence. Student t-tests assuming equal variance were 

used to compare the UPyMA amounts between the GUM samples synthesized to each 

other with 95% confidence. 

3.3 Part B –Hyaluronan-based Hydrogels Methods 

Below are the methods applied for the second part of this project related to two hydro-

gels: HAALD-HACDH (HAHA) and HALD-PVAHY (HAPVA). Both hydrogels are hydra-

zone cross-linked hydrogels. The components of the hyaluronan hydrogels were synthe-

sized and modified by the Biomaterials and Tissue Engineering Group at Tampere Uni-

versity. The components include two aldehyde-modifed hyaluronans (HAALD and 

HALD), hydrazide-modified polyvinyl alcohol (PVAHY) and hydrazide-modified hyalu-

ronan using carbodihydrazide (HACDH).The following procedures, except for the self-

healing test, were previously used by the Biomaterials and Tissue Engineering group at 

Tampere University or modified as necessary to compare the results of the composite 

hydrogels to previous data [31]. An overview of the flow of experiments for Part B can be 

seen in Figure 9. 

 

 
Figure 9 Experimental flow of Part B for the hyaluronan hydrogels 
HAHA and HAPVA.  
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3.3.1 Hyaluronan Composite Hydrogel Gelation Tests 

 

The polymer solutions were prepared first. 2%wt solution of HALD was prepared in 10% 

sucrose solution 1%wt solution of PVAHY was also prepared in 10% sucrose solution as 

well. 3%wt HAALD and 3% HACDH were both prepared in PBS.  100 μl samples of each 

gel were made by taking 50 μl of each component and pipetting them into a 1 ml syringe 

mold. So, 50 μl of HALD and 50 μl of PVAHY, and the same for HAALD and HACDH 

components. Four parallel samples were made for each gel. These were allowed to 

gelate for 1 hour in a humidity chamber at room temperature. 

The samples were placed in separate test tubes with 4 ml of sterile PBS. Then, the sam-

ples were placed in an incubator at 37 °C for 24 hours. The pH of the solution was meas-

ured, and the gels were removed for qualitative observation.  

This was repeated when bioactive glass was added. Bioactive glass was added to the 

least viscous component. Thus, 15%wt of B12.5-Mg5-Sr10 bioactive glass was added 

to the PVAHY for the HAPVA hydrogel. Two tests were done to determine which com-

ponent of the HAHA gel should have the glass as they have similar viscosity. One test 

added 15%wt of B12.5-Mg5-Sr10 bioactive glass was added to HAALD and another test 

added 15%wt of B12.5-Mg5-Sr10 bioactive glass to HACDH for the initial gelation tests. 

Following procedure component preparation added bioactive glass to HACDH. 

3.3.2 Self-Healing Test 

As previously discussed, both hyaluronan-based hydrogels should be self-healing be-

cause of the hydrazone bonds that are used to cross-link them [29]. To test the capacity 

of these hydrogels to heal in short-term, two 100 μl gels of the same mixture (prepared 

in the same manner as described in Section 3.3.1) were made in two separate 2 ml 

syringe molds. One was dyed with 0.1 mg of Congo Red dye. Congo Red dye was cho-

sen due to its pH sensitivity as hydrazone bonds are pH sensitive. Congo Red presents 

blue-violet in acidic conditions (≤3) and red at pH above 5 [57]. After one hour of gelation, 

the gels were removed from the molds and cut in half. One half of each gel was placed 

with one half of the other gel, such that a new gel was made with one half being red and 

the other transparent. These dichromatic gels were placed into petri dishes without me-

dium. Other hydrazone-linked self-healing tests have been carried out for 24 hours with-

out medium. Thus the self-healing is only being influenced by the internal pH of the gel 

[29]. Distilled water droplets were placed around the edges of the dish so that they were 

not touching the gel. The petri dish was closed and placed in an incubator at 37 °C. 

Photos were taken at 0 and 1 hours [58].  
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3.3.3 Enzymatic Degradation Test 

Hyaluronan is a natural product of the body. Thus, it easily degrades in the body by 

hyaluronidase (HAse) activity without toxic byproducts [59]. To understand how a gel for 

biomedical purposes would be impacted by that degradative behavior in the body, an 

enzymatic degradation test is performed. For the enzymatic degradation test the polymer 

solutions were prepared in the same manner as described in Section 3.3.1, however, 

sterile sucrose solution and sterile PBS were used. Both the sucrose solution and PBS 

(pH 7.4) were sterilized using a 0.2 μm filter attached to a syringe. Additionally, all work, 

except for measuring pH and weighing, was done in a laminar hood to prevent contami-

nation over the course of the test.  

Empty 5 ml test tubes were labeled and weighed. The initial weight was recorded. A 

HAse stock solution was prepared (1 mg / 15 ml sterilized PBS). 100 μl samples were 

prepared in 1 ml syringe molds and were allowed to gelate in a humidity chamber in a 

laminar hood for 1 hour. Three controls and three HAse samples were made for time 

points 0, 2, 6, 24, and 48 hours for both non-BG and BG HA gels. Each sample was 

weighed at time 0 without media to calculate the initial gel weights and residual weights 

at later time points. Samples for time 0 were used for the 2 hour point too. After one hour, 

the gel was transferred to the respective pre-weighed test tube and reweighed. The 

weight of the test tube with the gel was recorded. The initial mass of the gel was calcu-

lated using:  

 

𝑊𝑖 =  𝑊𝑡𝑢𝑏𝑒+𝑔𝑒𝑙 − 𝑊𝑡𝑢𝑏𝑒       (4) 

 

Where 𝑊𝑖 is the initial mass of the gel, 𝑊𝑡𝑢𝑏𝑒+𝑔𝑒𝑙 is the mass of the test tube with the gel 

without media, and 𝑊𝑡𝑢𝑏𝑒 is the mass of the empty test tube. 

For the control samples, 2 ml of sterilized PBS was added to the test tube. For the sam-

ples with HAse, 1.25 ml of sterilized PBS was added to the test tube and then 0.75 ml of 

the HAse stock solution was added as well. The test tubes were then transferred to an 

incubator at 37 °C. For time point 0 and 2, the pH of the PBS and PBS+HAse should be 

recorded before adding the solutions to the test tube with the gel. 

At each time point following 0, the media was removed from the test tube using a pipette. 

Media was transfered to a clean test tube. The interior of the test tube was dried without 

touching the gel using a napkin if droplets of media were still present. The weight of the 

test tube with the gel was recorded. The pH of the media was measured. The new weight 

of the gel was calculated using: 
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𝑊𝑑 =  𝑊𝑡𝑢𝑏𝑒+𝑔𝑒𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 − 𝑊𝑡𝑢𝑏𝑒   (5) 

 

Where 𝑊𝑑 is the mass of the degraded gel at a given time point, 𝑊𝑡𝑢𝑏𝑒+𝑔𝑒𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑝𝑜𝑖𝑛𝑡 is 

the mass of the test tube with the gel without media. 

Using the results of equations 4 and 5, the residual mass percent was calculated using: 

  

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑀𝑎𝑠𝑠 (%) = 100 − (
𝑊𝑖−𝑊𝑑

𝑊𝑖
∗ 100) (6) 

 

This was repeated when 15%wt of B12.5-Mg5-Sr10 bioactive glass was added HAPVA 

and HAHA gels. 

3.3.4 Rheology of Hyaluronan Hydrogels 

Three types of oscillatory rheological measurements were performed on these hydro-

gels: amplitude sweeps, frequency sweeps, and time sweeps using a Discovery HR-2 

rheometer (TA Instruments, New Castle, DE, USA). 

Polymer solutions were prepared the same as for the previous tests. 500 μl samples 

were pipetted into 20 ml syringe molds and mixed thoroughly and covered in parafilm. 

For 1-hour and time-sweep samples, the samples were left at room temperature in a 

humidity chamber for one hour before testing. For 24-hour samples, 2 ml of Dulbecco’s 

Modified Eagle Medium F-12 Nutrient Mixture (DMEM) was gently added to the mold on 

top of the hydrogel. Then the mold was wrapped in parafilm, placed in a humidity cham-

ber, and then placed in an incubator for 24 hours at 37 °C.  

For testing, an immersion cup was fitted to the stage. 5 ml of DMEM was gently pipetted 

over the sample once it was setup on the rheometer stage. Testing parameters were 

input, and the test was started. Every test had a 5-minute temperature soak time as the 

stage was heated to 37 °C. Following each sample, the DMEM was removed, the stage 

and geometry were wiped with ethanol, and the axial force was zeroed. Additional spe-

cific parameters for each type of rheological test will be further described below.  

 

Amplitude Sweep 

Amplitude sweeps are when a sample is submitted to increasingly larger strains that last 

for the same amount of time. The resulting plot of strain versus the storage and loss 

moduli (G’ and G” respectively) identifies the linear viscoelastic region of the material. 
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The linear region usually occurs at low strains and appears as a plateau for both moduli. 

This region is the strain range used for later oscillatory rheological tests as the samples 

will not be destroyed within this region due to strain. 

The amplitude range for these sweeps was 0.01% strain to 1000% strain, a constant 

frequency of 1 Hz. Three replicates of each BG-HAHA gel, HAHA gel, and BG-HAPVA 

were tested. 

 

Frequency Sweep 

A frequency sweep uses a low strain value identified in the linear region of the amplitude 

sweep. The frequency sweep then submits the sample to the same strain at increasingly 

fast intervals. This provides insight into the internal structure of the material and short-

term behavior over time. 

The strain was 0.1% and the frequency range was between 0.1 and 10 Hz. Three repli-

cates of each BG-HAHA gel, HAHA gel, and BG-HAPVA were tested. 

Using the parameters of the 1-hour frequency tests and the G’ at 1 Hz, the relative mesh 

size and relative crosslinking density of the hydrogels was calculated and compared to 

those of the non-composite gels. Mesh size is the average distance between crosslinking 

points within the structure of the gel. Thus, the density of crosslinking is closely related 

to the mesh size. For composite gels, these equations do not provide direct information 

on the structure of the composite gel due to the different materials. But the information 

can provide insight into how the gel acts relative to the non-composite material. 

Relative average mesh size of hydrogels can be calculated by the following: 

 

𝜉 = (
𝐺′𝑁𝐴

𝑅𝑇
)

−1∕3

    (7) 

 

Where 𝜉 is the average mesh size (nm), G’ is the storage modulus at 1 Hz from the 1-

hour frequency test (Pa), 𝑁𝐴 is Avagadro′snumber (6.022 x 1023), R is the gas constant 

(8.314 J / K•mol), and T is the temperature (310 K). 

The crosslinking density may be calculated by: 

 

𝑛𝑒 =  
𝐺𝑒

𝑅𝑇
     (8) 
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Where is the crosslinking density (mol/m3) and 𝐺𝑒 is the plateau value of G’ at 1 Hz 

from the 1-hour frequency test (Pa).  

 

Time Sweep 

Time sweeps are used to study the stability of a material over time since some materials 

can flow or be solid in a time-dependent manner to applied stress. Both frequency and 

strain amplitude are constants with strain set to 0.1% and frequency at 1 Hz. This was 

applied to a sample for 3 hours. Two replicates each of BG-HAHA, HAHA, and BG-

HAPVA were tested. 

The results with BG were compared to results without BG as a control using percent 

difference (Eq. 9). In the case of HAPVA, the controls were from previous tests per-

formed by the Biomaterials and Tissue Engineering group at Tampere University. 

 

% 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
𝑁−𝑅

𝑅
) ∗ 100 %  (9) 

 

Where N is the new polymer with BG and R is the reference measurements. 

3.3.5 Hyaluronan Hydrogel Compression Testing 

Because the interest of BG-polymer hybrids and composites is often related to bone or 

cartilage tissue engineering[1,2,60], the ability of the material to compress is an important 

property for the material to have as they must be load-bearing. 

Polymer solutions were prepared the same as for the previous tests. Four parallel sam-

ples of 500 μl samples of each HA gel were pipetted into 5 ml syringe molds and mixed 

thoroughly and covered in parafilm in a humidity chamber for 24 hours without DMEM. 

However, after 24-hours, HAPVA had reverted to state that could not be tested, so only 

HAHA was tested. 

Testing was performed with a BOSE ElectroForce BioDynamic 5100 mechanical testing 

device (Bose Corporation, Eden Praire, MN, USA). The clamps of the machine were 

protected by parafilm and damp cellulose paper was placed over that to prevent slippage 

of the sample. A sample’s diameter was measured using a caliper. Then the sample was 

placed in between the clamps of the device such that it was secure but had no force 

applied on it. The height was measured. Compression speed was set to 10 mm/min, 

displacement was 65% of the sample height. 
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Stress was calculated from the force measured using: 

 

𝜎 =  
𝐹

𝐴
      (10) 

 

Where 𝜎 (N/mm2) is stress, F is force (N), and A is area of the sample cross section 

(mm2). 

Strain was calculated using: 

 

휀 =
𝑑

ℎ
      (11) 

 

Where ε is unitless strain, d is the measured displacement of the sample (mm), and h is 

the height of the sample (mm). 

The Young’s modulus is a measure of the stiffness of the material. It is usually calculated 

as the slope of the linear region of a stress-strain plot, which is known as Hooke’s Law. 

However, hydrogels do not have a linear region, thus a polynomial regression is used to 

fit the data to a mathematical model. So, the stiffness (
𝑑𝜎

𝑑𝜖
= 𝜏(𝜖))can be described by 

the derivative of the model: 

 

𝑑𝜎

𝑑𝜖
= 𝜏(𝜖) = ∑ 𝑘𝑐1𝜖(𝑘−1)𝑛

𝑘=1
  (12) 

 

Where k and 𝑐1 are constants and 𝜖 is the stiffness. Hooke’s Law usually holds true at 

low strains, thus the calculated second-order elastic constant at low strains is an ac-

ceptable estimate of the Young’s modulus for a hydrogel [31]. Thus, the point where 

stiffness is determined is from the stiffness calculated by the derivative model (eq. 12) at 

the strain that matches the second-order coefficient (𝑐1). Further details on this analysis 

method can be found in the article by Karvinen et al. [56]).  

3.3.6 Statistical Analysis 

When appropriate a value is given in standard deviation plus or minus one standard 

deviation format. T-tests assuming equal variance were used to compare previous non-

BG results to the new BG hydrogels with bioactive glass with a confidence of 95%. 
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4 RESULTS & DISCUSSION 

4.1 Part A - Results and Analysis for Gelatin-based Hydrogels 

The results for the gelation tests, UV-VIS absorption, and the temperature ramp trials for 

the four GUM types are presented in the following sections. 

4.1.1 Synthesis Results and Gelation Tests of GUM Poly-

mers 

A summary of the results of the four GUM reactions can be found in Table 3. The result-

ing polymers from the synthesis reactions for the four types of GUM all had yields near 

half of the reported yield by Liu et al. [8]. Liu et al. [8] reported that the yield for the final 

copolymer reaction had a yield of 1.45 g of material. Regardless of the changes to the 

procedure, the yield remained fairly constant. Thus, 1.45 g seems unrealistic as the final 

yield. The increased yield of GUM 4 may be due to a combination of the slightly higher 

methacrylation percentage (80%) of the GelMA used in reaction 4 compared to the oth-

ers and the reaction occurring in dark conditions to protect the light sensitive GelMA. The 

result of these changes caused the polymer to be qualitatively the densest and the least 

brittle in dry form. 

 

 

 

 

 

GUM Polymer Reaction Yield (g) 
% of 

Yield 

Observations  

(dry polymer) 

1 As reported by Liu et al. 0.755 52.07 
White, opaque, large 

pores, extremely brittle 

2 2x UPyMA (vacuum dried) 0.760 52.41 

White, opaque, slightly 

smaller pores than 1, 

still brittle 

3 Freeze-dried UPyMA 0.747 51.52 

White, opaque, small 

pores compared to 1, 

slightly brittle 

4 

Sigma Aldrich 80% methac-

rylated GelMA, Freeze-dried 

UPyMA 

0.875 60.34 
White, opaque, least 

porous, least brittle 

Table 3 Summary of the resulting yield and physical properties of the 
four GUM reactions. 
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Despite GUM 4 being the most different in terms of yield and physical properties, it be-

haved similarly to GUM 2 and 1 in gelation tests. This is a counter intuitive result because 

GUM 3 and 4 used the same freeze-dried UPyMA and the two different GelMAs had 

similar methacrylation (see Section 4.1.2 for GelMA comparison). Both the Sigma Aldrich 

and synthesized GelMA had methacrylation near 80%. Methacrylate (MA) groups gen-

erally indicates a higher degree of modifications should be possible, so GUM 4 was ex-

pected to have a higher percentage of the MEO2MA and UPyMA polymers and act sim-

ilarly to GUM 3 which had the most UPyMA (See Section 4.1.2).  

As seen in Figure 10, 5%wt of each GUM in PBS produces a gel in GUM 2, 3, and 4 (B, 

C, and D). With the addition of 15%wt bioactive glass (BG), the opacity of the gels in-

creased slightly.  GUM 1 (Figure 10.A) was able to hold a structure better when glass 

was present. The other three GUM demonstrated a similar pattern by having a more 

pronounced shape. Additionally, the gels remained self-adhesive, which is promising as 

it is related to their self-healing mechanism.  

 

 

 Figure 10 Before and after gelation of 5%wt of (A) GUM 1, (B) GUM 2, 
(C) GUM 3, and (D) GUM 4 with (left) and without BG (right). 
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When compared to Liu et al. [8], the results were not consistent. The reported critical 

polymer concentration to produce a gel with GUM and PBS was 4.4%wt [8]. Only GUM 

4 gelation tests suggested a critical concentration between 2.5 – 5%wt. GUM 1 was 

produced according to the procedure in the reference paper. However, as demonstrated, 

5%wt was not able to hold the shape of the mold when it was expected to. Meaning the 

critical concentration for GUM 1 was over 5%wt. GUM 2 and 3 were able to hold a shape 

at concentrations as low as 2.5%wt. Thus, GUM 2 and 3 likely had critical concentrations 

lower than 2.5%wt.  

Additionally, the reference paper tested concentrations up to 10%wt but GUM1-4 were 

tested up to 7.5%wt. At 7.5%wt the solution was close to being too viscous to mix effec-

tively. Thus, 5%wt was the solution that was used for the gelation comparison because 

the solution produced a gel in most of the gels and could be effectively mixed. 10%wt 

was not attempted, despite the paper saying it was possible, because of these issues 

with mixing at 7.5%. A table summary of the gelation tests is provided by Table A1 in the 

Appendix Section. 

There are three interesting aspects to Liu et al. [8] approach to synthesizing and gelation 

of GUM that may have impacted the copolymer synthesis. These are that the amount of 

MEO2MA and UPyMA were relatively small compared to GelMA, the reaction conditions, 

and that there was no step for photo-crosslinking.  

First, the amount of GelMA used in the reaction was approximately 5 times greater than 

the other polymers. This makes sense from the perspective that GelMA was intended to 

be the backbone polymer, but, when it was reacting, it was more likely to encounter 

GelMA than the other polymers. Thus, the polymerization was more likely to be between 

GelMA-GelMA than GelMA and the other polymers. This was compounded by the fact 

that UPyMA is hydrophobic. For example, a previously synthesized copolymer with 

UPyMA utilized DMSO as a reaction solvent [61]. Yet, GelMA and MEO2MA are hydro-

philic [35,62], so both readily dissolve in water and that was used for this reaction. Thus, 

the reaction environment favored the hydrophilic polymers so the incorporation of 

UPyMA would be difficult and variable between batches due to UPyMA folding into itself. 

This may be partially remedied by incorporating more MEO2MA because MEO2MA is 

able to create hydrophobic microenvironments [8] that would facilitate UPyMA copoly-

merization. Finally, many papers that discuss GelMA and methacrylated polymers use 

crosslinking to control the degree of crosslinking and to create a more stable product. 

Crosslinking can affect the other reactions as the mechanism is often by photoinduced 
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free-radical polymerization [63]. As self-healing often depends on the dynamic bonds 

within a hydrogel [64], the additional polymerization may hinder the other mechanisms 

of self-healing interactions in GUM. However, it may be useful to experiment with cross-

linking levels to improve the mechanical properties of these gels [35–37,40]. Additionally, 

photo-crosslinking has been demonstrated to successfully link bioactive glass to GelMA 

[40], so it may be used to produce a true hybrid between GUM and bioactive glass. If 

further exploration of this polymer is undertaken, these three items would be good can-

didates to improve the synthesization and gelation of GUM and the overall properties of 

it. 

4.1.2 Absorption Spectroscopy  

UV-VIS was used to analyze the GUM polymers in terms of comparing the synthesized 

GelMA to Sigma Aldrich GelMA, calculating UPyMA percentages, and to comparing 

GUM batches.  

Figure 11 shows the difference in absorption between vacuum dried UPyMA and freeze 

dried UPyMA. While both demonstrate the characteristic peak for UPyMA at 268 nm, the 

magnitude is vastly different between the two methods of drying. The vacuum dried 

UPyMA was the method used by Liu et al. [8]. But, the method stated 1 day was enough 

drying by vacuum [8]. However, there was little difference observed after 1 day and 3 

days of drying and the polymer was still paste-like. This texture indicated it was not fully 

dry. Whereas the same weight of UPyMA by freeze-drying method as vacuum drying 

had a much larger concentration of UPyMA in the sample. This is why GUM 3 and 4 

used the freeze-dried UPyMA to attempt to increase the UPyMA concentration in the 

copolymer. 
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The final batch of GUM 4 was synthesized with Sigma Aldrich GelMA, which had 80% 

methacrylation. This was because it was thought that the synthesized GelMA may have 

had a lower methacrylation percent. Thus, it would not be able to be modified to the same 

degree. However, once the behaviors observed in the gelation and temperature ramp 

tests between the GUMs made with the synthesized GelMA were similar to the Sigma 

GelMA, the two were compared by UV-VIS. As seen in Figure 12.A, the GelMAs are 

quite similar. Pure gelatin has absorbance peaks at 220 and 280 nm [65,66], and as 

GelMA  is  modified gelatin, it demonstrates a similar pattern but less pronounced be-

cause of the MA groups. Thus, the large difference in yield between GUM 3 and GUM 4 

suggested another reaction or interaction is occurring during synthesis that increased 

the yield of GUM 4. But despite the same components as GUM 3, GUM 4 has the second 

lowest amount of UPyMA (0.83 ± 0.01%wt compared to 2.24 ± 0.02%wt). GUM 1 had 

the least with 0.69%wt and GUM 2 had 0.88%wt with deviations of less than 0.01% 

(These figures were calculated using the standard curve of absorption and concentration 

for UPyMA found in Figure  in the Appendix section). There was a significant difference 

between all the results and the results of the reference paper, which reported 4.4%wt 

UPyMA [8] (ANOVA, p < 0.00001). While it is difficult to compare the batches due to the 

difference in procedures and reactants, this does support that despite the changes in 

procedure the reference paper values seem unrealistic with the given procedure. The 

Figure 11 The UV-VIS curve demonstrating the difference between the 
drying processes with the vacuum drying in green (1 day of drying is 

lighter green than 3 days of drying) and freeze drying is in blue (3 days 
of drying is lighter blue than 4 days of drying). 
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ranges do not account for the large difference between the synthesized GUM copolymers 

and the reference paper. However, some of the range could stem from the many sources 

of error that spectrophotometry readings can encounter, such as cleanliness of the cu-

vette, temperature, and the degree that the polymer dissolves. Despite these being min-

imized by the methods used during the tests, it is not possible to completely reduce the 

risk of error. It is also possible that some of the range over the entire spectrums for the 

same polymer solution may suggest a degree of heterogenous distribution of modifica-

tions in the copolymer, which is related to the earlier discussion of UPyMA distribution 

being somewhat random due to a lack of hydrophobic microenvironments during synthe-

sis.  

Additionally, as seen in Figure 12.B, each GUM has a clear gelatin/GelMA peak near 

220, except for GUM 3, and none have a clear peaks at 268 nm for UPyMA. This may 

indicate that the copolymerization is creating intermediate structures that are causing the 

spectrum to become smooth. 

 

 

 

 

 

4.1.3 Temperature Ramp Rheology Study 

As stated previously UPyMA and MEO2MA are temperature-dependent polymers. This 

means the GUM polymer should exhibit temperature-dependent activity. This was 

demonstrated to be true by Liu et al [8]. Thus, to compare the four synthesized GUM 

polymers to the reported results a temperature ramp was performed. This was repeated 

with GUM+BG to determine if BG had an impact on the temperature-dependent perfor-

mance of the gel.  

Figure 12 Spectrums of (A) Sigma Aldrich GelMA with a known MA of 
80% (blue) compared to the synthesized GelMA (orange) and pure gel-
atin. (B) The average curve of each GUM synthesized (GUM 1 = blue, 
GUM 2 = orange, GUM 3 = green, GUM 4 = gray). 



36 

 

The results of this test, as seen in Figure 13, indicate that all of the GUM polymers have 

relatively no temperature dependence. The expected result of the GUM polymer was 

that the loss modulus (G”) would have been above the storage modulus (G’) at lower 

temperatures, so the material would have had more viscous behavior (solution state). 

Then, between 20-37 °C, the storage modulus would become greater, indicating the in-

creased elastic, or solid-like, behavior of the polymer. Meaning they were already gels. 

All four of the GUM polymers had a greater G’ than G” over the course of the temperature 

range, so they acted as a gel over the entire range. However, there was some change 

with temperature as seen in the tan(δ) as provided in the graph insets. As tan(δ) is a ratio 

between G’ and G” as seen in Equation 3, an increase in this case indicates that each 

GUM became less structured with increasing temperature. This is the opposite of the 

behavior that Liu et al. demonstrated and similar to pure gelatin [8]. tan(δ) is less than 

0.1 for each GUM below 20 degrees, which means the gel has a strong structure. As the 

tan(δ) increases above 0.1 as the temperature increases for most of the GUM gels syn-

thesized, it means they lose the strong internal gel structure with increased temperature 

[56]. However, the G’ of all GUM batches is higher with BG than without BG. In GUM 1, 

G’ increased from 18 Pa without BG to 35 Pa with BG at 37 °C, a 94% increase. GUM 2 

G’ increased 101% from 174 Pa to 349 Pa with BG at 37 °C. GUM 3 G’ increased 47% 

from 434 Pa without BG to 636 Pa with BG at 37 °C. GUM 4 G’ increased 42% from 155 

Pa without BG to 220 Pa with BG at 37 °C. Interestingly, the two batches using dried 

UPyMA had the least increase in G’ at higher temperatures despite having significantly 

different concentrations of UPyMA. However, they had the highest G’ without BG, so it 

is likely that the BG had less impact on the internal structure than GUM 1 and 2 that were 

weaker gels. 

Thus, BG seems to strengthen the internal structure in each case at higher temperatures. 

This suggests that the bioactive glass is either weakly binding to the gel to reinforce the 

structure or the particles of glass are reinforcing it physically without bonds. This is the 

opposite of the effect of BG on the hyaluronan gels (See Section 4.2). However, the 

overall temperature-dependent behavior with BG was similar to the behavior of the gel 

without glass. So, this may indicate that the GUM copolymer was most likely not bonding 

to the bioactive glass, so it is a composite rather than a hybrid. 
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Figure 13 Temperature-ramp rheological results for (A) GUM 1, (B) 
tan(δ) for GUM 1, (C) GUM 2, (D) tan(δ) for GUM 2, (E) GUM 3, (F) 
tan(δ) for GUM 3, (G) GUM 4, and (H)  tan(δ) for GUM 4. G’ without bi-
oactive glass is dark blue, the G” without bioactive glass is light blue, 
the G’ with bioactive glass is dark orange, and the G” with bioactive 
glass is light orange. For tan(δ), blue indicates the control sample with-
out glass and orange indicates the sample with 15%wt BG. 



38 

 

 

 

Additionally, the higher percent weight of UPyMA in the composition correlated to a de-

crease in temperature dependence. For example, GUM 3 (2.24%wt, Figure 13.E) had 

the most UPyMA and had the least change over the temperature range. Whereas, GUM 

1 had the least amount of UPyMA (0.69%wt, Figure 13.A) and the most temperature-

dependent behavior. However, it was the inverse of the temperature behavior that was 

desired. A possible explanation for this behavior is that the more GelMA is cross-linked, 

the more thermally stable it is [37]. With the addition of UPyMA’s hydrogen bonds and 

hydrophobic interactions, it may act similarly to GelMA with a higher degree of cross-

linking. Thus, GUM 3, which has the most UPyMA is the most thermally stable. 

4.1.4 Part A Summary 

GUM 1-4 all had lower yields than reported and inconsistent gelation results, especially 

the critical concentration for producing a gel. Regardless of the changes made to the 

procedure, the UPyMA concentration remained lower than reported and the temperature 

dependent behavior was the inverse of what was expected. BG did not significantly alter 

the temperature behavior, but it did increase the strength of the gel structure. Thus, it is 

concluded that the procedure to fabricate GUM as described by Liu et al.[8] is not repro-

ducible due to these numerous inconsistencies between yield, gelation, UV-VIS, and 

rheological results. However, a similar gel may be of interest as a composite or hybrid 

gel if the synthesis procedures can be altered to produce a temperature dependent gel 

that sets at body temperature because of the increase of strength with little effect to other 

properties such as self-healing. 

4.2 Part B – Results and Analysis for Hyaluronan-based Hydro-

gels 

The results for the gelation tests, enzymatic degradation studies, rheological tests, and 

mechanical testing is presented in the following sections for the hyaluronan-based hy-

drazone cross-linked gels of HALD-PVAHY (HAPVA) and HAALD-HACDH (HAHA). 
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4.2.1 Hyaluronan-based Hydrogel Gelation Tests with Bioactive 

Glass 

During gelation tests, it was observed that the addition of BG decreased the time of ge-

lation in both HA gels. This made the time for gelation for HAPVA, which was initially 

about 30 seconds, to nearly instantaneous when the components were combined. This 

made it difficult to properly prepare HAPVA gels and was a likely the source of later 

troubles during tests regarding HAPVA. For HAHA, the time scale was initially longer 

without BG (3 minutes), so when BG was added it was still an acceptable time scale for 

properly mixing the components. There was little observable difference between adding 

the BG to HACDH versus adding it to HAALD. However, HACDH was chosen as the 

component to add BG to for further tests because the average pH of the PBS media was 

closer to the PBS base pH (pH = 7.4) after 24 hours than when BG was added to HAALD. 

After 24 hours in PBS at 37 °C, the gel with BG added to HACDH was 7.35 ± 0.02, 

whereas, the PBS with the gel where BG was added to HAALD had a pH of 7.29 ± 0.02. 

Another interesting observation during these tests to access the short-term stability of 

the gels was the shape of the gels. When the hydrogels were placed in falcon tubes with 

PBS and incubated for 24 hours at 37 °C, the samples with glass molded to the shape 

of the container with swelling (Figure 14). Whereas those without glass retained the mold 

shape (a cylinder). This observation was also observed in the degradation study with a 

different shaped container. This may be partially due to the fast degradation of these 

gels that would cause the crosslinks to break and the shape to change. However, it may 

also be due to the self-healing properties of the gels recreating the bonds as they break, 

so when they are removed from the container, they hold that shape temporarily. 

 

 

 

 

Figure 14 Top row: HALD-PVAHY with and without glass. Bottom row: 
HAALD-HACDH without glass, with glass added to HAALD, and with 
glass added to HACDH. 
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In literature, the nearest comparison to the HAHA-BG hydrogel are other polysaccharide 

hydrogels with bioactive glass. For example, dextran hydrogels were made into compo-

sites with bioactive glass (not B12.5-Mg5-Sr10). These dextran-bioactive glass hydro-

gels were found to increase their swelling capacity in water by nearly 1200% with the 

addition of bioactive glass between 0-16%wt. This literature also suggests that dextran-

bioactive glass is compatible with human osteocytes and supports hydroxyapatite for-

mation, an important marker for the bioactivity of the material, especially for bone tissue 

[67]. 

While it is not a direct comparison, the addition of 15%wt bioactive glass to HAHA seems 

to support similar properties, such as an increased swelling capacity of the hydrogel 

compared to the control sample (see degradation test results in Section 3.3.9). However, 

unlike the dextran hydrogel, the HAHA gel remains transparent (Figure 14) instead of 

white and opaque [67]. Retaining transparency is an uncommon characteristic [47,67,68] 

for hydrogels once bioactive glass is added. This may be due to the relatively small 

amounts of glass that 15%wt BG is due to the light weight of the polymers. Greater 

amounts of glass could be experimented with to explore if higher amounts would impact 

the opacity of the gels. However, being transparent would be useful for imaging and 

observation purposes. The current similarities in results between these dextran-bioactive 

glass hydrogels suggests that further studies into HAALD-HACDH could be promising 

for applications in tissue repair and growth. 

There was no suitable comparison found for HAPVA-BG. One example with the combi-

nation of hyaluronan, PVA, and bioactive glass (not borosilicate glass) was used as non-

setting paste. It demonstrated stability as a paste when submerged in simulated body 

fluid and during a frequency sweep. This combination was determined as a potential 

paste for soft and hard tissue repair [69]. HAPVA-BG had a similar rheology profile at a 

lower magnitude, which is likely due to the methods of preparation and form of the ma-

terial as well as the issue of mixing HAPVA-BG. Similar to HAHA-BG, HAPVA-BG was 

transparent when the similar combination in the example was not (Figure 14). Thus, 

HAPVA may be useful for tissue growth and repair if the gelation issues can be resolved. 

4.2.2 Self-Healing Properties 

As mentioned in the previous section, the BG seems to have an effect on the structural 

dynamics of the gels. Thus, the self-healing of the gels was tested by a common method 

of observational healing. Figure 15 demonstrates the limited healing abilities of HAPVA 

and HAHA without BG. After one hour, both had clear lines where the separate gels were 
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placed together. However, they were bound together well enough to support the gel 

when picked up by one side with tweezers.  

 

 
 

 

 

Once BG was added the internal environment clearly changed in the HAHA polymer. 

The shade of Congo Red in the sample without BG suggests the pH is slightly acidic 

(between 3-5), which is congruent with literature reports of ideal pH for hydrazone linking 

[31]. Once BG is added, the gel becomes more neutral (above 5). If the same pH shift 

happened for HAPVA to a more basic condition that would not be obvious using Congo 

Red, but it may explain some of the long-term stability issues observed outside of PBS 

in the HAPVA+BG hydrogel. HAPVA was mixed to a solid, but returned to a viscous 

solution after 1 hour, which suggests the internal environment is more favourable to the 

uncross-linked state of the polymers. But could also be a result of insufficient mixing due 

to the speed of gelation.  

Additionally, the healing ability of HAHA+BG appears to be improved over the polymer 

without BG at neutral pH. Thus, further tests exploring the limits of the self-healing of 

HAHA+BG would be beneficial. 

Figure 15 Top row: HAPVA without BG and with BG after 1-hour incu-
bation at 37 °C. Bottom row: HAHA without BG and with BG after 1 hour 
of incubation at 37 °C without acidic medium. 
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4.2.3 Hyaluronan-based Hydrogels Enzymatic Degradation 

Since HA is biodegradable, the degradation behaviour of the BG hydrogels was charac-

terized. As expected, the degradation was still within 48 hours with the HAse enzyme. 

As noted earlier dextran-bioactive glass hydrogels was reported to have increased swell-

ing [67] and the results of HAHA+BG support this as well qualitatively where it seems 

that HAHA+BG has a greater residual weight, which can only be attributed to the gel 

swelling with PBS (Figure 16.A). However, it does not seems to be as significant of a 

difference as the dextran-bioactive glass hydrogels demonstrated (1200% increase) [67]. 

HAPVA did not display an increase in swelling, but a faster decline in mass even when 

HAse was not present (Figure 16.C). This could be due to the instability observed that is 

likely from the mixing as well as the disruption to the crosslinking network that glass 

causes.  

Both gels with BG had a faster start to degradation than the control samples when the 

enzyme was present. This may be because the BG enlarges the mesh network and de-

creases the density of crosslinks (Section 3.3.10). This allows the enzyme to enter the 

structure more easily, so it is able to degrade the polymer faster. 

 

 

 

 

 

 

Figure 16 (A) Plot of the percent of residual mass of the gel at time points 
0, 2, 6, 24, and 48 hours for HAHA and HAHA+BG with and without HAse 
present. (B) the pH plot at the same time points for the same conditions. 
(C) The percent of residual mass of HAPVA gels at time points 0, 2, 6, 
24, and 48 hours with and without BG and with and without HAse pre-
sent. And (D) is the pH plot at the same time points for the same condi-
tions for HAPVA gels. 
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The pH stability during degradation with the addition of BG to the polymers was expected 

because BG creates a basic environment and HA creates an acidic environment. Thus, 

as the composite materials degraded, acidic and basic components were released sim-

ultaneously as they degrade. This was observed in both HA gels (Figure 16.B & D).  

Also observed in the HAHA+BG and HAPVA+BG is a slight increase in pH before re-

turning to a neutral pH. One theory may be the initial release of BG particles from the 

surface before HA is degraded enough to counteract the increase of pH. This could also 

account for the lower mass of the HAPVA+BG+HAse and HAHA+BG+HAse conditions. 

Where HAse is releasing the large particles of glass faster than HA at first. This could be 

tested by ion release studies using the same time points as the degradation tests, which 

are used to study the release behaviour of ions into the environment from BG over time. 

4.2.4 Rheology 

Amplitude, frequency, and time sweeps using oscillatory rheology were performed for 

HAHA, HAHA+BG, and HAPVA+BG. HAPVA+BG was compared to previously reported 

values for HAPVA [31]. Amplitude sweeps at 1 hour and after 24 hours incubated in 

DMEM at 37 °C revealed that the linear viscoelastic region was slightly longer than the 

gel without BG. The linear viscoelastic region is the area where the sample should not 

be destroyed by strain. Thus, the amplitude sweeps confirmed that the strain used in 

later sweeps could be 0.1% for the BG samples like it was for the control samples. The 

larger range of the viscoelastic region of the gel with BG, especially over time suggests 

the glass stabilizes the structure of HAHA under strain. However, when the moduli are 

compared between HAHA and HAHA+BG, the moduli are 78-79% lower when BG is 

present at 1 hour and 70-99% lower at 24 hours. This suggests a significantly reduced 

elastic behaviour for all amplitudes of stress, which was expected (Figure 17A & C).  

After 24 hours, the control samples had no change of G’ given the accuracy of the meas-

urement (1197 ± 298 Pa at 1 hour to 1204 ± 130 Pa at 24 hours). However, HAHA+BG 

decreased from 269 ± 130 Pa at 1 hour to 15 ± 6 Pa after 24 hours. This may be the 

result of partial degradation of the structure after 24 hours or the larger expansion that 

the network of HAHA+BG seems to experience when placed in media in addition to the 

initial weakening of the structure because of BG. 
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Figure 17 Representative curves for HAHA and HAHA+BG hydrogels of 
(A) amplitude sweep at 1 hour and (B) tan(δ) at 1 hour, (C) amplitude 
sweep at 24 hours, (D) tan(δ) at 24 hours, (E) frequency sweep at 1 hour, 
(F) tan(δ) at 1 hour, (G) frequency sweep at 24 hours, and (H) tan(δ) at 
24 hours. 
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The frequency sweep demonstrated similar reductions in G’ but less difference for the 

G”.It was unexpected that each sample of HAHA+BG gels demonstrated the same 

change towards liquid-like behaviour in the 24-hour frequency sweep. This may be be-

cause the HAHA+BG hydrogel was near the end of the linear region at 1 Hz after 24 

hours. Thus, over time HAHA+BG becomes susceptible to viscous flow at higher fre-

quency strains (Figure 17E & G). The moduli for HAHA+BG at low frequencies appears 

to be more stable. This means that the material is able to handle slowly applied stress 

and remain a gel [55]. However, at higher frequencies, or quickly applied stress 

HAHA+BG is more dominated by viscous behaviour and is no longer a gel. This behav-

ior, however is similar to the behavior of branched polymers that have long branches. 

Long branches are able to entangle at low frequencies, but at higher frequencies, the 

polymers are unable to entangle and begin to flow [70]. When the increase of the relative 

mesh network size and decrease crosslinking density are taken into account (See Table 

8), this behavior is plausible. As the mesh size increases, the polymer chains would 

become relatively longer as well when BG is added. HAPVA+BG did not demonstrate 

this behavior, but it is possible that it did not due to the mixing errors that prevented good 

samples from being produced consistently. 

Additionally, in the case of dispersions, if the G’ is greater than G” at low frequencies, it 

suggests that the particles will not sediment [54]. This is important to keep the BG parti-

cles homogenously distributed in the gel, so that the environment and dissolution of the 

hydrogel is homogenous and predictable. And when cells are applied, this is important 

for the cell distribution, migration, and growth because the BG can influence the cells.  

The analysis of the moduli at 1% strain from amplitude sweeps and at 1 Hz for the fre-

quency tests was used to calculate the difference between the gels with and without BG. 

A summary of the G’ and G” for each sweep can be found in Table 4. 

 

 G’ HAHA HAHA+BG G” HAHA HAHA+BG 

1 h Am-

plitude 

G’ (Pa) 1197 ± 298* 269 ± 130* G” (Pa) 10 ± 2 17 ± 5 

Relative 

Difference 
77.6% 

Relative 

Difference 
79.1% 

p-value 0.0064 p-value 0.0549 

Table 4 Summary of the averages and standard deviations of G’ and 
G” for HAHA gels compared to those of HAHA+BG. Where all values 
are in Pa unless noted otherwise and * indicates a statistically signifi-
cant difference with a 95% confidence. 
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Table 5 Continued Summary of the averages and standard deviations of G’ and G” for 
HAHA gels compared to those of HAHA+BG. Where all values are in Pa unless noted 
otherwise and * indicates a statistically significant difference with a 95% confidence. 

 

 G’ HAHA HAHA+BG G” HAHA HAHA+BG 

24 h Am-

plitude 

G’ (Pa) 1204 ± 130* 15 ± 6* G” (Pa) 
10.11 ± 

3.62* 
3.08 ± 0.61* 

Relative 

Difference 
98.7% 

Relative 

Difference 
69.5% 

p-value <0.0001 p-value 0.0295 

1 h Fre-

quency 

G’ (Pa) 1346 ± 202* 379 ± 99* G” (Pa) 12 ± 17 12 ± 2 

Relative 

Difference 
71.9% 

Relative 

Difference 
0.6% 

p-value 0.0017 p-value 0.9936 

24 h Fre-

quency 

G’ (Pa) 738 ± 113* 7 ± 1* G” (Pa) 6 ± 4* 3 ± 1* 

Relative 

Difference 
66.3% 

Relative 

Difference 
9.7% 

p-value 0.0004 p-value 0.1743 

 

Similar patterns for HAPVA and HAPVA+BG were observed for all tests. However, the 

moduli were lower than those observed for HAHA and HAHA+BG. Additionally, the sam-

ples were not fully gelated, so their moduli were lower to reflect the more viscous prop-

erties of the material at testing (Figure 18). The reduced size of the samples may have 

introduced some error to the tests, but this was largely counteracted by setting a smaller 

gap width for the tests (900-1000 μm rather than 1400-1500 μm for HAHA samples). 
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Figure 18 Representative curves for HAPVA and HAPVA+BG hydrogels 
of (A) amplitude sweep at 1 hour and (B) tan(δ) at 1 hour, (C) amplitude 
sweep at 24 hours, (D) tan(δ) at 24 hours, (E) frequency sweep at 1 hour, 
(F) tan(δ) at 1 hour, (G) frequency sweep at 24 hours, and (H) tan(δ) at 
24 hours. 



48 

 

The HAPVA+BG did not demonstrate the same changes in the frequency tests as 

HAHA+BG, but as stated before, that may be due to errors in measurement stemming 

from the difficulties of mixing HAPVA+BG. At 1 and 24 hours, the gel consistently had a 

larger G’ than G” for the frequency range. Thus, the BG is not likely to sediment and is 

able to handle quickly and slowly applied stresses. Interestingly the G’ of HAPVA+BG 

increases from 31 Pa to 41 Pa between the 1 h and 24-hour frequency sweeps and from 

32 Pa to 40 Pa between the 1 h and 24-hour amplitude sweeps. Comparatively, 

HAHA+BG decreases from 379 Pa to 7 Pa between the 1 hour and 24-hour frequency 

sweeps and 379 Pa to 7 Pa between the 1 h and 24-hour amplitude sweeps. Since both 

HAPVA+BG G’ increase over time in both sweep tests, it indicates that the gel increases 

strength over time. It may be that the gel requires more time to gelate after it initially gels 

while mixing to reform the network and it would be worth looking into in future studies. 

The analysis of the moduli to compare HAPVA to HAPVA+BG was done at the same 

strain (1%) and frequency (1 Hz) as HAHA.  

 

 

 

 

Table 6 Summary of the averages and standard deviations of G’ and 
G” for HAPVA gels compared to those of HAPVA+BG. Where all values 
are in Pa unless noted otherwise and * indicates a statistically signifi-
cant difference. 

 G’ HAPVA HAPVA+BG G” HAPVA HAPVA+BG 

1 h Am-

plitude 

G’ (Pa) 191 ± 11* 32 ± 3* G” (Pa) 25 ± 3* 4 ± 0.3* 

Relative 

Difference 
83.4% 

Relative 

Difference 
63.6% 

p-value 0.0004 p-value 0.0129 

24 h Am-

plitude 

G’ (Pa) 116 ± 23* 40 ± 2* G” (Pa) 5 ± 1* 4 ± 1* 

Relative 

Difference 
83.4% 

Relative 

Difference 
63.6% 

p-value 0.0004 p-value 0.0129 

1 h Fre-

quency 

G’ (Pa) 186 ± 8* 31 ± 15* G” (Pa) 9 ± 1* 4 ± 1* 

Relative 

Difference 
83.6% 

Relative 

Difference 
53.6% 

p-value <0.0001 p-value 0.0095 
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Table 7 Continued Summary of the averages and standard deviations of G’ and G” for 
HAPVA gels compared to those of HAPVA+BG. Where all values are in Pa unless 
noted otherwise and * indicates a statistically significant difference. 

 

From the values obtained by the rheological testing, the relative mesh size and cross-

linking density could be calculated using Equations 7 and 8. Both HAHA and HAPVA 

had an increase in relative mesh size and a decrease of crosslinking density. The values 

can be found in Table 8. The decrease of crosslinking density in conjunction with a larger 

mesh size, indicates that glass particles force the internal gel structure apart. The lower 

density of crosslinking especially would weaken the structure of the gel, which is congru-

ent with the lower G’ and G” measured for both gels with BG. It should be noted that 

these parameters are calculated by equations used for pure polymer mesh size and 

crosslinking density [56]. Thus, these values are reflecting a relative mesh size and 

crosslinking density of the composites as if they were pure polymer, which may not nec-

essarily reflect the reality of the structure. Nevertheless, this information does provide 

some insight into how the glass is affecting the polymer structure. 

 No BG +BG 

HAHA 

ξ (nm) 14.8 ± 0.7 22.7 ± 2.0 

𝒏𝒆 (mol/m³) 0.522 ± 0.078 0.147 ± 0.038 

HAPVA 

ξ (nm) 28.5 ± 0.5 53.4 ± 8.9 

𝒏𝒆 (mol/m³) 0.072 ± 0.003 0.012 ± 0.001 

 

With a constant strain applied over 3 hours for the time sweep, both HAHA and HAPVA 

gels demonstrated a slight strengthening over time as G’ gets larger and G” decreases 

(Figure 19). The result of HAHA becoming stronger is congruent with the results of the 

self-healing test. After two hours, the sample in the healing-test was observed to stand 

24 h Fre-

quency 

G’ (Pa) 121 ± 10* 41 ± 7* G” (Pa) 5 ± 1 4 ± 1 

Relative 

Difference 
66.3% 

Relative 

Difference 
9.7% 

p-value <0.0001 p-value 0.237 

Table 8 Summary of relative mesh size (ξ) and crosslinking density 
(𝒏𝒆) calculations for both HAHA and HAPVA with and without BG. 



50 

 

without support where it could not do so at one hour. And as previously mentioned, 

HAPVA became stronger over time as well. However, this test indicates that the point 

when G’ would begin to decrease is after 3 hours. It is difficult to test the stability beyond 

this time, however, because the media may be contaminated or evaporate. If either of 

those happen beyond 3 hours, the environment of the test changes, and introduces more 

error to the test. 

 

 
 

  

 

 

 

 

4.2.5 Mechanical Testing  

Mechanical testing was only done on HAHA+BG and compared to previously recorded 

data for HAHA due to the reversion of the HAPVA samples.  

Based on the stress-strain curve (Figure 20), HAHA displayed more elastic behaviour 

than HAHA+BG. The gels with BG had an increase of stress at high strains. This is likely 

because the BG particles were not bound to the polymer. So as the gel compressed, the 

BG particles became closer until they began to take the force. Thus, the material behav-

iour became less elastic and more brittle, like the BG, as strain increased.  

Figure 19 Representative curves for HAHA, HAHA+BG, HAPVA, 
HAPVA+BG time sweep. Where (A) plots HAHA and HAHA+BG over 
time, (B) is the tan(δ) behavior of HAHA and HAHA+BG, (C) HAPVA and 
HAPVA+BG over time and (D) is the tan(δ) behavior of HAPVA and 
HAPVA+BG. 
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However, at low strains the BG particles are more spread out and possibly force the 

polymer network to expand as reflected by the relative mesh size. This leads the polymer 

to being weaker and for the polymer to dominate the behaviour rather than the glass at 

low strain. This corroborates the lower G’ observed in the rheology tests in the samples 

with BG.  

 

 

 

 

 

The stiffness at the second order constant is lower for HAHA+BG. HAHA+BG has a 

second order constant for stiffness of 4.2 ± 2.4 kPa. HAHA alone has a second order 

constant for stiffness of 6.7 ± 1.0 kPa [71]. These are not significantly different statistically 

(p = 0.156) but the decrease does reflect the small amount of brittle phase present in 

HAHA+BG. This range of stiffness is suitable as scaffold for some tissues such as mid-

brain [72], possibly cornea [71], and kidney [73]. Thus HAHA+BG could be a candidate 

for tissues other than bone and cartilage. 

As seen in Figure 20 and Figure 21 Average of strain versus stiffness of HAHA hydrogels 

and HAHA+BG gels. The insert is a closeup of the stiffness behavior between 0.05 and 

0.30 strain where the Young’s modulus was calculated from. The image above is of a 

HAHA+BG hydrogel after failure during compression testing and HAHA without BG is 

plotted., the curves are very different when BG is present than when it is not. This indi-

cates that the BG addition produces a material that displays both the elastic, durability 

of a hydrogel and the strength of BG at high strains.  

Figure 20 Average stress-strain plot of HAHA and HAHA+BG during 
compression testing with one standard deviation. 
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Compression testing should be repeated after failure. Upon failure, samples were intact 

with a minor fracture beginning near the center of the sample. Meaning the gel should 

be able to heal the fracture without intervention, so repetition would explore the self-

healing properties of HAHA+BG and to what degree the material can recover. This would 

be useful to understand if used in tissue scaffolds in vitro or in vivo to prevent premature 

scaffold failure during degradation. 

4.2.6 Part B Summary 

HAHA and HAPVA both had a decrease in gelation time when BG was added. HAPVA 

was difficult to determine the properties for because of the instantaneous gelation. How-

ever, both HAPVA and HAHA retained the advantageous property of transparency after 

BG was added in a relatively small amount (15%wt). BG appeared to disrupt the mesh 

network in HAHA and HAPVA. Both gels had an increase in the relative mesh size and 

a decrease in crosslinking density. This structural change induced by BG caused both 

HAHA and HAPVA to have reduced G’. However, over time HAPVA+BG increased G’ 

whereas HAHA+BG decreased G’ further. This structural change also reduced the stiff-

ness of the HAHA+BG hydrogel. Overall, HAHA+BG is a promising candidate for short-

Figure 21 Average of strain versus stiffness of HAHA hydrogels and 
HAHA+BG gels. The insert is a closeup of the stiffness behavior between 
0.05 and 0.30 strain where the Young’s modulus was calculated from. 
The image above is of a HAHA+BG hydrogel after failure during com-
pression testing and HAHA without BG is plotted. 
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term tissue scaffolds in vivo and in vitro. HAPVA+BG may be promising if the gelation 

kinetics can be altered to allow for proper preparation without making the gels softer. 
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5 CONCLUSIONS 

The first aim of this project was to determine whether the self-healing, temperature-de-

pendent gelatin hydrogel as described by the reference paper by Liu et al.[8] was possi-

ble. Due to the numerous inconsistencies between results, it is concluded that the pro-

cedure as described is not reproducible. The addition of BG does not have a significant 

impact on the properties that were briefly tested. GUM may be useful in other applica-

tions but would require extensive modification to the fabrication procedure. 

The second aim was to explore how the addition of bioactive glass to one gelatin and 

two hyaluronan hydrogels affected their gelation time, appearance, and basic properties. 

BG had a small effect on the gelation time, appearance, and basic properties of the gel-

atin-based hydrogel, GUM. When BG was added to GUM, the moduli increased, 

whereas the moduli decreased when BG was added to HAHA and HAPVA. Thus, the 

addition of BG has the opposite effects on HA and GUM structures. The addition of BG 

also significantly altered the gelation time, and properties of the HA hydrogels. However, 

the HA gels remained transparent, which is advantageous for observation. 

The final aim was to determine how the short-term degrative, rheological, and mechani-

cal behaviors of the two HA gels were altered by the addition of BG. BG altered the 

degrative behavior by rapidly losing mass at first and then gradually losing mass over 

the remaining time. Whereas, the gels without glass experienced a fast drop in mass 

later. Additionally, the degradation of BG and HA kept the pH neutral. The alterations to 

the structure and behavior of the HA gels became more apparent with time, amplitude, 

and frequency sweeps. With a few exceptions, most tests were significantly different due 

to the addition of BG. Which was further supported by the decreased stiffness of the 

composite HAHA gel when BG was added. The quick dissolution of borosilicate glasses 

and degradation of HA may make these better candidates for small defects in tissues or 

should be addressed to lengthen the degradation time of both materials.  

As for these three hydrogels, HAPVA and GUM do not seem promising as candidates 

for a composite hydrogel as HAHA gels. GUM requires further optimization of the modi-

fication process during fabrication before its applicability could be reassessed. HAPVA 

mixing would also need to be explored to prevent the issues encountered in this project. 

HAHA composites have some drawbacks, but with further study and optimization, the 

advantageous properties, such as improved self-healing at neutral pH and resilience to 

compression despite a lower stiffness, could be useful as highly functional biomaterials. 
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APPENDICES 

%wt GUM 1 GUM 2 GUM 3 GUM 4 Liu et al. 

2.5 No shape Holds Shape Holds Shape No shape No Shape 

4.4 
No agreement 

to Liu et al. 

No agreement 

to Liu et al. 

No agreement 

to Liu et al. 

Critical con-

centration may 

be close to 4.4 

Critical Concentra-

tion of gelation 

5.0 No Shape Holds Shape Holds Shape Holds Shape Holds Shape 

7.5 

Not efficiently 

mixed, holds 

shape, air es-

capes 

Not efficiently 

mixed, holds 

shape, air es-

capes 

Not efficiently 

mixed, holds 

shape, excess 

air  

Not efficiently 

mixed, holds 

shape, air es-

capes 

Mixed, Holds Shape, 

air escapes 

10.0 Not attempted Not attempted Not attempted Not attempted 
Mixed, Holds Shape, 

air escapes 

 

Table A1 Summary of gelation test results for all GUM copolymers and 
concentrations compared to Liu et al. [8]. 
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Figure A1 The standard curve and linear regression model created by 
dilution of UPyMA stock solution used for calculating the weight percent 

of UPyMA in the synthesized types of GUM. 


