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ABSTRACT 

Previously, a series of three Ga2O3-Na2O-CaO-ZnO-SiO2 bioactive glasses was 

created in which zinc (Zn) was incrementally replaced by gallium (Ga). The structure and 

solubility of this glass series was then investigated in order to evaluate the ability of Ga-

containing glasses to exhibit bioactive properties, and to determine whether these glasses 

were eligible candidates for biological studies. The results of this prior work suggested 

that these Ga-containing glasses exhibited potential as bioactive glasses, thus warranting 

further study. In the current study, the primary objective was not only to evaluate the 

biocompatibility of these glasses using cell assays, but to also develop a method of 

delivery for these glasses into a host system by impregnating these glass particles into a 

polymer hydrogel matrix, which consisted of functionalized forms of the polysaccharides 

dextran (Dex) and carboxymethyl cellulose (CMC), which were cross-linked by 

hydrazone bonds. The structure and solubility of the glass-hydrogel composites were then 

investigated, and in vitro studies were carried out to evaluate their cytocompatibility with 

healthy fibroblast and osteoblast cells, their anti-bacterial and anti-fungal efficacy, and 

their cytotoxicity towards cancerous osteosarcoma and myeloma cells.
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INTRODUCTION 

Biomaterials 

1. Evolution and Functionality of Biomaterials 

Biomaterials can be defined as materials which have been specifically designed to 

either elicit no response, or to elicit a specific biological activity upon implantation into a 

host system.1 Over time, the design objective of biomaterials engineers has shifted as the 

application requirements of these materials have evolved. Initially, inertness was a 

desired trait for implant materials, and this philosophy was embraced all the way from 

ancient Egypt when molds of precious metals were utilized as inert dental implants2, until 

the early 1960’s when it was discovered by Branemark that physical bonding could be 

achieved between bone tissue and titanium implants in rabbit models (osseointegration).3 

Near the end of the 1960’s, the focus shifted to developing materials which could form 

chemical bonds between their surfaces and the surrounding host tissues after Hench et. al. 

formulated a glass composition (45S5), which allowed for the formation of a thin apatite 

layer on the glass-tissue interface, facilitating a strong chemical bond between the two.4 

This philosophy lasted for several years until it was discovered that some materials could 

be constructed to resorb over time, which lead to an era of developing materials which 

could serve some sort of initial function, and then gradually dissolve as the host tissue 

healed. The first materials to be developed with this intended function were resorbable, 

synthetic suture materials consisting of poly(α-hydroxyacid)s.5 This discovery lead to the 

development of many different types of resorbable materials, and ultimately lead to the 

creation of implantable drug delivery systems. An example of the advancement from 

inert to resorbing biomaterials can be seen in Figure 1, with the evolution from amalgum 

to bioactive glass-containing composite dental fillings. 
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Figure 1. Bioinert amalgam and bioresorbable composite fillings in teeth.6 

 

 “Controlled drug delivery” (CDD) devices were first developed to operate on the 

macroscopic scale, releasing drugs at a constant rate into their respective surrounding 

environments. The first major breakthroughs utilizing this technology were the 

ophthalmic insert called Ocusert®, and the intrauterine device called Progestesert®.5 Later 

on, Folkman and Langer discovered that it was possible, on a macroscopic scale, to 

deliver a protein in its active form from a hydrophobic, non-degradable polymer matrix.7 

After this discovery, the philosophy of biomaterials engineers shifted yet again, focusing 

on not only the design of CDD devices on the macroscopic scale, but to improve these 

materials to allow for sustained release, and to progress from the use of non-degradable 

materials as the delivery vehicles, to biodegradable materials. The first clinically-

approved, injectable, degradable microparticle drug delivery system called Decapeptyl® 

was then launched in 1986 as a treatment for prostate cancer.5  

Throughout the rest of the 1980’s, the majority of degradable, drug-delivering 

microparticle systems were formed by two processes, either by solvent evaporation from 

emulsions, or by phase separation methods. The number of available techniques for the 

synthesis of drug-loaded, degradable polymers then began to rapidly expand in the late 

1980’s and early 1990’s. Among these techniques was the Prolease® process for 

fabricating drug-loaded PLGA microparticles using an ultrasonic sprayer and a liquid 
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nitrogen/frozen ethanol bath to freeze the particles, and remove the solvent.8 Other 

degradable drug-delivery systems were later developed by Sung Wan Kim and Youngro 

Byun, including thermally-responsive, aqueous solutions of di- and tri-block copolymers 

of PLGA-PEG.5  

The latest shift in the field of biomaterials engineering has combined several 

different concepts, bringing thinking down to the nano-scale, and has begun to involve as 

much biology as materials science, as this new era of development is much more focused 

on “targeted” or “site-controlled” drug delivery systems. Over the past several decades, 

three crucial technological advancements have led to this current shift in focus in the field 

of biomaterials engineering. The first was the development of polyethylene glycol-

conjugated drugs/drug carriers, a technique called “PEGylation”. Developed by Frank 

Davis, this process was conceived in order to simultaneously enhance both the circulation 

time, and the stability of recombinant protein drugs.9 The effects of this process are 

illustrated below in Figure 2. 

 

Figure 2. Resulting effects of PEGylation process.10 

 

Another technological advancement to influence the current design shift was the 

development of “active targeting”. This concept was established by conjugating either 

cell membrane receptor antibodies, peptides, or small molecule ligands to the designated 
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polymer carrier molecule, in order to seek out and deliver nano-therapeutics to specific 

cells.11-14 The third technological discovery that helped usher in the current era of 

biomaterials advancement was the concept of “passive targeting”, which is an alternative, 

complementary concept to “active targeting”. Hiroshi Maeda unveiled this method of 

targeting while observing the “enhanced permeation and retention effect”, when 

defective, leaky blood vessels in rapidly-expanding tumors entrapped nano-scale carriers. 

He concluded that due to the rapid formation of tumor tissue, the vasculature in the tissue 

was not fully developed, and as a result, the lymph drainage system was not yet operating 

efficiently. Hypothetically, the combination of these two effects is what caused the nano-

scale drugs he was studying to be trapped within the extra-vascular tissue of the tumor.15 

The current study combines several of the discussed theories and concepts for drug-

delivery in situ, as the objective is to develop a composite material consisting of a 

polymeric hydrogel matrix impregnated with finely-ground, Ga-containing bioactive 

glass particles, in order to achieve a means of effectively delivering  and maintaining the 

glass particles at a desired site, and then allowing the leaching ions to interact with host 

tissue in the immediate vicinity, in order to elicit specific therapeutic effects. 

2. Categorizing Biomaterials 

 Biomaterials can be broadly classified into three different categories based on 

how they interact with the body upon implantation, and these categories include bioinert, 

bioactive, and bioresorbable materials.  

 Bioinert materials are materials which remain inert upon implantation, meaning 

that these materials will not induce detrimental effects to the surrounding environment, 

but they also will not establish any interfacial bonding between the implant and host 

tissue (e.g. bone). An example of bioinert materials are non-thrombogenic polyurethanes. 

These materials are polymers used in vascular grafts, which have undergone a process 

which causes fluorine-containing functional groups to concentrate on their surfaces, in 

order to lower the surface energy of the implant, and inhibit protein adsorption and 

platelet adhesion upon implantation.16 Uncoated metallic implants are also categorized as 

inert, as they rely solely on a mechanical fit to remain in place, and do not form chemical 

bonds with host tissue. 
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 Bioactive materials are a type of material which can directly attach to host tissues 

through chemical bonding with the surface of the material, but the bulk of the implant 

remains intact indefinitely. An example of bioactive materials are cobalt-based alloy hip 

implants, which are coated with a hydroxyapatite (HA) layer. The HA layer quickly 

establishes a strong chemical bond to the bone in which the device was implanted, 

however, the purpose of this coating is strictly to hold the implant in place, and to help 

prevent the host tissue from fibrously encapsulating the implant.17 This particular type of 

implant is intended to remain intact and undisturbed for as long as possible.  

 The final category, bioresorbable materials, are materials that directly attach to 

body tissues through chemical bonds on the surface of the material, and are then 

gradually resorbed until they are fully replaced by new tissues produced by the host.18 An 

example of a bioresorbable material used in clinical practice is poly(lactic acid) (PLA) 

screws, which are commonly used in corrective jaw surgery to stabilize the jaw while 

healing after correcting mandible retrusion or mandibular prognathism (over or under 

bite).19 Examples of materials from each category are provided in Figure 3. 

 

Figure 3. Schematics and images of a polyurethane vascular graft20, an HA-coated 

femoral stem21, and a poly(lactic acid) screw22.  
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3. Classes of Biomaterials 

Biomaterials can be classified into 5 different classes, including metals, polymers, 

ceramics, natural materials (derived from plants or animals), and composites of two or 

more different classes of materials. Each class of material offers different chemistries and 

different properties, and therefore, offers different advantages and disadvantages for each 

possible application. This is a brief overview of each class of biomaterial, the properties 

they exhibit, and a few of their current applications. 

Metallic implants provide what are likely the most significant economic and clinical 

impacts on the field of biomaterials. Although current economic figures are difficult to 

determine, it was estimated that by the year 2000, the worldwide market for all types of 

biomaterials was estimated at $20 billion, with an estimated growth of 12 to 20% per 

year. Of that $20 billion worldwide market in 2000, the United States accounted for 

approximately $9 billion of that, with an estimated growth rate of about 20% per year.23 

Clinically, four out of ten of the most frequent orthopedic operations performed in the 

U.S. each year (approximately 3.6 million), involve metallic implant materials. These 4 

procedures include the open reduction of a fracture along with internal fixation, 

placement or removal of an internal fixation device without reduction of a fracture, 

arthroplasty (procedure where the articular surface of a joint is replaced, remodeled, or 

realigned) of the knee or ankle, and arthroplasty or total replacement of the hip.24 The 

three most common types of metallic implant materials used include stainless steels, 

cobalt-based alloys, and titanium-based alloys. Stainless steels are commonly used as 

bone plates and screws, cobalt-based alloys are used in femoral stems for artificial hips 

and dental partial bridgework, and titanium-based alloys are primarily used in oral and 

maxillofacial surgeries.23 An example of the appearance of metallic knee replacement 

materials is displayed in Figure 4. Metals are selected as the primary materials for these 

particular applications due to their high yield, ultimate tensile, and fatigue strengths, their 

high degree of machinability, their corrosion resistance, and, in the case of titanium, for 

their osseointegration abilities. The major drawbacks associated with metallic implants 

are the hardness mismatch they can impose, the potential for fibrous encapsulation of the 

implant by the host tissue, potentially harmful degradation products, and the need for pre-

implant fabrication, which can limit host morphological compatibility. 
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Figure 4. Image of metallic knee replacement materials.25 

 

Polymers comprise the widest-ranging class of biomaterials, and can be derived 

either from natural sources, or from synthetic organic processes. This summary will 

briefly discuss synthetically-derived polymers, as naturally-derived polymers will be 

discussed later on. There are many different synthetic polymers used as biomaterials, 

ranging from hydrophobic, non-swelling materials, to polar materials, to materials which 

are completely water-soluble. There are also polymers which exhibit drastically different 

degradation properties, ranging from materials which are hydrolytically unstable and 

rapidly degrade in a physiological environment, all the way to materials which can 

remain relatively unchanged for the duration of a patient’s life. Polymers are long-chain 

molecules which are comprised of a large quantity of small repeating units, and in 

synthetic polymers, the chemistry of the conjoined repeat units slightly differs from the 

chemistry of the monomers which were used to create the polymer.26 This difference in 

chemistry is dependent on the mode of polymerization that was utilized. In the case of 

polymers, the requirements of the intended application determine the properties which 

need to be possessed by the final material. The properties of a polymer can be influenced 

by many different factors, including molecular weight (increased MW translates to 

increased mechanical properties, decreased processability), method of synthesis (addition 
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polymerization or condensation polymerization), and degree of crystallinity (increased 

crystallinity translates to increased mechanical properties, decreased reactivity).26 A few 

examples of synthetic polymers and their applications include poly(methyl methacrylate) 

(PMMA), which is used as the matrix in bone cements and as intraocular lenses, 

polyethylene (PE), which is used for catheters and as the acetabular component in 

prosthetic joints, and poly(ethylene terephthalate) (PET), which is used as an arterial 

woven graft, and as a reinforcing fabric for tissue reconstruction.23 Synthetic polymers 

are generally selected as the material of choice for a particular case because of their high 

degree of tailorability and low manufacturing costs (compared to other classes of 

biomaterials), and because of the high degree of control the manufacturer has over the 

chemistry and purity of the final product. However, some of the major drawbacks 

associated with synthetic polymers include potentially hazardous wastes produced during 

manufacturing, and the potential elicitation of undesired physiological responses as a 

result of degradation products after implantation. 

The class of ceramics in biomaterials encompasses ceramic, glass, and glass-ceramic 

materials, and thus includes a vast range of inorganic/non-metallic compositions. This 

class of materials is most commonly used to either repair or replace skeletal hard 

connective tissues, and the success of these materials is dependent on the establishment 

of a stable chemical bond between the host and the implant. However, for materials in the 

ceramic class, the physiological response upon implantation of a device is particularly 

sensitive to both the composition, and the degree of crystallinity of the material. There 

are several categories of materials within this class, including highly crystalline ceramics, 

porous ceramics, bioactive glasses and glass-ceramics, and calcium phosphates. Highly 

crystalline ceramics, such as high-density, high-purity alumina (Al2O3), are utilized as 

components in hip prostheses and dental implants due to their excellent corrosion 

resistance and wear resistance, their high strength, and their acceptable biocompatibility 

(produces thin capsule formation, allowing for cementless fixation).23 However, the high 

degree of crystallinity that provides these materials with their mechanical strength and 

wear resistance, also prevents the host tissue from chemically bonding to the surface of 

the implants, which over time, can potentially result in loosening. Porous ceramics, such 

as Pro Osteon (hydroxyapatite converted from coral), are materials that remain inert upon 
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implantation, while acting as porous scaffolds for bone re-growth. When these materials 

possess pore sizes exceeding 100 µm, bone tissue grows within the interconnecting 

porous network, maintains its vascularity, and remains viable for long periods of time, so 

long as the scaffold is not used in a load-bearing application.27 Bioactive glasses and 

glass-ceramics are materials which exhibit a time-dependent, kinetic modification of the 

surface, which is initiated immediately upon implantation, and proceeds until a chemical 

bond is formed between the host tissue and the implant. This ability was first 

demonstrated by Hench et al., with glasses containing compositions with varying 

amounts of SiO2, Na2O, CaO, and P2O5.
28 This group discovered that there are three vital 

compositional requirements that must be met in order to distinguish a bioactive glass 

from a traditional soda-lime-silicate glass: (1) must contain <60 mol% SiO2, (2) must 

contain a relatively high Na2O and CaO content, and (3) must possess a high CaO/P2O5 

ratio (≥ 5:1). It was later discovered that compositions could be altered (e.g. substituting 

5-15 wt% B2O3 for SiO2), and that the bioactive glasses could be heat-treated to form 

glass-ceramics, and that these changes did not have an effect on the ability of the 

materials to bond to bone.23 Bioactive glasses and glass-ceramics have been used as 

components in bone cements, and in the repair of periodontal defects (Figure 5), and 

much work is being done to resolve the issues of trying to balance the chemical bonding 

between host and implant with the matching of implant resorption and host regeneration 

rates, while still meeting the mechanical requirements for the intended application, which 

will hopefully allow these materials to be used in many different fields of medicine in the 

future.  
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Figure 5. Illustration of action of Novabone® dental putty.29 

 

The final category contained in the ceramic class of materials is the calcium 

phosphates. Since the primary crystalline component of the mineral phase of bone is a 

calcium-deficient carbonate hydroxyapatite, much effort has been poured into developing 

synthetic hydroxyapatite which can be utilized as an implant material. As with most 

ceramic biomaterials, the method and conditions used to synthesize synthetic HA will 

drastically influence its physical and chemical properties. One of the main stipulations is 

that the material must possess a Ca/P ratio of at least 1:1, in order to exhibit sufficient 

resistance to solubility and hydrolysis upon implantation. As the Ca/P ratio increases, so 

will the material’s resistance to solubility and hydrolysis.30 Other factors that can greatly 

influence the rate of resorption for synthetic HA include physical features (surface area, 

crystallite size), chemical factors (atomic and ionic substitutions in the lattice), and 

biological factors introduced by the host (age, sex, hormone levels). Although 

development and processing of these materials can be very difficult, calcium phosphates 
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are used in many different forms for many different applications, some of which include 

its densified form for alveolar ridge augmentation, as granules for filling bony defects, 

and as a coating on metal implants for orthopedic and dental surgeries.31-33  

The fourth class of biomaterial can be described as natural materials, as they are 

obtained from either plant or animal sources. Although there are examples of directly-

sourced, animal-derived materials still used in practice (e.g. bovine-derived heart valves), 

the majority of naturally-sourced biomaterials are in the form of polymers. Natural 

polymers are of interest to biomaterials engineers, particularly with the growing interest 

in tissue engineering and regeneration, due to their ability to be utilized in many different 

applications, while also possessing many similarities to macromolecular substances that 

the biological host is metabolically capable of processing.23 The similarities between 

naturally-occurring polymers and naturally-occurring substances within the body, 

provides biomaterials engineers with the ability to design materials which can function at 

macroscopic level, as well as the molecular level. This is a large advantage over many 

synthetic polymers which are not easily recognized by immune response cells, and as a 

result, can elicit either chronic inflammatory or toxic effects.34 Natural polymers are of 

such great interest in the field of tissue engineering because of their ability to be broken 

down by enzymes present within the host, which is ideal when designing a material 

which is intended to act as a temporary scaffold for cell growth, and then degrade over 

time. As degradation time is a key factor in the design of bioresorbable materials, 

choosing the type of cross-linking which is used, and also introducing possible chemical 

modifications to the polymers, can help the designer control the rate at which the implant 

dissociates. However, there are still some drawbacks, as natural polymers can still trigger 

immune responses, and because of their increased structural complexity compared to 

synthetic polymers, the process of manipulating these materials to exhibit the desired 

properties is relatively difficult. In addition, any polymers which may be derived from 

animal sources can exhibit large degrees of variability as many of these polymers are not 

only species-specific, but also tissue-specific.23 This requires manufacturers to spend 

more time and money to stringently control the sourcing of these materials, as continual 

reproducibility is required. The class of natural polymers is comprised of 3 different types 

of materials, including proteins, polysaccharides, and polynucleotides. Of these different 
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forms of natural polymer, collagen is the most commonly used, as it is a key component 

in connective tissues, allowing it to exhibit desirable mechanical properties while still 

being deformable.35 Collagen-based materials are used in a variety of different 

applications, acting as sutures36, tendons and ligaments37, and for use in burn treatment.38 

However, in a previous study in which collagen was used as a matrix material into which 

bioactive glass particle and microspheres were both attempted to be distributed 

throughout for use as a drug-delivery mechanism to combat osteomyelitis (bacterial 

infection of bone), it was observed that uniform distribution of the particles could not be 

achieved, resulting in either non-uniform or non-existent ion release, and the inhibition of 

HA deposition on the surface of the materials.39 This example leads us to the fifth and 

final class of biomaterials, composites. 

The definition of the word composite means “consisting of two or more distinct 

parts”. In the world of biomaterials engineering, this is not a very applicable definition, 

because on the atomic scale, everything in biological systems is technically a composite, 

as are implant materials, such as polymers which consist of more than one set of atomic 

group. In order to avoid confusion, a composite biomaterial should be interpreted on the 

macro-scale, allowing one to think of composites as materials comprised of two or more 

components which are chemically distinct, and are separated by an interface.23 In general, 

composite biomaterials can be categorized as a mixture of two or more materials of the 

same class (e.g. hydrogels), or as a mixture of a continuous phase and a discontinuous 

phase, where the discontinuous phase is the reinforcing material and the continuous phase 

is the matrix. The properties of the latter type of composite biomaterials are determined 

by the properties of their components and any interactions between them, meaning that in 

order to fully describe the composite, one must identify the different components and 

their inherent properties, as well as the size, concentration, distribution, and orientation of  

the reinforcing component. Extensive work has been conducted examining different 

matrix materials (e.g. ultra-high molecular weight polyethylene (UHMWPE), 

ppolytetrafluoroethylene (PTFE), poly(methyl methacrylate) (PMMA)), containing many 

different reinforcing materials (e.g. calcium phosphates, bioactive glasses), with several 

different intended applications (e.g. fracture fixation, implant fixation).40 After review of 

the literature it can be estimated that many of the attempts to develop composites for 
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bone-filling and regeneration applications have been focused on combining synthetic 

polymers with either HA fibers or particles, with the main focus being on developing 

implants with sufficient mechanical properties and an ability for bone cells to attach and 

proliferate across the implant surface and potentially into the bulk.41-43 Considering these 

previous attempts, the current study aims to present a novel approach to bone-filling and 

regeneration by combining two different natural polysaccharides (carboxymethyl 

cellulose and dextran) via chemical cross-linking to form a hydrogel matrix, which is 

impregnated with different amounts of Ga-containing bioactive glass particles, to 

determine if this method might provide a suitable means for in-situ injection and 

subsequent fixation of bioactive glass particles at a specific location, while also allowing 

for the release of therapeutic ions from the glass particles which could potentially up-

regulate osteoblast and fibroblast activity, while simultaneously inhibiting osteosarcoma, 

myeloma, bacterial, and fungal viability. 

Bioactive Glasses 

1. Bioactive Glass/Tissue Interfacial Interactions 

 Overview 

One of the most interesting types of biomaterials currently available, from a surface 

chemistry standpoint, are bioactive glasses. First formulated by Hench et al.28, bioactive 

glasses are glasses which are formulated to possess relatively weak chemical structures 

(compared to most industrially available glasses), and contain compositional similarities 

to bone and tissue fluids, such as Na₂O, P₂O₅, CaO, and SiO₂.44 These analogous 

compositions contribute to the ability of these glasses to form chemical bonds with 

surrounding tissue once implanted in the body. Bioactive glasses can be classified as 

either bioactive (elicits therapeutic response from, and forms chemical bond with host 

tissue), or bioresorbable (serves initial bioactive function, and then dissolves over time to 

eventually be replaced by host tissue), but the glasses that are currently of most interest 

are those that are bioresorbable, as they are intended to first serve as a synthetic graft 

material, but are eventually resorbed into the host system, ultimately being replaced by 

healthy tissue. The following is a step-by-step explanation of how bioactive glasses 
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interfacially interact within the body, starting from implantation into a physiological 

environment, and progressing all the way to the generation and crystallization of new 

bone tissue. These steps have also been presented with a time scale in Figure 6. 

 

Figure 6. Sequence of interfacial reactions involved in forming a chemical bond between 

tissue and bioactive ceramics, as described by Hench et al.45 

 

 Silanol Group Formation 

Some of the most important constituents of a bioactive glass are alkali and alkali-

earth metals which act as network-modifiers within the glass structure. One of the most 

prominent network-modifiers is ionic sodium (Na⁺). This particular network-modifier is 

important because immediately upon submergence in a body fluid (e.g. blood), bioactive 

glass surfaces exchange Na⁺ ions with H₃O⁺ ions from the body fluid to form silanol 

groups (Si-OH). At this preliminary stage of interaction between the implant and the 

body, these silanol groups initially appear as individual groups scattered across the 

surface of the implant.46 
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 SiO2-Rich Surface Layer Formation 

After the surface of the implant is populated by individual silanol groups, a 

continuous layer is formed by polycondensation of the silanol groups.47 This layer of 

polycondensed silanol groups is very rich in SiO₂. The SiO₂-rich layer exhibits a high 

surface area and a low isoelectric point, which provides chemisorption sites for calcium 

and phosphate  ions, which will eventually nucleate hydroxyl carbonate apatite (HCA) 

crystals, and lead to the formation of an initially amorphous calcium phosphate layer, 

which subsequently proceeds to form a crystalline HCA layer.45 

 Calcium Adsorption 

After polycondensation of the silanol groups occurs, these groups dissociate into 

negatively charged units. These negative charges then enhance the electrostatic 

interaction with the positively charged calcium ions in the fluid.46 This is why the ion 

concentration of the body fluid is critical in the success of the implant forming strong 

chemical bonds with the living tissue, because if the body is calcium deficient and results 

in a deficiency in the body fluid, then the HCA layer cannot be fully formed. Without full 

formation of the HCA layer, the body will tend to encapsulate the implant with fibrous 

tissue, inhibiting the successful formation of a bond with the bone.48 

 Phosphate Adsorption 

As calcium ions (Ca2+) are adsorbed by the SiO₂-rich surface layer, phosphate 

ions (PO4
3-) are simultaneously adsorbed, leading to the formation of amorphous calcium 

phosphate. Phosphate ions are attracted to the glass surface due to the presence of 

positively-charged calcium silicate. This step in which PO4
3- ions are being adsorbed will 

continue until the Ca/P ratio of the layer resembles that of bone (~ 1.65).46 

 Growth of the Calcium Phosphate (Ca3(PO4)2) Layer 

As phosphate ions are incorporated into the calcium-rich layer, an amorphous 

calcium phosphate layer is eventually formed. This amorphous layer forms on top of the 

SiO₂-rich layer, and steadily grows while incorporating several different ions (such as 



16 

 

Na+, Mg2+, and Cl-), from the body fluid.49,50 Incorporation of these other ions helps the 

forming layer to resemble bone mineral more closely.  During this stage, OH- and CO₃2- 

ions are also adsorbed from the surrounding solution, and this adsorption initiates 

crystallization of the layer, at which point the layer stops adsorbing calcium and 

phosphate ions.51,52 This step has been shown to not only occur within the body, but also 

during in vitro simulations in which samples are immersed in simulated body fluid (SBF). 

Santos et al observed through SEM analysis that the calcium phosphate layer on a 

bioactive glass in SBF developed from a layer which contained a Ca/P ratio of about 

1.43, which does not resemble bone mineral, to a layer which possessed a Ca/P ratio of 

1.65, which closely resembles bone mineral, and the adsorption of PO4
3- dramatically 

decreased once the Ca/P ratio of the layer neared 1.65.53 This suggests that the calcium 

phosphate layers formed on the surfaces of bioactive glass implants possess Ca/P ratios 

resembling that of bone mineral with or without the presence of biological signalling 

molecules, further demonstrating their potential as bone void-filling materials. 

 HCA Crystallization 

After an amorphous calcium phosphate layer which sufficiently resembles the 

Ca/P ratio present in the mineral phase of bone is formed, the layer will then crystallize.49 

This crystallized HCA layer is a biologically active layer which enhances bone formation 

by eventually acting as a scaffold upon which osteoblasts will attach and begin the 

cellular process associated with bone formation. This crystallized HCA layer is also 

responsible for the formation of a chemical bond between the implant and the 

surrounding bone tissue.54 The process from exchange between Na+ and H3O
+ ions, to 

crystallization of the surface HCA layer, is illustrated in Figure 7. 
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Figure 7. Illustration of the chronological order of reactions which occur to allow for the 

deposition of a crystalline HA layer on a bioactive glass surface.55 

(Reproduced by permission of the Royal Society of Chemistry from Nichola J 

Coleman and John W Nicholson,Educ.Chem., November 2006, 156-160.) 
 

 Osteoprogenitor Cell Attachment, Differentiation, and Bone 

Matrix Deposition 

Once an adequate HCA layer is formed, osteoprogenitor stem cells will begin to 

attach. A study conducted by Xynos et al revealed, through SEM analysis, that cells 

attached to the HCA layer formed on bioactive glasses will initially demonstrate 
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morphological changes such as the growth of dorsal membrane ruffles and microvilli, 

which help regulate the flow of ions into and out of cells.56 These types of morphological 

changes are characteristic of cell activation, and as time goes on, the cells will spread 

across the glass surface to form complete cellular layers and will differentiate, exhibiting 

3-dimensional bone nodules. These cells will then begin to deposit the matrix which will 

act as the backbone of newly formed bone tissue. 

 

2. Bioactive Glass Components 

Bioactive glasses have been proven to stimulate the growth of bone upon 

implantation, and the original formulation was comprised of SiO2, CaO, Na2O, and P2O5. 

Since this original composition was discovered, many different formulations have been 

synthesized. These have included several different components in an attempt to stimulate 

different therapeutic effects. The glasses used in this study include the traditional 

compounds SiO2, CaO, and Na2O, as well as two non-traditional compounds ZnO and 

Ga2O3. Some of the reasons for the inclusion of the traditional compounds include glass 

network formation, glass network modification, and ion exchange and HA layer 

formation upon implantation. However, the reasons for the inclusion of Zn and Ga range 

beyond simply stimulating bone cells, and include killing bacterial cells and inhibiting 

the growth of cancer cells. The following is a brief justification for why each constituent 

was included in the formulation used for this study. 

2.1. Silicon (Si) 

The chronological process by which bioactive glasses stimulate the growth of new 

bone has been explained. As the glasses being used in the current study are silicate-based, 

the main reason for the inclusion of the compound SiO2 is to form a network which has 

the ability to hold all of the other compounds within the glass. SiO2 is also instrumental 

in forming a functional HA layer along the surface of the glass upon implantation, upon 

which bone-forming osteoblast cells can attach and begin creating new bone. A key 

factor in developing silicate-based bioactive glasses is the amount of silica present, as 

excess content (≥ 60%) can result in the inhibition of dissolution, while deficient content 
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can result in degradation that proceeds too rapidly for a sufficient bond to form between 

bone and implant. 

2.2. Sodium (Na) 

Sodium (Na) is another one of the elements most commonly included in bioactive 

glasses. As previously discussed, the primary reason for Na-inclusion is the initial 

exchange of Na+ ions for H+/H3O
+ between the glass surface and physiological solution. 

This exchange is possible because Na acts as a network modifier which creates disruptive 

non-bridging oxygens within the silica-based glass structure, thus weakening the 

structure and ultimately allowing for ion release upon implantation.57 Na is also included 

because the cascade of reactions that is initiated by the release of Na+ ions, which is not 

only effective for stimulating the deposition of new bone tissue, but also prevents the 

body from encapsulating the implant upon implantation. Na-content is also tailored 

according to the intended application of the glass, as a linear correlation has been derived 

between increased Na-content and an increased thermal expansion coefficient (TEC).57 

This is an important trait when tailoring bioactive glasses for applications such as the 

coating of a metal prosthesis, as customizing Na-content with the consideration of TEC 

information can help to prevent interfacial separation between the glass and the metal 

substrate. Na is also an actively metabolized element within the body, and is involved in 

numerous metabolic functions, including muscular contraction, nerve impulse transfer, 

and the balancing of ionic concentration gradients in cells. In the current study, the main 

purposes for including Na are to weaken the glass network, and to allow for the initiation 

of the interfacial interactions necessary for the formation of a bond between implant and 

bone. Figure 8 illustrates the theoretical arrangement of both glass network forming, and 

modifying ions, in a glass structure. 
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Figure 8. Theorized structure of a glass network containing both glass network forming, 

and modifying ions.55 (Reproduced by permission of the Royal Society of 

Chemistry from Nichola J Coleman and John W Nicholson,Educ.Chem., 

November 2006, 156-160.) 

2.3. Calcium (Ca) 

Calcium (Ca) is another element commonly included in bioactive glasses, and is 

found in concentrations much higher than trace amounts within bones, and throughout the 

entire body. This element has many different functions within the body, including roles in 

neurotransmission, muscle contraction, and cellular triggering of exocytosis. However, 

since most of the body’s Ca (~99%) is found in the skeleton, one of the most important 

functions Ca has is to provide mechanical strength to bones. These important biological 

functions, along with the properties exhibited when included in bioactive materials, 

encourage the inclusion of Ca into biodegradable implants. 

As previously mentioned, about 99% of the body’s Ca can be found within the 

skeleton. However, since the skeleton is a metabolic organ that continuously undergoes 

remodeling in order to repair micro-damage, and to allow the body to adapt in order to 

handle the particular stresses it experiences, the amount of Ca found in the skeleton is not 

a constant value. The skeleton remodels itself by dissolving old, damaged bone through 

osteoclasts, and constructing new bone at these sites through osteoblasts. When the 

osteoclasts release digestive enzymes and remove old bone, those dissolved constituents 

enter the bloodstream in order to be removed from the body through the circulatory 
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system. The reason this extra Ca will be removed from the body is because there is a 

specific amount of Ca that is supposed to be in the bloodstream at any one time. If this 

amount varies, the skeleton is responsible for maintaining the serum levels. This role of 

the skeleton is beneficial for people who are able to maintain proper amounts of serum 

Ca, but for those who struggle to meet the required Ca intake, this role can be 

detrimental. The reason this process can have negative effects on an individual is that 

since about two-thirds of bone (wt%) is Ca, the method by which the skeleton 

compensates for low levels of serum Ca is to increase the rate of bone resorption in order 

to introduce more into the bloodstream. Since Ca is the main component of bone, and it is 

a major contributor to the mechanical strengths possessed by bone, resorption of the bone 

results in weaker bones, which are more likely to fracture. The systematic occurrence of 

this event over time leads to the disease osteoporosis, and is one of the main disorders 

that implantable skeletal biomaterials attempt to treat. The role of Ca in the strength and 

integrity of bones is one of the main reasons why it is included in traditional bioactive 

glasses, and why it has been included in this study. 

One of the properties that a material must possess in order to be used as a 

bioactive material, is the ability to form a biologically active bond with the host’s living 

tissue upon implantation, through the deposition of an HCA layer. When properly 

formed, this layer that is mostly composed of Ca and PO4, closely resembles the 

composition of bone, and essentially tricks the body into recognizing the implant as 

normal tissue rather than as a foreign body. It has been discovered that in order for an 

implant to bond correctly within the body, the ratio of Ca to P in the formed HCA layer 

must be very close to 1.67. However, designing implantable materials which can obtain 

surface HCA layers with this ratio can be relatively difficult. In the case of bioactive 

glasses, it has been observed that the amount of HCA deposited, as well as the 

composition of the HCA layer deposited upon dissolution of the implant, is dependent on 

how much Ca was in the glass to begin with, as well as what other compounds were 

contained in the glass. The amount of Ca present in the glass affects the composition of 

the deposited layer because when the glass is broken down and ions are released, the 

forming HCA layer can only include as much Ca is present in the immediate 

environment, which in this case, is the surface of the dissolving glass. The reason the 
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overall composition of the bioactive glass affects the HCA layer is that the rate at which 

the glass physically breaks down and allows ions such as Ca to be released is controlled 

by the ratio of glass network formers to glass network modifiers present within the 

structure. Compounds such as calcium oxide (CaO) have been shown to act as network 

modifiers, meaning they increase the number of non-bridging oxygens present, and 

therefore lower the structural integrity of the glass. Network modifiers are what allow 

glasses to exhibit bioactivity, and the ratio of formers to modifiers determines how fast 

the glass will break down once implanted into the body. This is an extremely 

temperamental factor in designing bioactive glass implants, as the glass composition 

needs to be tailored to allow for fast enough degradation that a sufficient HCA layer can 

form, while not degrading so rapidly that the mechanical properties of the glass are 

completely compromised and the body is flooded with ionic debris. 

Although the presence of sufficient amounts of Ca is necessary to maintain 

strong, healthy bones, perhaps having an insight into the mechanistic action of this 

element in bone cells may also help to justify the importance of its inclusion into these 

glasses. Studies conducted by Turner et al., and by Gu et al., discovered that bone cells 

behave in a fashion similar to neurons, in that they possess the ability to utilize signaling 

pathways in order to direct the collective action of neighboring cells.58,59 These studies 

unveiled glutamate-signaling pathways in bone cells, which suggests that these pathways 

are likely responsible for the stress-directed growth and resorption of bone. This is a 

logical deduction because glutamate has exhibited the ability to act as an almost universal 

neurotransmitter, possessing the power to determine whether cells survive, differentiate, 

or die, suggesting that these pathways could be responsible for bone growth or resorption, 

depending on the loads, or lack thereof, applied to the bone.59-61 Research focused 

directly on osteoblasts has revealed that these cells are able to release glutamate, and are 

able to express various glutamate receptors, just as effectively as neurons.62 These 

signaling pathways are of interest in the realm of bioactive glasses because it has been 

discovered that this process, especially in bone cells, is a Ca2+-dependent process.58,63 To 

determine if Ca2+ ions released from bioactive glasses could act to alter glutamate 

pathways in osteoblasts, Valerio et al. conducted a study using rat calvaria incubated with 

a Ca-containing bioactive glass.64 This study found that an increase in extracellular Ca2+ 
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concentration as a result of bioactive glass dissolution does indeed alter glutamate 

release, suggesting that different biological responses can be stimulated depending on the 

amount of Ca2+ that is released from the glass. The discovery of the presence of 

glutamate-signaling pathways in osteoblasts, and the ability to manipulate them using 

dissolution products of bioactive glasses, further justifies the inclusion of Ca in this glass 

series. 

2.4. Zinc (Zn) 

Zinc (Zn) is a trace element that can be incorporated into bioactive glasses, due to 

its wide range of beneficial effects within the body. It has been extensively proven that 

Zn is required for the normal growth, development, and maintenance of healthy bones in 

humans, and in other animals.65,66 Zn is an essential element for several cellular processes 

such as cell proliferation and cell differentiation, as well as cellular defense against free 

radicals.67,68 It has been shown that Zn acts in a structural role in several proteins such as 

transcription factors and various cellular signaling proteins.69 Zn has also been observed 

as a structural component in critical enzymes, such as DNA repair enzymes70, and also 

acts to regulate apoptosis in mammals, but its exact role in apoptosis regulation is 

extremely cell-specific, and is also extremely complex.71,72 For example, Franklin et al. 

demonstrated that Zn acts to induce apoptosis in prostate epithelial cells and ovarian 

epithelial cells, while it also acts to inhibit apoptosis in breast cells, lung epithelial cells, 

renal cells, and macrophages, thus demonstrating the cell-specific nature of this element’s 

effects.72 It has also been demonstrated that there is a narrow concentration range in 

which Zn can induce beneficial effects in cells. Provinciali et al. observed that in mouse 

thymocytes, small doses of zinc induced apoptosis, while large doses actually inhibited 

apoptosis.73  

Considering the wide range of biochemical processes this element is involved in, 

as well as the fact that the skeleton contains the majority of the total body burden of Zn74, 

it is evident that this element is crucial for proper bone metabolism. This is why a Zn-

deficiency can lead to such a wide range of bone-growth disorders, and this deficiency 

has been shown to cause defects in the skeletons of several species including chicks, pigs, 

cows, rhesus monkeys, mice, and most importantly, humans.75 Zn-deficiency has been 
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shown to cause disorders such as the abnormal development of the ribs and vertebrae, as 

well as agenesis (failure to develop during embryonic growth) of long bones. It has also 

been shown to be responsible for bone-growth disorders such as club foot, cleft palate, 

and micrognathia (incomplete growth of the jaw) in rats.75 It was also demonstrated in a 

1989 study, that like their parents, the offspring of Zn-deficient rats also exhibit impaired 

ossification (ability to construct new bone).76 Most importantly, Zn-deficiencies can also 

be associated with osteoporosis in humans, and the effects of this disease on bone mineral 

density can be seen in Figure 9. Reginster et al. observed that lower levels of skeletal Zn 

were exhibited by osteoporotic patients than by healthy controls.77 This finding supports 

the hypothesis that Zn may help to improve the crystallinity of apatite, which is a 

characteristic of mature bone.78 Additionally, Zn is also useful as a marker of bone 

resorption, as osteoporotic women have been shown to excrete much higher levels of the 

element in their urine than healthy controls.74  

 

Figure 9. Images comparing the structure of normal healthy bone against osteoporotic 

bone.79 

 

It is clearly evident that a Zn-deficiency can have many negative consequences 

within the bodies of humans, and many other animals. With that in mind, it is also 

important to understand how Zn actually works in the body, and how the introduction of 

Zn through degradable biomaterials might act to stimulate beneficial responses. In an 

attempt to learn how Zn affects bone metabolism, Yamaguchi et al. investigated it’s role 

as an activator of bone metabolism in weanling rats.80 The rats were given different doses 
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of zinc sulfate (either 5, 10, or 50 mg Zn/kg body weight) over a three day period, and the 

effects were evaluated daily. It was observed that in the rats given 5 and 10 mg Zn/kg 

doses, dose-dependent increases in the amount of Zn, DNA, collagen, and Ca were 

observed in the femoral diaphysis. A dose-dependent increase in alkaline phosphatase 

(ALP) activity was also observed. These findings are important because ALP activity 

directly correlates with the calcification of bone, collagen is one of the main structural 

proteins found in the bone matrix, and DNA quantity indicates the number of bone cells 

present (osteoblasts, osteoclasts, and osteocytes). Due to the increase of each of these 

entities responsible for the formation of new, healthy bone, it is evident that the addition 

of Zn to biodegradable materials could help to promote new bone formation. In addition, 

a study conducted by Aina et al. aimed to determine whether or not endothelial cells 

could adhere and proliferate on the surface of Zn-containing bioactive glasses.81 This 

study compared three different glasses; one control glass (0% Zn), one glass containing 5 

wt% Zn, and one glass containing 20 wt% Zn. It was discovered that in vitro, endothelial 

cells showed much higher affinity for adhering to the surface of the bioactive glass 

containing 5 wt% Zn than to the other two glasses, while the least amount of cells 

adhered to the glass containing 20 wt% Zn. This study also discovered that the spreading 

of endothelial cells was significantly increased on the surface of both Zn-containing 

glasses compared to the control. These findings are important because the purpose of 

bioactive glasses is to promote the growth of new, healthy bone over time. A vital piece 

of engineering materials which promote the generation of new bone, is designing a 

material which allows angiogenesis (vascularization) to occur, and allows for sufficient 

flow of blood and nutrients throughout the newly constructed bone.82,83 Angiogenesis is 

particularly important in the construction of a mineralized tissue such as bone, as it is a 

prerequisite for proper osteogenesis.84,85 The results of this study are also important 

because they lend some insight as to how the presence of Zn might affect the physical 

breakdown of bioactive glasses upon implantation. Since endothelial cells have been 

proven to be extremely sensitive to pH fluctuations, and this study found that endothelial 

cells adhere best to glass containing small amounts of Zn, and that these cells proliferate 

at a much higher rate on Zn-containing glasses, a contributing factor may be that the 

presence of Zn slows the dissolution rate of a bioactive glass. This is suggested because a 
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slower dissolution rate would mean a lower number of ions would be released from the 

glass, resulting in less fluctuation in pH levels. 

Zn also expresses several other properties which make it a prospective element for 

inclusion into implantable biomaterials. On top of the pre-discussed effects that have 

been observed, bioactive glasses doped with Zn have also exhibited the ability to enhance 

the formation of an HCA layer on the surface of the glasses. This ability has been 

demonstrated in both biological fluids86, and in SBF.87,88 Studies have also been 

conducted to evaluate the effects of Zn on bone resorption, rather than focusing on bone 

formation. In a 1992 study by Yamaguchi et al. it was discovered that Zn has the ability 

to inhibit the resorption of bone in vitro.89 This study also revealed that Zn inhibited the 

parathyroid hormone (PTH)-induced increase in glucose consumption and lactic acid 

production by the bone in medium, and that Zn inhibited the PTH-increased acid 

phosphatase activity of the bone. In addition, it was observed that Zn acted to inhibit the 

PTH-decreased ALP activity of the bone. All of these observations lead to the conclusion 

that Zn has the ability to directly inhibit bone resorption in vitro. 

Since it was learned that Zn possessed the ability to inhibit the resorption of bone 

through effects on PTH, the next step was to identify any other mechanisms through 

which zinc might inhibit resorption, and to determine if it might have a direct effect on 

osteoclasts themselves. In a study by Kishi et al. using mouse bone marrow cells, it was 

observed that when the medium did not contain Zn, significant increases in the number of 

osteoclast-like cells occurred, while the presence of Zn in the medium inhibited the 

increase of osteoclast-like cells.90 Another study also revealed that Zn was effective in 

inhibiting the formation of osteoclast-like, multi-nucleated cells from marrow cells at the 

earlier stage of the culture, but had no effect on the number of cells, or the lysosomal 

enzyme (β-glucuronidase) activity in the pre-formed osteoclasts from femoral-diaphyseal 

tissues. These results indicate that Zn is capable of inhibiting osteoclast-like cell 

formation, but it is incapable of inhibiting osteoclast function. 

Zn has also been implicated in other roles within the bone, including the physical 

process of aging. The mechanisms behind the deterioration of bone cell function over 

time are not yet fully understood, but it has been demonstrated that Zn content in the 

cellular components of the femoral diaphysis is lower in elderly rats (30 weeks old), than 
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in weanling rats (3 weeks old).91,92 Since Zn is known to play a role as an activator of 

bone formation in weanling rats, the decrease in Zn content with age may contribute to 

the disruption of normal bone metabolism. To demonstrate this theory, [3H] leucine 

incorporation by rat bone tissues were compared. The amount of leucine incorporated 

into the residues of bone tissues from elderly rats was much less than the amount 

incorporated into the residues of weanling rat bone tissues. To determine if Zn could have 

an effect in this instance, zinc sulfate was administered to the elderly rats for three days, 

and after three days, the rate of leucine incorporation into the bones of the elderly rats 

was much improved, indicating that as aging occurs, the supply of Zn within the body 

may be important in preventing the deterioration of bone metabolism. All of these studies 

contribute to prove why Zn is an important element in the development and maintenance 

of healthy bones, and why it is a beneficial element to include in bioactive glasses. 

2.5. Gallium (Ga) 

2.5.1. Introduction 

One trace element which is of particular interest to our research is the element 

gallium (Ga). Ga is a group IIIA metal that was first discovered by Paul-Emile Lecoq de 

Boisbaudran in 187593, and in its raw form, displays a silvery-white color, and is obtained 

as a byproduct from the extraction of aluminum and zinc ores.94 Over the past thirty 

years, the unique properties of gallium have caused this element to be utilized more 

frequently in the field of medicine. Its radioactive form (67Ga) has been proven to localize 

in malignant cells after injection95, and this ability is what led to the development of the 

67Ga scan, which is commonly used post-treatment to detect residual or relapsed disease 

in patients stricken with Hodgkin’s and non-Hodgkin’s lymphomas.96,97 In cases where 

67Ga is incorporated into lymphoma cells which have remained viable post-treatment, the 

amount of Ga present in the cells correlates to the rate at which the cells have 

proliferated, allowing the observer to determine the rate at which the tumors are growing 

within the patient.98 The following is a review of the array of other abilities Ga has 

demonstrated within the field of medicine, along with their proposed mechanisms of 

action. 
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2.5.2. Disease Treatment 

The absorption of radioactive 67Ga by malignant cells (Figure 10) led to the 

research conducted by the National Cancer Institute (NCI), in which they investigated the 

ability, or lack thereof, of salts of group IIIa metals to inhibit the growth of malignant 

cells in mice and rats.99 In this study, gallium nitrate (Ga(NO3)3) exhibited the ability to 

suppress the growth of subcutaneously implanted tumors, while also exhibiting the least 

toxicity of the compounds. Since these abilities of Ga(NO3)3 were discovered, many 

clinical trials have been conducted in an attempt to identify which forms of cancer this 

compound is most effective against. To this point, Ga(NO3)3 has been proven most 

effective in the treatment of non-Hodgkin’s lymphoma and bladder cancer. Additionally, 

Ga(NO3)3 has been proven effective when administered as a single agent, as well as in 

combination with other antineoplastic (anti-cancer) drugs. In the case of non-Hodgkin’s 

lymphoma, Ga(NO3)3 was proven effective as a single agent in both a trial in the 1980’s 

100, as well as in a 2004 trial 101, and in combination with other antineoplastic agents in 

three separate trials.102-104 It has also exhibited antineoplastic properties against bladder 

cancer when used as both a single agent 105,106, and when used in combination with other 

anti-cancer agents.107-109 Along with exhibiting effectiveness in the treatment of different 

forms of cancer, Ga(NO3)3 is able to combat these diseases without causing 

myelosuppression (bone marrow suppression), which is a trait that is rare amongst 

chemotherapeutics.110 This unique property allows Ga(NO3)3 to be one of few drugs 

which can be administered to patients who have already been through extensive treatment 

and as a result, have a low amount of white blood cells. Other in vitro studies have also 

suggested that Ga(NO3)3 may not only be compatible with, but may be more effective, 

when used simultaneously with other antineoplastic agents such as hydroxyurea, 

interferon-α, and gemcitabine.111-113  
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Figure 10. Bone scan using radioactive 67Ga.114 

 

In a 1983 study which was evaluating the antineoplastic properties of Ga(NO3)3, it 

was discovered that many patients who were receiving infusions of the drug were also 

experiencing decreasing levels of Ca in their bloodstreams.100 This was an important 

discovery because hypercalcemia, which is characterized by elevated Ca levels in the 

blood, is a condition that is often contracted by cancer patients, with several different 

routes of contraction.115  In some patients with malignant tumors, their tumors are 

capable of producing a protein that closely resembles PTH, and thus causes the release of 

excessive Ca from the patient’s bones into the blood. Metastasis, or the spread of cancer, 

to a patient’s bones, can also cause hypercalcemia. Cancer patients are also at elevated 

risk for developing hypercalcemia because their diseases may cause them to spend 

increased amounts of time sitting or lying down, which results in decreased load-bearing 

being performed by the bones, and can thus result in increased bone resorption and blood 

Ca levels. Since hypercalcemia is usually an indication of bone resorption, it is very 

important that the condition be corrected as soon as possible. This is why the discovery of 

the ability of Ga(NO3)3 to lower blood Ca levels was so intriguing, because it offers a 
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way to simultaneously treat different forms of cancer, while also preventing skeletal 

breakdown. In order to clinically evaluate the efficacy of Ga(NO3)3 against 

hypercalcemia, studies were conducted to compare the compound versus different 

bisphosphonate drugs, as well as calcitonin (which is a leading non-bisphosphonate 

drug), used to treat hypercalcemia. In one study, Ga(NO3)3 proved to be equally effective 

in controlling hypercalcemia when compared against the bisphosphonate drug 

pamidronate116, while in another study, Ga(NO3)3 proved to be superior to the 

bisphosphonate drug etidronate.117 Then, in a study against calcitonin, Ga(NO3)3 again 

proved superior in acutely controlling blood Ca.118 Due to the effectiveness that was 

clinically exhibited during these studies, the Ga(NO3)3 drug GaniteTM was finally 

approved for management of cancer-related hypercalcemia by the Food and Drug 

Administration (FDA) in 2003.119  

With Ga(NO3)3 already having proven effective against hypercalcemia, the 

question arose as to whether or not this compound might also contain the ability to inhibit 

bone turnover. In a study evaluating the effects of Ga(NO3)3 on bone turnover in patients 

with pre-existing bone metastases, decreased levels of urinary Ca excretion, 

hydroxyproline excretion, and ionized serum Ca and P were observed after seven days of 

treatment, indicating that Ga(NO3)3 reduces the biochemical markers associated with 

accelerated bone turnover.120 A later study conducted by Warrell et. al. investigated the 

effects of administering Ga(NO3)3 in combination with standard anti-myeloma agents in 

patients with osteolytic disease (disease defined by accelerated resorption of bone matrix 

by osteoclasts), over a one year period121, and the results indicated that when low doses 

of Ga(NO3)3 were added to the regular anti-myeloma drugs, the rate of bone turnover was 

dramatically reduced, suggesting that Ga(NO3)3 can be used under these circumstances to 

slow bone loss.  

Another condition involving accelerated bone metabolism is Paget’s disease of 

bone. Victims of this disease experience localized distortion in the rates at which old 

bone is broken down and new bone is constructed. This disease results in an increase in 

the rate of bone resorption, as well as an alteration in bone architecture and geometry as 

the osteoblasts cannot maintain the integrity of the bone when resorption rates are 

elevated.122 Matkovic et al. evaluated the effects of Ga(NO3)3 on bone turnover in 
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patients with Paget’s disease of bone123, and  after 5 days of being intravenously treated 

with Ga(NO3)3, patients exhibited significantly reduced serum Ca, P, and ALP levels, and 

urinary Ca and hydroxyproline excretion. Bockman et al. also evaluated the effects of 

Ga(NO3)3 against Paget’s disease of bone124, and discovered that the administration of 

Ga(NO3)3 resulted in a decrease in serum ALP, urinary hydroxyproline excretion, and N-

telopeptide collagen cross-links excretion, indicating that lower quantities of bone were 

being dissolved by osteoclasts, and therefore the rate of bone resorption was slowed. 

2.5.3. Antimicrobial Effects 

Another factor which must be considered when designing implantable 

biomaterials is the risk of infection. Bioactive glasses are desirable materials not only 

because of their ability to leach ions which stimulate specific therapeutic responses, but 

also for their potential ability release ions which act as anti-microbial agents, helping to 

stave off infection within the body. Although many bioactive glasses specifically contain 

certain elements with proven anti-bacterial properties (e.g. Zn), a material becomes even 

more desirable if it contains more than one element which has the ability to help prevent 

infection. In addition to the various anti-cancer and bone-promoting properties Ga-

containing compounds have expressed, they have also demonstrated their ability to act as 

anti-microbial agents. Olakanmi et al. investigated the effects of both Ga(NO3)3 and 

transferrin-Ga on the bacterial species Mycobacterium tuberculosis and Mycobacterium 

avium, discovering that these two Ga compounds acted to inhibit the iron (Fe)-dependent 

growth of the bacteria both extracellulary, and within human macrophages.125 This was a 

logical result, as one of the proposed mechanisms behind the anti-neoplastic activity of 

Ga is interference with cellular acquisition of Fe. Kaneko et al. also investigated the 

effects of Ga(NO3)3 on Pseudomonas aeruginosa pneumonia in mice.126 This 

investigation revealed that the Ga-compound inhibited the growth of P. aeruginosa, and 

also prevented the formation of biofilm. This study also revealed that Ga(NO3)3 again 

interfered with Fe uptake, resulting in the death of both planktonic and biofilm bacteria in 

vitro. In a 2009 study conducted by DeLeon et al., astonishing results were observed in a 

mouse model investigating the effects of the relatively new compound gallium maltolate 

(Ga(C6H5O3)3), against P. aeruginosa.127 The results of this study were astonishing 

because in the control group, which received no Ga(C6H5O3)3, 100% mortality was 
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observed, while in the groups which received Ga(C6H5O3)3, 100% survival was observed. 

With all of these promising results demonstrating the ability of Ga-containing compounds 

to effectively halt the growth of P. aeruginosa, work is being done to try and utilize Ga 

against anti-biotic resistant Pseudomonas lung infections, which are often contracted by 

patients with cystic fibrosis. If it is found that Ga is indeed effective in this application, 

that will only add to the value of synthesizing bioactive glasses containing the element.  

2.5.4. Pharmacological Activity 

Despite all of the desirable medical properties that Ga has exhibited, the key to 

harnessing these properties and utilizing them in specific applications is to understand 

how this element interacts with other components within the body to elicit each unique 

response. An early study conducted in 1981 by Vallabhajosula et al., aimed to determine 

what causes 67Ga to localize at the sites of malignant tumors.128 In this study it was 

discovered that when injected into rabbits, radioactive 67Ga citrate binds to the Fe 

transport protein transferrin, and will then circulate throughout the body. Since malignant 

cells such as lymphoma and bladder cancer cells are known to express large numbers of 

transferrin receptors129,130, the preferential binding of 67Ga to tranferrin upon injection 

resulted in higher concentrations of Ga at cancer cell sites. A separate study also 

demonstrated that in vitro, malignant cells uptake significantly larger amounts of 67Ga 

when transferrin is added to the culture medium.131 It has also been observed that small 

amounts of Ga can be incorporated into cells through mechanisms independent of 

transferrin transport132,133, but most Ga is taken into cells via the transferrin receptor-

facilitated pathway. The affinity of 67Ga to bind to transferrin can be inferred when the 

similarities between Ga and ferric iron (Fe(III)) in terms of ionic radii (0.062nm and 

0.064nm, respectively), and electronegativity (1.6 and 1.8, respectively), are considered. 

Despite the similarities between these two elements, non-radioactive Ga, which is utilized 

in drugs such as Ga(NO3)3, does not express the same affinity for binding to transferrin as 

radioactive 67Ga. It has been shown that although non-radioactive Ga is capable of 

binding to both of the metal-binding sites on the transferrin molecule, it expresses an 

affinity 300 times less than ferric iron.134 Despite the much lower affinity of non-

radioactive Ga for binding to transferrin, only about one-third of circulating transferrin is 

occupied by Fe at any time anyway93, so two-thirds of the transferrin present in the body 
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is free to be bound by Ga. The large amount of available circulating transferrin also poses 

a problem, as it has been shown that when patients were infused with 400-700 mg/m2 of 

Ga(NO3)3 over a 30 minute period, 69% of it was excreted in the urine in the first 24 

hours following the infusion, and 91% was excreted 48 hours after the infusion.135 The 

same trend was observed at even higher doses. The large amount of available transferrin 

is great for the initial binding of Ga, but since the transferrin is circulating, it fully 

circulates much of the Ga completely out of the body at a rapid rate. This also poses 

toxicity issues as it is desirable to have larger amounts of Ga in a patient’s system for 

longer periods of time, but in order to achieve this with brief periods of injection, higher 

concentrations of Ga-containing drugs must be administered. To address this problem, 

the current solution is to continuously infuse patients with drugs such as Ga(NO3)3 for 

extended periods of time (e.g. 7 days) with lower doses (e.g. 200 mg/m2/day), rather than 

administering extremely high doses in brief infusions. This type of administration 

schedule allows the patient to achieve a steady-state plasma Ga level of about 1-2 µg/ml 

while receiving the infusions, and this level will slowly diminish once the infusions are 

completed.135,136  

2.5.5. Mechanism of Action 

Although it has been thoroughly demonstrated that Ga is primarily incorporated 

into malignant cells through the transferrin receptor-facilitated pathway, it is also critical 

that the mechanisms which actually allow Ga to combat these cells be understood. For 

comparison, the sequence of reactions that take place along the normal Fe-transferrin 

pathway are illustrated in Figure 11. After Ga has been introduced into the body, bound 

to transferrin, and transported to malignant cells, these cells will uptake the Ga-transferrin 

complexes through endocytosis.137 The presence of these Ga-transferrin complexes then 

disrupts the metabolism of Fe in two different ways. First, the physical presence of Ga-

transferrin complexes at the surface of a cell interferes with the cellular uptake of Fe, 

simply because many of the sites where the cell processes transferrin complexes are 

already occupied by Ga-containing complexes, resulting in less Fe being physically taken 

in by the cell.138 The increased physical presence of these Ga-transferrin complexes also 

disrupts the metabolism of Fe by causing a disturbance in it’s release from Fe-transferrin 

complexes. This disruption occurs in the period between when the Fe-containing 
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complexes are brought into the cell and when they are delivered to lysosomes for 

processing. During this period, the complexes are contained in endosomes, which act as a 

sort of cellular delivery package. Normally, these endosomes will easily recognize the 

Fe-transferrin complexes and will cause Fe to dissociate into the cytoplasm, but with the 

presence of Ga-transferrin complexes, less Fe content has been observed in the 

cytoplasm, indicating that less Fe is being dissociated from the Fe-transferrin 

complexes.138 These two factors which disrupt Fe metabolism combine to inhibit the Fe-

dependent function of the enzyme ribonucleotide reductase.111 The presence of Ga within 

the cell decreases the presence of Fe, which ultimately means that there is less Fe to fill 

the R2 subunit of ribonucleotide reductase, and less activity of this enzyme will be 

observed.139 Since this enzyme is essential for deoxyribonucleotide (DNA) synthesis, 

decreasing the Fe content within the cell, and thus decreasing the ribonucleotide 

reductase activity, causes the inhibition of DNA synthesis140, and in the case of malignant 

cells, this is the main objective. It was also observed in a study conducted by Chitambar 

et al. that Ga also has the ability to directly inhibit the activity of ribonucleotide reductase 

in cell lysates.141 This finding indicates that Ga inhibits the synthesis of DNA through 

methods that directly affect Fe transport within the cell, and methods which act directly 

on the enzyme. 
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Figure 11. Mechanism of normal Fe-transferrin action.142 

 

In studies observing the effects of Ga on lymphoma cells, it has been observed 

that Ga is also able to trigger cell death (apoptosis) in lymphoma cells, in addition to 

inhibiting DNA synthesis.143 Using the compounds Ga(NO3)3 and Ga(C6H5O3)3, it was 

discovered that these compounds induce apoptosis in human lymphoma cells. It was then 

determined that the death of these cells was triggered by the cascade of reactions these 

compounds ignite in the mitochondria. The method by which these compounds are able 

to trigger apoptosis in the lymphoma cells is believed to be a four-step process, beginning 

with the activation of the protein Bax, which promotes apoptosis once activated. Upon 

activation, this protein undergoes a conformation shift and then attaches to the outer 

membrane of the mitochondria, ultimately resulting in the loss of membrane potential. 

This loss of membrane potential then stimulates the release of cytochrome C into the 

cytoplasm, which will then bind apoptotic protease activating factor.144 The cytochrome 

C-containing complex will finally activate the protein caspase-3, which will carry out the 

physical execution of the lymphoma cell.145,146 A second pathway has also been 

discovered which leads to the programmed cell death of human lymphoma cells. This 
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pathway is believed to begin when Ga(NO3)3 enters the cell and generates reactive 

oxygen species (ROS). The generation of ROS then triggers a cytoprotective response, 

which is eventually overwhelmed and results in the death of the cell.146 Other mechanistic 

studies not involving human lymphoma cells have uncovered that the competition posed 

by the presence of Ga against magnesium (Mg) can result in the inhibition of Mg-

dependent ATPase.147 Additionally, it has been observed that the compound GaCl3 

possesses the ability to inhibit the polymerization of the protein tubulin, which may 

contribute to the antineoplastic activity expressed by Ga-containing compounds.148  

The mechanism by which Ga interacts with bone metabolism has also been 

uncovered. It has been discovered that upon administration, Ga accumulates at two 

different sites in the bone, both in a dose-dependent manner. These two sites include the 

metaphysis of bone, which is the wide growth zone at the end of long bones149, and the 

diaphysis of bone, which is the mid-section or the shaft of a long bone.150 At these two 

sites, Ga accumulates at the interface between the collagen and the mineral components 

of the bone. Having Ga present at this interface alters the solubility of crystallized HCA, 

which ultimately allows the bone to resist resorption.151 It has also been observed that the 

Ca content of bone significantly increases when treated with Ga, which also contributes 

to resistance against resorption. In addition, Ga has been shown to inhibit the activity of 

osteoclasts without killing them, demonstrating another pathway to prevent the resorption 

of bone.151 Treatment with Ga(NO3)3 has also been shown to increase the expression of 

type 1 collagen and fibronectin in bone and fibroblast cells, demonstrating that Ga may 

act to not only resist the resorption of bone, but also to bolster its structure.152 As 

previously stated, the ability to regulate serum Ca levels exhibited by Ga-compounds in 

cancer research and therapy has resulted in increased curiosity as to whether or not Ga 

might be useful in the treatment of disorders affecting bone metabolism without the 

presence of cancer. The main issue delaying the use of Ga to treat such conditions is the 

method by which Ga-containing compounds are currently administered, which is through 

continuous intravenous infusion. This type of administration is not feasible for the 

treatment of conditions such as osteoporosis, which is a long-term disease requiring 

constant, long-term treatment in order to slow the breakdown and maintain the strength of 

bones. Recently, a preliminary study conducted to evaluate the effects of an oral form of 
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Ga treatment provided encouraging results153, but the lack of a concrete administration 

method is a part of what has inspired our use of Ga in bioactive glasses, in order to 

determine whether Ga might be effective in its ionic form upon dissolution from a glass 

matrix within the body. 

3. Summary of Glasses Used in Current Study 

In the current study, a glass series was synthesized with the formula 0.42SiO2-

0.10Na2O-0.08CaO-(0.40–x)ZnO-(x)Ga2O3, where (x = 0, 8, or 16 mol%), in order to 

include the previously detailed elements, while maintaining bioactivity. Si was 

incorporated to act as the primary glass network former, and to aid in the deposition of 

functional HCA surface layers upon submersion in physiological fluid. Na was included 

to act as the primary network modifier and to initiate the cascade of reactions which 

allows for the formation of a chemical bond between bone and implant upon 

implantation. Ca was included to not only aid in the deposition of HCA layers with 

functional Ca:P ratios, but also because of its demonstrated bone-promoting properties 

via glutamate-signaling pathways in osteoblasts. The inclusion of Zn was justified by its 

long list of benefits, including its anti-bacterial and anti-resorption properties, along with 

bone-promoting properties such as the upregulation of ALP activity and collagen 

synthesis. Finally, Ga was added as a constituent to this glass series in order to evaluate 

whether Ga3+ released from a glass network could provide some of the bone-promoting, 

anti-bacterial, and anti-cancerous properties exhibited by its pharmaceutical forms. Prior 

work154, demonstrated that this glass series is soluble in aqueous media, and that the 

properties exhibited by these glasses can be tailored through the manipulation of the 

initial batch composition, suggesting bioactive properties, and thus justifying further 

study. Throughout this study, the bioactive, anti-bacterial, and anti-cancerous properties 

of this glass series were analyzed, and the results were extremely encouraging. As a 

result, work was also undertaken to develop a delivery mechanism by which these glasses 

could be delivered, and the therapeutic benefit could be localized and sustained at the site 

of the bone void. To achieve this goal, two different polymers were functionalized and 

cross-linked to form hydrogels, throughout which particles of these glasses were seeded 

to obtain glass-hydrogel composites. These composites were then thoroughly analyzed to 
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gather information pertaining to their molecular structures, and to evaluate their in vitro 

compatibility with an array of different cells. 

Polymer Hydrogels 

1. Hydrogel Properties 

As previously stated, the primary focus of this research moving forward will be 

the development and characterization of hydrogels, which will be tailored to provide a 

structural scaffold and delivery system, upon which our Ga-containing bioactive glasses 

can be incorporated, that facilitates leaching of the beneficial ions from the glasses into 

the surrounding environment. In order to properly develop hydrogels for this application, 

we must first understand their inherent structures and properties. First developed by 

Wichterle and Lim for use as soft contact lenses155, hydrogels can be defined as cross-

linked networks of hydrophilic polymers, which contain large amounts of water (usually 

in the range of 30-95 wt%).156 The presence of water drastically effects the properties of 

these materials and in the case of impregnating them with bioactive glasses and using 

them as implantable materials, higher water content can lead to increased rate of 

dissolution of the glass particles as the particles will be surrounded by fluid not only in 

the implanted environment, but within the material’s structure. Increased water content 

can also promote diffusion through the material of not only substances such as oxygen 

and proteins from the environment, but also diffusion of the ions being released from the 

glass particles into the environment.156 Increased water content also translates to a softer 

material, allowing for easier molding during implantation, and faster integration with 

tissues post-implantation.156  

The cross-linking of these polymer networks can be achieved either chemically or 

physically, however, there are positive and negative consequences associated with both 

methods. In hydrogels where the polymer cross-linking is performed by a chemical 

process, as is performed in the current study, the resulting gel that forms is comprised of 

either an ionically or a covalently cross-linked network. These types of gels can be 

created through processes such as combining a polyelectrolyte with a multi-valent ion of 

opposite charge, combining polyelectrolytes of opposite charge, or by using a cross-

linking agent to cross-link water-soluble polymers.157 Chemical cross-linking leads to a 



39 

 

slightly more regular structure than physical cross-linking, which can result in increased 

mechanical strength, but also a decrease in biodegradability. In hydrogels where the 

polymer cross-linking is achieved through a physical process, the resulting gel that forms 

is held together by the entanglement of polymer chains, and/or secondary forces.158 

Physically cross-linked polymers will form a more amorphous structure than their 

chemically cross-linked counterparts, which can result in increased biodegradability at 

the expense of mechanical strength. Illustrations of both forms of cross-linking can be 

seen below in Figure 12. Regardless of the method used to induce cross-linking, cross-

linked hydrogels will reach an equilibrium swelling point upon submersion in an aqueous 

solution. This equilibrium swelling point is mainly dependent on the cross-link density 

present within the network, which can be estimated as the molecular weight between 

links.159  

 

Figure 12. Illustrations of both chemical and physical cross-linking within polymer 

hydrogels.160 

 

In addition to there being different methods for cross-linking polymer networks, 

there are also many different macro-molecular structures that can be formed. The three 

main structures observed in hydrogels are cross-linked networks of linear homopolymers 

(chains consisting of identical monomer units), networks of linear copolymers (chains 

consisting of multiple monomers), and graft copolymers (main chains and side chains are 

composed of different monomers).157 Since hydrogels can exhibit several different 

structures, they can also exhibit several different physical forms such as solid molds (e.g. 

contact lenses), pressed powders (e.g. capsules for oral ingestion), coatings, membranes, 

and even liquids which can form gels upon the application or deprivation of heat. The 
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desired cross-linking method, macro-molecular structure, and ultimate physical form of a 

hydrogel are all dictated by the intended application, which is why one must understand 

all three aspects of these materials in order to properly tailor their hydrogel to adequately 

perform in a specific setting. 

As briefly discussed earlier, the water content of a hydrogel impregnated with 

glass particles can determine the permeability of nutrients into the gel, and ionic 

dissolution products out of the gel. When a dry hydrogel is created, and water is then 

added, the first water molecules to interact will become the “primary bound water”. 

These water molecules enter the polymer matrix and hydrate the most polar, hydrophilic 

groups present.157 As hydration of these polar groups proceeds, the overall network 

begins to swell, resulting in the exposure of hydrophobic groups to the ingressing water 

molecules. These hydrophobic groups will lightly bind water molecules, resulting in what 

is known as “secondary bound water”.157 The combination of the “primary” and 

“secondary” water molecules is called the “total bound water” and is an important 

characteristic when characterizing hydrogels. Beyond this point, the network can still 

absorb more water. The amount of additional water that can be endured by the gel is 

determined by the degree of opposition between the osmotic driving force of the polymer 

chains to achieve infinite dilution, and the inherent cross-link density of the polymer 

network. When these two forces are equal, the hydrogel will have reached its equilibrium 

swelling point. All of the water that is contained within the network that is not “bound” 

water is called “free water”, and this “free water” is believed to occupy the spaces 

between chains and any pores that may be present throughout the structure. The total 

amount of water present in a hydrogel is what will determine the absorption and diffusion 

of solutes throughout the network.  
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2. Hydrogels Used in Current Study 

Once the structures of hydrogels are understood, it is then important to investigate 

the different raw ingredients that can potentially be used. Hydrogels can be made from 

either natural or synthetic polymers, but again, there are positive and negative 

consequences associated with both forms. Natural polymers, such as collagen and fibrin, 

are biocompatible, biodegradable, and are readily solubilized in physiological fluid. 

However, there are also several problems associated with natural polymers including 

potential immunogenicity, disease transmission, and difficulty in processing, since they 

are derived from a biological source. These natural polymers are also mechanically weak 

and can experience rapid degradation upon implantation, which can be detrimental in 

some scaffold applications.161 Synthetic polymers, such as polylactic acid (PLA) and 

polyethylene glycol (PEG) possess less potential for immunogenicity and disease 

transmission, while also providing the ability to tailor the chemical and mechanical 

properties of the gel. However, synthetic polymers do have the potential to induce acute 

and/or chronic inflammatory responses, and to possibly cause localized pH decreases due 

to degraded by-products.161  

In this study, hydrogels will be formed by mixing two naturally-sourced 

polymers, carboxymethyl cellulose, sodium salt (CMC) and dextran (Dex), which will be 

synthesized, functionalized, lyophilized, dissolved in phosphate buffered saline solution 

(PBS), and then simultaneously plunged through a dual-chambered syringe in order to 

initiate polymerization via hydrazone bond formation. Images of these gels after swelling 

and lyophilization are displayed in Figure 13. These two polysaccharides were chosen to 

be the basis of these hydrogels because of their biocompatibility and slow degradation 

rates within the body, as exhibited by Hudson et al.162  

 

Figure 13. Swollen and lyophilized forms of hydrogels used in the current study. 
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As these polysaccharides degrade slowly within the body, the hydrogels are 

expected to deliver the beneficial ions leaching out of the seeded glass particles into the 

local environment for significant durations of time (up to 30 days). As these gels also 

have been proven to polymerize within a matter of seconds, and to conform to the shapes 

of molds23, their high degree of physical moldability is another key reason as to why 

these two polymers have been selected to form hydrogel scaffolds for in situ delivery of 

the Ga-containing bioactive glasses. 

3. Polymers Used in Current Study 

3.1. Carboxymethyl Cellulose (CMC) 

Carbohydrates are the most abundant organic compounds on Earth, comprising ¾ 

of the dry weight of all plant matter.163 The carbohydrate cellulose, which is the world’s 

largest renewable resource, is a polydisperse polymer with an average degree of 

polymerization (DP) on the order of 3,500-36,000.163 Native cellulose is the principle 

component of cotton, hemp, flax, and wood, and  its molecules exist in thread-like strands 

called “fibrils”. Although these fibrils are relatively linear, they are not water-soluble due 

to the presence of strong intermolecular hydrogen bonding. As can be seen in Figure 14, 

which displays the native cellulose structure with the constituent carbon molecules 

labeled, these fibril are made up of many D-glucose units joined by β(1→4) linkages. 

 

Figure 14. Cellulose structure with the carbons of the glucoside repeat units labeled.163 

 

 

 As can be seen in Figure 14, these linear fibrils align with the hydroxyl groups 

held on the outside of the chain, which provides for close contact and hydrogen bond 

formation between neighboring chains. The hydrogen bonding between chains results in 

the formation of  rigid, insoluble fibers, which is why this material is found in the cell 
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walls of plants. Although cellulose is often used in its native form as fibers for textile and 

paper, the dissolving of the native material requires strong solvents such as inorganic 

acids, ammonium hydroxide, and lithium chloride to break the hydrogen bonds. In order 

to ease the manipulation of this material without using strong solvents, cellulose can be 

reacted with different compounds to produce water-soluble forms. In the current work, 

the chosen water-soluble form is called sodium carboxymethyl cellulose, and it is formed 

through the reaction of sodium chloroacetate with basic cellulose solutions, which is 

described below, and can be seen in Fig 15.  

 

Cellulose-OH, NaOH + Cl-CH2COONa → Cellulose-O-CH2-COONa 

 

Figure 15. Structure of the cellulose derivative sodium carboxymethyl cellulose.164 

 

 Although cellulose can be converted to derviative forms such as sodium-CMC 

which allow for less hazardous handling, it is important to note that these materials are 

still comprised of β-linkages, which cannot be broken down by enzymes in the human 

body. These linkages can be broken down by stomach acid over time, but not nearly as 

readily as α-linkages, so in order to prevent negative reactions towards degradation 

products, one should aim to use CMC chains with a lower DP when designing 

implantable biomaterials.  

 In the current study, CMC was functionalized with hydrazine groups (H2NNH2), 

to form CMC-hydrazide (CMC-ADH), following the method published by Bulpitt and 

Aeschlimann165, and the results can be seen in Figure 16. Hydrazines were coupled to the 

carboxyl group of the water-soluble derivative sodium CMC using adipic hydrazide and 

N-hydroxysulfosuccinimide (Sulfo-NHS), and the water-soluble carbodiimide used to 

perform the coupling was 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide (EDC). In an 

attempt to limit the variety of amines added to the CMC chains, the pH of the solution 
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was maintained at 6.8 from the time Sulfo-NHS was added, to the completion of the 

reaction when dialysis was performed.  

 

Figure 16. Image and SEM micrograph of functionalized CMC-ADH obtained in the 

current study. 
 

3.2. Dextran (Dex) 

Another polysaccharide which is formed by the linking of D-glucose units is 

called dextran. Dextrans can be defined as high-MW, branched, extracellular 

polysaccharides, which are synthesized by bacteria through the breakdown of sucrose.163 

Dextran-producing bacteria can be found in many places, with one of the most prevalent 

being inside the human mouth, where they feed on sucrose-containing food trapped 

between teeth. The high-MW of dextran contributes to the build-up of dental plaque and 

can clog the filters and pipes beneath sinks, however, this same property can also be 

capitalized upon, allowing for the utilization of dextran as blood-plasma substitutes (MW 

≈ 106 Da), and molecular sieves (MW ≈ 109 Da).163 As the glucose molecule possesses a 

number of reactive sites, there are several different dextran structures which can occur, 

and these can be seen in Figure 17. 
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Figure 17. Structures of different possible dextran arrangements. Glucose units exhibit: 

a.) α(1→2) branch (top right), b.) α(1→4) branch (top left), c.) α(1→6) and 

α(1→3) linear linkages (middle), and d.) α(1→3) branch (bottom).163 

 

 As can be seen in Figure 17, dextran is a polysaccharide consisting of D-glucose 

chains with α(1→6) linkages, and the most common structures contain branches 

stemming from α(1→3) linkages.166 This figure displays 4 possible dextran structures, 

with the top left containing an α(1→4) branch, the top right containing an α(1→2) 

branch, the middle containing a linear chain with both α(1→6) and α(1→3) linkages, and 

the bottom structure illustrating a linear glucose chain of α(1→6) linkages with an 

α(1→3) branch. It is important to note that dextrans contain all α-linkages, which are 

capable of being lysed by enzymes in humans, allowing for the degradation of these 
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chains to energy-providing glucose units.163 This property of dextran renders it an 

excellent candidate as an implantable biomaterial, as its degradation products (which are 

excreted by our own natural processes), would not only be harmless to the host (so long 

as these degradation products were not of extremely high-MW), but beneficial, as they 

would simply be converted to food (glucose). Additionally, dextran possesses abundant 

pendant hydroxyl functional groups, which makes it highly amenable to chemical 

modification.167  

In the current study, dextran was modified through periodate oxidation using the 

method published by Bruneel and Schacht168, in order to obtain dextran-aldehyde (Dex-

CHO). This oxidation leads to the opening of the glucose unit, and introduces aldehyde 

groups. In the case of α(1→6)-linked anhydroglucoside units, as are found in dextran, 

total oxidation is a two-step process, which first generates an α-hydroxy aldehyde group, 

which can then be subsequently oxidized further to obtain formic acid and a dialdehyde 

group (Figure 18). The resulting polymer which was obtained in the current study can be 

seen in Figure 19. 

 

Figure 18. Oxidation of an α(1→6)-linked anhydroglucoside unit (dextran).168 

 



47 

 

 
Figure 19. Image and SEM micrograph of functionalized Dex-CHO obtained in the 

current study. 

 

3.3. Method of Cross-Linking 

The methods of functionalization of CMC and Dex in this study were selected 

because the amino compounds (e.g. hydrazine groups) added onto the CMC chains can 

be coupled with the polyaldehydes formed by Dex through periodate oxidation to form 

Schiff base structures.168 This reaction can be seen in Figure 20, which displays the 

hydrazone group that is formed as a result of the combination of these two functional 

groups. These hydrazone bonds act as the cross-links in these hydrogels and have been 

shown to be durable in vivo162, with degradation of these bonds only being expected to 

occur due to eventual hydrolytic cleavage and the action of inflammatory cells. 

 

Figure 20. Formation of a hydrazone bond from an aldehyde and a hydrazine group.169 

4. Reported Properties of CMC/Dex Hydrogels and Composites 

The main focal points of the current study were to fully evaluate the bioactivity of 

the Ga-containing glass series, and to successfully impregnate polymer hydrogels with 

these glasses in order to create composite materials which could theoretically be cross-

linked in situ into critical-sized bone defects, and induce osteostimulation while also 
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potentially providing anti-bacterial, anti-fungal, and anti-cancerous effects. A hydrogel 

matrix based on the cross-linking of functionalized forms of CMC and Dex was selected 

for this study, as prior work conducted by Hudson et al. had characterized the possible 

degrees of functionalization to obtain for Dex based on NaIO4 addition, the ideal 

concentrations of functionalized polymer to use when cross-linking, and the anti-fungal 

efficacy of these gels when combined with the anti-fungal agent amphotericin B 

(AmB).162 The prior study had synthesized Dex-CHO using different amounts of NaIO4 

addition to obtain degrees of functionalization ranging from 33-75%, and found that 

uniform and durable hydrogels were obtained using each functionalized Dex. However, 

to eliminate variables in the study, Dex-CHO that was obtained when 64 mol% NaIO4 

([IO4
-]/[glucose] x 100) was added was used for all data collection, which resulted in Dex 

with a 48% degree of functionalization. It was also discovered that the molecular weight 

of dextran was significantly reduced by the oxidation reaction, and that more highly 

oxidized polymers exhibited the lowest molecular weights. Additionally, the degree of 

dextran oxidation achieved was much lower than predicted from the mol% of periodate 

added, which is thought to possibly be due to the formation of a stable six-membered 

hemiacetal which may act to protect the aldehydes from further reaction.168 The prior 

study did however, not vary the degree of functionalization of CMC, and 51% 

functionalized CMC was used in all trials. It was then determined that to obtain the most 

homogeneous and durable gel discs (retaining their shape for 3 weeks when suspended in 

PBS), 2.5% wt/volume CMC-ADH and 6% wt/volume Dex-CHO were to be used, with 

increased concentration of the highly viscous CMC-ADH resulting in poor mixing, and 

increased Dex-CHO concentration resulting in no increase in mechanical properties.162 

Work was also carried out to determine the anti-fungal efficacy of gel composites 

containing AmB against C. albicans. It was found that both composites which physically 

entrapped AmB during cross-linking, and composites in which AmB was conjugated to 

Dex-CHO prior to cross-linking, exhibited significant anti-fungal abilities when in direct 

contact with C. albicans, while only composites with conjugated AmB were shown to 

release anti-fungal extracts.162 Finally, this study showed that these gels do not induce 

negative effects in vivo, and that they have the ability to remain at the site of injection for 

the duration of therapy.  
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5. Rationale for Use in Current Study 

Currently, to combat invasive fungal infections, therapies are required which act 

through prolonged administration (two weeks or more) of anti-mycotic agents, and are 

then followed by therapy with an oral agent, which in the case of candidal osteomyelitis, 

can last up to a year.170 While receiving intravenous therapy, patients are not only 

exposed to the hardships and risks of maintaining constant intravascular access over a 

period of multiple weeks, but they are also at risk for the systemic side effects that can be 

introduced by some anti-mycotics, such as nephrotoxicity for AmB.162 Also, as 

previously discussed, many cancer pharmaceuticals require either prolonged intravenous 

administration or heavy dosing, both of which can result in serious complications. 

Additionally, bioactive glasses have the potential to provide many benefits as bone void-

filling materials, such as the ability to form a chemical bond between bone and implant, 

and the ability to release therapeutic ions into a localized environment, however, the 

currently available delivery mechanisms leave much to be desired. Ideally, composite 

materials like those synthesized in the current study, would be able to provide multiple 

therapies to a local area, including osteostimulative, anti-bacterial, anti-fungal, and anti-

cancerous properties, all from a single injection, for durations comparable to those used 

in systemic therapies, and at concentrations that would be extremely difficult to obtain 

through the use of systemic therapy. It has been shown that composite materials 

containing these CMC/Dex gels cross-link in situ and remain at the injection site for 

extended periods of time, exhibiting anti-fungal properties without inducing immune 

responses from healthy tissues, which is why it has been hypothesized that composites 

combining these gels with the Ga-containing glass series will be able to retain their 

shapes for multiple weeks, and exhibit anti-bacterial, anti-fungal, and potentially, anti-

cancerous properties, without inducing toxic effects in healthy tissue. 

6. Expected Results in Current Study 

The current study was broken into four stages of work, and this work was 

conducted in a manner which continuously built upon what had been previously 

discovered, in order to garner an understanding of these materials in terms their physical 

properties, their interactions with cell cultures, bacteria, and fungi, and culminated with 



50 

 

an in-depth investigation into their molcular structures. In the first stage, the long-term 

solubility of the glass series was analyzed, and the cytocompatibility of the liquid extracts 

produced were then evaluated against healthy fibroblasts and osteoblasts. Next, glass-

hydrogel composites were synthesized, with 3 different levels of glass-loading, and the 

physical properties of these materials were analyzed, as well as their solubility and 

cytocompatibility with fibroblasts and osteoblasts, over a period of 30 days. After 

obtaining solubility and cytocompatibility information for both the glasses and the glass-

hydrogel composites, the anti-bacterial and anti-fungal potential of these materials were 

then evaluated against the Gram (+ve) bacteria Staphylococcus aureus, the Gram (-ve) 

bacteria Escherichia coli, and the fungus Candida albicans. Finally, insight into the 

structures of the glass-hydrogel composites was gained through the use of thermal 

analysis and 13C cross-polarization magic angle spinning nuclear magnetic resonance (13C 

CP/MAS-NMR), and the anti-cancerous potential of these materials was gauged. Based 

on the prior work conducted using this glass series154, we expected that these glasses 

would exhibit long-term solubility, and that these dissolution products would not inhibit 

the viability of healthy fibroblasts nor osteoblasts. We also expected to be able to 

successfully functionalize CMC and Dex to obtain CMC-ADH and Dex-CHO, and to 

successfully cross-link these polymers in the presence of glass particles to obtain glass-

hydrogel composites. Based on prior work162, we then expected these composites to 

retain their shapes for several weeks while still releasing glass dissolution products into 

solution, and we expected these released ions to also prove to be compatible with healthy 

fibroblast and osteoblast cells. Additionally, we anticipated that both the glasses by 

themselves, and in combination with the hydrogels, would express anti-bacterial abilities 

towards the Gram -ve E. coli, as these bacteria possess thinner barriers to the outside 

environment than Gram +ve bacteria such as S. aureus171, and that they would potentially 

express some efficacy towards inhibiting the growth of C. albicans. Heading into the 4th 

and final stage of the work, we expected to confirm that we had indeed been able to 

functionalize CMC and Dex, that we had synthesized glass-hydrogel composites that 

were held together by hydrazone cross-links, and we expected to find that Ga-containing 

liquid extracts from the glasses and glass-gel composites would express some inhibitive 

effects towards the viability of cancerous osteosarcoma cells, and potentially towards 
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cancerous myeloma cells as well. Throughout this study we obtained many of the 

expected results, however, we also found in several instances, that the experimental 

outcomes were much different than anticipated. 
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Part I: Relating Ion Release and pH to in vitro Cell Viability for 

Gallium-Inclusive Bioactive Glasses 

Keenan T.J., Placek L.M., McGinnity T.L., Towler M.R., Hall M.M., and Wren A.W., 

“Relating Ion Release and pH to in vitro Cell Viability for Gallium-Inclusive Bioactive 

Glasses”, Journal of Materials Science, 51(2), p. 1107-1120 (2016). 

 

The first part of this study focused solely on the characterization and 

cytocompatibility analysis of the Ga-containing glass series. This section discusses the 

results pertaining to the glass series in terms of: 

 Particle size analysis 

 Thermal analysis 

 HA-deposition during incubation in simulated body fluid 

 Scanning electron microscopy and energy-dispersive x-ray spectroscopy 

 Surface area analysis 

 Long-term solubility in ultrapure water 

 pH evaluation 

 Cell viability analysis (L-929 Fibroblasts, MC3T3-E1 Osteoblasts) 

For this portion of the study, a bioactive glass series in which Ga was substituted 

for Zn was investigated to determine whether the ionic form of Ga (Ga3+), can elicit 

effects similar to the pharmaceutical Ga(NO3)3. After incubation at 37ºC for one year, the 

glass (TGa-1) containing the smaller Ga-addition (8 mol%) released the most Na+ (1420 

mg/L), Si4+ (221 mg/L), and Ga3+ (1295 mg/L), while the glass (TGa-2) containing the 

larger Ga-addition (16 mol%), exhibited release levels between TGa-1, and the 0 mol% 

Ga (Control) glass. The pH of all 3 glass extracts steadily increased over time, with 

maximums observed after 365 days for Control (10.0), TGa-1 (12.2), and TGa-2 (9.7). 

Cell viability analysis suggested that Ga3+-release over long time periods produced toxic 

effects in L-929 fibroblasts, with less than 3% viability for both TGa-1 and TGa-2 

extracts after 90, 180, and 365 days, however, no significant decrease in MC3T3-E1 

osteoblast viability was observed for TGa-1 extracts after any time period, despite the 

higher ion release and pH values, and a significant decrease to 51.4% viability was only 
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observed for TGa-2 extracts after 365 days. These results suggest that tailoring the 

release of Ga from BG is not only possible, but also beneficial to the host, thus rendering 

such glasses potentially useful in bone void-filling applications. 
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IA.  Introduction 

Bioactive glasses (BGs) are materials which have been formulated for 

applications in dental and orthopedic surgery and can be used to aid in the repair or 

restoration of mineralized tissues which have sustained injury as a result of either disease 

or traumatic injury. Upon implantation, partial dissolution of the BG surface occurs, as 

ion exchange is conducted between the glass surface and the surrounding aqueous 

medium, ultimately resulting in the formation of a chemical bond between the implanted 

material and the surrounding tissue.172 The most well-known BG, Bioglass® 45S5, was 

developed by Hench et al. in 1969. With  a composition of 45%SiO2-24.4%Na2O-

24.4%CaO-6%P2O5 (wt%), a thin apatite layer forms at the glass-tissue interface upon 

implantation into a living host, which then facilitates a strong chemical bond between the 

implant and bone tissue.4  From these findings, engineers began to design implantable 

materials with the intent to bond and interact with host tissues, rather than remaining 

separate and inert upon implantation.23  

In addition to forming strong interfacial bonds between the implant and the host 

tissue, ionic dissolution products from BGs can elicit other beneficial effects. For 

instance, it has been observed that the release of silicon and calcium from Bioglass® 45S5 

results in a dramatic increase in osteostimulation, which is characterized by an increase in 

both alkaline phosphatase activity and DNA production in osteoblasts, translating to 

increased proliferation and differentiation.173 BGs can be formulated to include different 

elements which, upon dissolution from the glass network in their ionic forms, can elicit 

specific therapeutic effects. One of the most common additional elements to be 

incorporated in BGs is zinc (Zn), which can increase osteostimulation.174  The increase in 

collagen and calcium content that accompanies osteostimulation increases the 

compressive and flexural strengths of the bone, resulting in increased mechanical 

properties.175 Zn is also included in BGs because it exhibits toxicity towards pathogenic 

bacteria such as Staphylococcus aureus (Gram +ve), and Escherichia coli (Gram -ve), 

which cause opportunistic infections at the site of implantation.176  

Although Zn is included in our glass series, the element of most interest in this 

study is gallium (Ga). Ga has been incrementally substituted for Zn in these glasses (8 

and 16 mol%), for several reasons. Although there have been some recent studies 
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conducted on the structural role of Ga in different BG compositions, and the effects its 

inclusion may have on in vitro interactions with simulated body fluid (SBF)177-179, 

decades of research have been dedicated to investigating Ga in its pharmaceutical form, 

gallium nitrate (Ga(NO3)3). This compound has exhibited the ability to suppress the 

growth of subcutaneously implanted tumors in mice and rats, while also exhibiting low 

toxicity compared to other anti-cancer compounds.99 Gallium nitrate has displayed 

effectiveness against an array of cancer types, most notably against non-Hodgkin’s 

lymphoma100-104, and bladder cancer.105,106,108,180 In addition to exhibiting effectiveness in 

the treatment of different forms of cancer, gallium nitrate has also been shown to combat 

these diseases without causing myelosuppression (bone marrow suppression)110, which is 

a trait that most chemotherapy drugs cannot claim. It has also been shown to decrease 

levels of calcium in the bloodstream of patients undergoing cancer therapy118,181,182, and 

to reduce the biochemical markers associated with accelerated bone turnover.120 

Although the effects of Ga3+ have not been studied nearly as thoroughly as the 

pharmaceutical form (Ga(NO3)3), the potential ability to harness some of the same 

therapeutic abilities through release of Ga from a BG network justifies this investigation. 

Here, a glass with a starting composition of CaO-Na2O-ZnO-SiO2 was employed. 

Calcium (Ca2+) and sodium (Na+) act as network modifiers within this glass system, and 

promote glass dissolution and ion exchange, while silicon (Si4+) acts as the network 

former. Zinc (Zn2+) can act as a network intermediate, assuming either a network-forming 

or network-modifying role.178 However, the principal purpose of this study is to evaluate 

the effect that gallium (Ga3+) has on the structure, long-term solubility, and in vitro 

cytocompatibility of this glass system. Ga3+ is a glass network intermediate178,183, which 

has prompted studies in which Ga3+ has been investigated as a substitute for aluminum 

(Al3+) in glassy materials184, and is the reason why it has been substituted for Zn2+ in 

prior work conducted by the authors.183 However, its effect on the long-term solubility of 

this system has not yet been determined. This study aims to investigate the influence of 

Ga2O3 addition on BG solubility over extended time periods (up to 1 year), and to 

determine if this influence translates to effects on the in vitro cell viability of L-929 

Fibroblasts and MC3T3-E1 Osteoblasts. 
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IB.  Materials & Methods 

1. Glass Synthesis 

Three glasses were formulated for this study: Two Ga-containing glasses (TGa-1, 

TGa-2) and a Ga-free CaO-Na2O-ZnO-SiO2 glass (Control). The Ga-containing glasses 

(TGa-1, TGa-2) contain incremental concentrations of Ga2O3 at the expense of ZnO 

(Table 1). The powdered mixes of analytical grade reagents (Fisher Sci., PA, USA) were 

mixed using silica beads, and then oven dried (100ºC, 1 h) and fired (1500ºC, 1 h) in 

platinum crucibles and shock quenched into water. The resulting frits were dried, ground 

using a Gy-Ro Mill (Glen Creston Ltd, South West London, UK) in 10 second intervals 

at 3400 rpm, and sieved to retrieve glass powders with a maximum particle size of 90μm.  

 

Table 1. Glass Compositions (mol. fr.) 

   Control TGa-1 TGa-2 

SiO₂ 0.42 0.42 0.42 

Ga₂O₃ 0.00 0.08 0.16 

ZnO 0.40 0.32 0.24 

Na₂O 0.10 0.10 0.10 

CaO 0.08 0.08 0.08 

 Preparation of Cell Culture/Ion Release Extracts 

50g of each glass (Control, TGa-1 and TGa-2, where n=3) was sterilized using γ-

irradiation at 25kGray (Isotron ltd, Mayo, Ireland) prior to incubation. Ultrapure water 

obtained using a Milli-Q water purification system (EMD Millipore, MA, USA) was 

selected as the solvent to prepare extracts. A surface area of 1 m2 of each sample (n = 3), 

was aseptically immersed in 10 mL of the ultrapure water and agitated for periods of 1, 7, 

14, 30, 90, 180, and 365 days at 37°C. Each of the subsequent extracts were prepared for 

ion release analysis by adding 1 ml aliquots (n = 3) of each extract to 9 ml of ultrapure 

water, to create a 1:10 dilution. 10 μl aliquots (n = 3) of each extract (except for 14 day 

extracts), were later used for cell viability analysis.  
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 Preparation of Glass Plates for SBF Testing 

Analytical grade reagents (Fisher Sci., PA, USA) were batched according to Table 

1, and mixed using silica beads in order to obtain powdered mixes. These mixes were 

then oven dried (100°C, 1 h) and fired (1500°C, 1 h) in platinum crucibles. Glass castings 

were then produced by pouring the molten glass into graphite molds. After cooling for 1 

h, the glasses were removed from the molds and annealed at their respective glass 

transition temperatures (Tg). The glass casts were then shaped into plates with 

approximate dimensions of 15x3x3 mm. These dimensions were achieved by first cutting 

with a diamond blade on an Isomet 5000 Linear Precision Saw (1500 rpm, 0.4 mm/min), 

and then by grinding with 60 µm silicon carbide grinding paper (Buehler, IL, USA) on a 

Phoenix 4000 grinding machine. 

2. Glass Characterization 

2.1. Particle Size Analysis 

Particle size analysis was performed using a Beckman Coulter Multi-Sizer 4 

Particle Size Analyzer (BeckmanCoulter, CA, USA). Glass powder samples were 

suspended in ultrapure water and evaluated in the range of 0.4 µm – 20.0 µm, with a run 

time of 60 s. Relevant volume statistics were calculated and reported for each glass. 

2.2. Thermal Analysis 

The glass transition temperature (Tg) of each glass was measured using an SDT 

Q600 Simultaneous DSC-TGA (TA Instruments, DE, USA). The samples were heated at 

a rate of 10°C/min between 30˚C and 1300˚C in an air atmosphere with alumina in a 

matched platinum crucible as a reference. . 

2.3. Simulated Body Fluid (SBF) Study 

SBF was produced in accordance with the procedure outlined by Kokubo et al185. 

The composition of SBF is outlined in Table 2. The reagents were dissolved in order, 

from reagent 1–9, in 500 ml of ultrapure water using a magnetic stirrer. The solution was 

maintained at 36.5 ˚C. 1 M-HCl was titrated to adjust the pH of the SBF to 7.4. Ultrapure 
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water was then used to adjust the volume of the solution up to 1L. Glass plates (n = 1) 

were each immersed in 10 ml of SBF, and were subsequently stored for 1, 7 and 14 days 

in an incubator, at 37˚C.  

 

Table 2. SBF Recipe 

Order Reagent 
Amount 

Added 

1 NaCl 7.996 g 

2 NaHCO3 0.35 g 

3 KCl 0.224 g 

4 K2HPO4.3H2O 0.228 g 

5 MgCl2.6H20 0.305 g 

6 1M-HCl 40 ml 

7 CaCl2 0.278 g 

8 Na2SO4 0.071 g 

9 NH2C(CH2OH)3 6.057 g 

2.4. Scanning Electron Microscopy (SEM) and Energy Dispersive 

X-ray Spectroscopy (EDAX) 

A Quanta 200F Environmental Scanning Electron Microscope was used to image 

the samples under a vacuum at a pressure of 0.90 torr. The electron beam was used at an 

accelerating voltage of 20 kV and a spot size of 4.0. Energy dispersive x-ray 

spectroscopy was carried out using an FEI EDAX system equipped with a silicon-drift 

detector. 

2.5. Accelerated Surface Area and Porosity (ASAP) 

The surface area of each glass was determined using the Accelerated Surface Area and 

Porosimetry (ASAP) 2010 System Analyzer (Micrometrics Instrument Corp., GA, USA). 

Approximately 60 mg of each glass was used with a mixture of nitrogen and helium gases, to 

calculate the specific surface areas through the Brunauer-Emmett-Teller (BET) method. 
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2.6. Ion Release Profiles 

Powder samples were weighed out to contain 1 m2 of glass per incubation sample 

(n=3), and were then submerged in ultrapure water for periods of 1, 7, 14, 30, 90, 180, 

and 365 days. After the incubation times were complete, the aqueous solution from each 

sample was removed and filtered using Amicon® Ultra-4 Centrifugal Filters (Merck 

KGaA, Darmstadt, Germany). Dilutions of each extract were then prepared (1:10), and 

ion release analysis was performed. Solutions were analyzed for Na, Ca, Si, Zn, and Ga 

content. 

The ion release profile of each glass was measured using Inductively Coupled 

Plasma – Optical Emission Spectroscopy (ICP-OES) on a Perkin-Elmer Optima 8000 

(Perkin Elmer, MA, USA).  ICP-OES calibration standards for Ca, Si, Na, Zn and Ga 

ions were prepared from stock solutions on a gravimetric basis. Three target calibration 

standards were prepared for each ion, and ultrapure water was used as a control.   

2.7. pH Testing 

The pH of each extract solution was measured using an Accumet® Excel XL 15 

pH meter (Fisher Scientific, NH, USA). 3 ml aliquots of each sample (n=3) were 

removed from the 10 ml extract solutions and placed into separate sterile 15 ml centrifuge 

tubes for pH analysis in order to avoid contamination of extract solutions prior to cell 

viability analysis. 

3. Cell Viability Analysis 

The established cell lines L-929 (American Type Culture collection CCL 1 

fibroblast, NCTC clone 929), and MC3T3-E1 Osteoblasts (ATCC CRL-2593), were used 

in this study. L-929 fibroblasts were cultured, as required by ISO10993 part 5 186, in 

HyClone® Medium 199/EBSS (Thermo Scientific, MA, USA), which included Earl’s 

balanced salts and L-glutamine, and was supplemented with 10 vol% fetal bovine serum 

(Thermo Scientific, MA, USA). MC3T3-E1 osteoblasts were cultured in HyClone® 

MEM Alpha Modification (1X) media (Thermo Scientific, MA, USA), which included L-

glutamine, ribonucleosides, and deoxyribonucleosides, and was supplemented with 10 

vol% fetal bovine serum (Thermo Scientific, MA, USA). Cells were maintained on a 
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regular feeding regime in a cell culture incubator at 37˚C, with a 5% CO2/95% air 

atmosphere. Cells were then seeded into 96 well plates at a density of 10,000 cells per 

well and incubated for 24 hours prior to the addition of extracts. The cytotoxicity of glass 

extracts were evaluated using the Methyl Tetrazolium (MTT) assay. 10 μl aliquots of 

undiluted extract were then added into wells containing cells in culture medium (100 μl), 

and incubated for an additional 24 hours. 10 μl of the MTT assay was then added to each 

well and incubated for an additional 4 hours. After 4 hours, the cultures were removed 

from the incubator, and the resultant formazan crystals were dissolved by first removing 

all of the aqueous media from each well, and then adding 100 μl of MTT Solubilization 

Solution (10% Triton x-100 in Acidic Isopropanol. (0.1 n HCI)). Once the crystals were 

fully dissolved, the absorbance was measured at a wavelength of 570 nm using a µQuant 

Plate Reader (Bio-Tek Insturments, Inc., VT, USA). 10 μl aliquots of ultrapure water 

were used as control additions, and cells were assumed to have metabolic activities of 

100%. Glass extracts in media without cells were also tested, and were found not to 

interfere with the MTT assay. 

4. Statistical Analysis 

Particle size data for BG particles are presented as means ± standard deviations, 

and represents 3 trials per glass. Ion release, pH, and cell assay data are also presented as 

means ± standard deviations, and represents data from 3 individual extract replicates per 

glass, per incubation interval. One-way analysis of variance (ANOVA) was used to 

compare both ion release, and cytocompatibility of the BG extracts in relation to 1) 

incubation time, and 2) Ga-content. Comparison of relevant means was performed using 

the post hoc Bonferroni test. Differences between groups were deemed significant when 

p < 0.05. 

  



61 

 

IC.  Results 

1. Glass Characterization 

1.1. Particle Size Analysis 

Particle size analysis was conducted for each glass powder sample, and the results 

are presented in Figure 21. Mean particle size was similar for each glass at 11.1 µm, 10.3 

µm, and 10.2 µm for Control, TGa-1, and TGa-2, respectively. 

 

Figure 21. Particle sizes of Ga-glass series. 

1.2. Thermal Analysis 

DTA results are presented in Figure 22, and show that the glass containing the 

highest Ga concentration (TGa-2) exhibited the highest Tg of 614°C, along with the 

highest crystallization temperature (Tc) at 832°C. The glass with lower Ga-content (TGa-

1) exhibited a slightly lower Tg (597°C) and Tc (774°C) and the Ga-free glass (Control) 

exhibited the lowest Tg (586°C) and Tc (732°C). Control glass also clearly exhibited a 

second crystallization temperature at 879ºC, along with a melting temperature (Tm) of 

977ºC, which was higher than both TGa-1 (947ºC) and TGa-2 (938ºC). 
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Figure 22. Differential thermal analysis of Ga-glass series. 

 

 SEM to visualize Ca/P depositions on Glass Surfaces 

SEM micrographs of the Control, TGa-1, and TGa-2 glasses after 30 days of 

incubation in SBF at 37°C, along with the corresponding EDAX spectra for the observed 

surface depositions, are presented in Figure 23. Depositions on the surface of the Control 

glass exhibit similar morphology and appear to be apatite-like depositions187,188, which 

was further suggested by the presence of Ca, P, and O in the EDAX spectra. However, 

there appears to be depositions of two different basic morphologies on the surfaces of 

both the TGa-1, and TGa-2 glasses. EDAX analysis revealed that both the larger, 

agglomerated depositions, and the smaller, dendritic depositions on the glass surfaces 

contained Ca, P, and O, although quantitative information revealed there were large 

differences in the Ca:P ratios of the different depositions 
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Figure 23. SEM micrographs and EDAX spectra for depositions on surfaces of a,d,g.) 

Control , b,e,h.) TGa-1, and c,f,i.) TGa-2 glass surfaces after 30 days. 

 

 Surface Area Determination 

Prior to incubating glass powder samples in order to obtain extracts to be used in 

ICP-OES, pH, and cell viability analysis, the amount of surface area available for each 

sample was normalized using gas adsorption in combination with the BET method. 

Powder samples exhibited an average surface area of 2.28 m2/g, 1.55 m2/g, and 1.79 m2/g 

for the Control, TGa-1, and TGa-2 glasses, respectively. Each glass was then weighed 

out to obtain 1 m2 of powder per incubation sample. The surface area of each glass, as 

well as the corresponding amount of glass used in each sample can be seen in Table 3. 

Glass additions were calculated to be 0.439g, 0.645g, and 0.559g for the Control, TGa-1, 

and TGa-2 glasses, respectively. 
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Table 3. Surface Area and Weight Added per Incubation Sample for Ga-Glass Series 

 
Surface Area (m2/g) Wt. / Incubation Sample (g) 

Control 2.28 0.439 

TGa-1 1.55 0.645 

TGa-2 1.79 0.559 

 

 Elemental Analysis of Ions Released From Glasses 

The Na-release of each glass over the different time periods is presented in Figure 

24a, and displays similar trends for all three sample types. Na-release was observed, but 

remained relatively constant for the first 30 days of incubation for all glass types, and 

then an increase  in Na-release occurred for all sample types after 90 days. Control glass 

released the least amount of Na over the year-long incubation period, with a release of 

22.1 mg/L observed after 30 days, and a maximum release of 179.4 mg/L after 365 days. 

TGa-1 glass released a small amount of Na over the shorter incubation periods, releasing 

16.6 mg/L after 30 days, but released much more Na after 90, 180, and 365 days than the 

other two glasses, with a maximum of 1419.7 mg/L after 365 days. TGa-2 glass released 

20.9 mg/L of Na after 30 days, and then fell between the other 2 glasses over the longer 

time periods, releasing a maximum of 565.9 mg/L after 180 days, and exhibiting a very 

slight decrease to 556.4 mg/L after 365 days.  

The Si-release profiles for each glass can be seen in Figure 24b, which exhibits 

similar trends for all 3 glass types. Control glass released the least Si over each time 

period, at 11.5 mg/L after 14 days, then decreasing to just 1 mg/L after 30 days. This 

same trend was observed after long-term incubation, as a maximum of 135.3 mg/L was 

released after 180 days, which then decreased to 107.1 mg/L after 365 days. Similar 

trends were seen in the TGa-1 glass, with short- and long-term maxima of 23.2 mg/L and 

296.2 mg/L after 14 and 180 days, respectively, and with short- and long-term minima of 

9.8 mg/L and 221.4 mg/L after 30 and 365 days, respectively. Again, TGa-2 exhibited the 

same trends, with short- and long-term maxima of 66 mg/L and 193.3 mg/L after 14 and 

180 days, respectively, and with short- and long-term minima of 30.2 mg/L and 126.6 
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mg/L after 30 and 365 days, respectively. It is noteworthy that there was no significant 

difference in Si-release after 365 days between Control and TGa-2 extracts. 

 

Figure 24. a.) Na- and b.) Si-release profiles for Ga-glass series. 

 

Ca-release profiles are presented in Figure 25a, with all three glasses releasing 

much less Ca than either Na or Si. Although trends are much less clearly observed for 

Ca-release, it can be seen that for incubation periods of up to 30 days, TGa-2 released 

more than both Control and TGa-1, and all of the glasses exhibited similar short-term 

trends to what was observed in the Si-release profiles, with maxima after 14 days, and 

then slight decreases after 30 days. There was no significant difference in Ca-release 

between the three glasses after 90 days, and there were again long-term maxima observed 

after 180 days for the two Ga-containing glasses, which then decreased after 365 days. 

Also, although TGa-2 released significantly more Ca (8.3 mg/L) than both the Control 

(1.9 mg/L, p=0.012) and TGa-1 (2.3 mg/L, p=0.016) after 365 days, the amount of Ca 

released from each glass was not statistically different from their respective amounts in 

solution after just 30 days. 

 Zn-release information is presented in Figure 25b, displaying low release totals 

for all 3 glasses. After 30 days, the Control, TGa-1 and TGa-2 glasses had each only 

released 0.3 mg/L of Zn. The amount of Zn released exhibited a significant change after 

180 days when compared to 30 day solutions for all 3 glasses, with Control, TGa-1, and 

TGa-2 releasing 4.9 mg/L, 6.5 mg/L, and 5.9 mg/L, respectively. As with Si and Ca, a 

significant decrease in Zn-release was observed for each glass after 365 days. 
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Figure 25. a.) Ca- and b.) Zn-release profiles for Ga-glass series. 

 

Ga-release profiles are presented in Figure 26. As seen in the Si- and Ca-release 

profiles, maxima in the short-term incubation period occurred after 14 days, with TGa-1 

and TGa-2 releasing 19.6 mg/L and 123.9 mg/L, respectively. Then, after 30 days, the 

amount of Ga in solution decreased to 3.4 mg/L and 19.8 mg/L for TGa-1 and TGa-2, 

respectively. Beyond 30 days, both glasses exhibited substantial increases in Ga-release, 

and there was not a significant difference observed between the two until the final 365 

day period, when TGa-1 had released 1295.3 mg/L, and TGa-2 had released 1006.3 

mg/L. 

 

Figure 26. Ga-release profiles for Ga-glass series. 
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 pH of BG Extracts 

pH data for all 3 glasses are presented in Figure 27, and shows pH fluctuations 

which are very similar to the observed Si-, and Na-release profiles. As with Si- and Na-

releases, all 3 glasses exhibited very similar pH levels after 30 days, with Control, TGa-1, 

and TGa-2 expressing pH’s of 7.2, 7.4, and 7.4, respectively. Also in line with the trend 

observed in the Si-release profiles, Control and TGa-2 expressed similar pH levels after 

365 days of 10.0 and 9.7, respectively, while TGa-1 possessed a higher pH of 12.2.  

 

Figure 27. pH of extracts from Ga-glass series. 

 

2. Cell Viability Analysis 

2.1. L-929 Fibroblast Viability 

Cell viability analysis was conducted using the extracts which were obtained from 

incubating glass powder samples in ultrapure water. Figure 28a presents L-929 fibroblast 

viability data for extracts obtained after 1, 7, and 30 day incubation periods, and shows 

that viability was not effected by any of the 3 glasses after 1 and 7 days, but was nearly 

equally reduced by all 3 glasses after 30 days, with Control, TGa-1, and TGa-2 glasses 

expressing average viabilities of 68.4%, 77.6%, and 79.2%, respectively. Figure 28b 

presents the results of cell viability analysis after 90, 180, and 365 day incubation 

periods, and shows that the Control glass extracts only slightly reduced viability (90.6%, 

90.7%, and 96%, respectively), compared to the extract-free control cells over all 3 time 
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periods, while both TGa-1 and TGa-2 exhibited significant decreases in viability. TGa-1 

extracts obtained after 90, 180, and 365 days decreased viability to 2%, 0.9%, and 1.1%, 

respectively, while the TGa-2 extracts produced similar viability levels of 3%, 1.3%, and 

0.8%, respectively. 

 

Figure 28. L-929 fibroblast viability for extracts of Ga-glass series obtained after a.) 1, 7, 

and 30 days, and b.) 90, 180, and 365 days. 

2.2. MC3T3-E1 Osteoblast Viability 

MC3T3-E1 osteoblast viability data for extracts obtained from all 3 glasses after 

1, 7, and 30 days are displayed in Figure 29a, and shows that osteoblast viability exhibits 

some small changes over these time periods.  However, statistical analysis proved that 

none of these fluctuations were significant at a 95% confidence level with respect to 

incubation time or Ga-content. Extracts removed after 1 day of incubation resulted in a 

slight decrease for Control (89.6% viability), while increases of nearly equivalent 

magnitudes were observed for TGa-1 and TGa-2 as they expressed viabilities of 117.1% 

and 120.2%, respectively. However, after 7 days, Control and TGa-1 extracts expressed 

nearly identical viabilities of 114.1% and 115.8%, respectively, while TGa-2 extracts 

caused a decrease to 86.7% viability. The trend once again changed after 30 days, as 

extracts of TGa-1 and TGa-2 produced viabilities of 121% and 132.4%, respectively, 

while Control extracts resulted in an average viability of 93.4%. Figure 29b presents 

MC3T3-E1 viability data for extracts obtained from the 3 glasses after 90, 180, and 365 

days, and exhibits more consistent trends than were observed over the shorter time 
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periods. In this data, a general decrease in viability with respect to time was observed for 

all 3 extract types. After 365 days, the presence of Control and TGa-1 extracts exhibited 

insignificant decreases to 71.6% and 64% viability, respectively, while TGa-2 extracts 

exhibited a significant decrease to 51.4% (p=0.01) viability. The only significant viability 

decreases within data sets for the same extract types, were observed for TGa-2 extracts 

between 1 and 365 days (p=0.047), and between 30 and 365 days (p=0.009). 

 

 

Figure 29. MC3T3-E1 osteoblast viability for extracts of Ga-glass series obtained after 

a.) 1, 7, and 30 days, and b.) 90, 180, and 365 days. 
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ID. Discussion 

1. Glass Characterization 

In a study published in 1980 by Gross et al., it was observed that the additions of 

multi-valent cations such as aluminum (Al) and titanium (Ti) to glass compositions based 

on 45S5 Bioglass® resulted in the inhibition of rapid bonding to bone tissue in animal 

models, due to decreased solubility of the implants.189 However, if the intention of an 

implant is to deliver a payload of therapeutic ionic dissolution products over an extended 

period of time, then perhaps there is a tailorable limit of multi-valent cations which can 

be added to a batch composition to allow for both bone-bonding, and long-term ionic 

dissolution.  A core goal of this study is to demonstrate an ability to control the stability 

of the glass structure and its relationship with glass dissolution, while also exhibiting the 

ability of the Ga-containing glasses to release potentially therapeutic ions, including Si, 

Ca, Zn, and Ga. We also aim to demonstrate that these glasses will allow calcium 

phosphate to deposit on their surfaces, in order to demonstrate the possibility of using 

these glasses as implant materials, and potentially harness some of the anti-cancerous and 

bone-promoting properties that the Ga ion may possess.  

DTA was conducted in order to determine if the incorporation of Ga into the glass 

network would influence Tg. Increasing Ga-content caused an increase in Tg and Tc, 

suggesting that the addition of Ga into these glasses creates a more stable structure with a 

reduced tendency towards crystallization, implying that Ga is acting primarily as a glass 

network former. This concurs with structural characterization work previously conducted 

on this glass series183, which utilized 29Si-MAS-NMR to show that increased Ga-content 

resulted in a larger presence of higher-ordered Q-species, suggesting that increased Ga-

content results in a more connected glass structure, comprised of a higher fraction of 

bridging oxygens (BO) between Si ions. 

SBF studies are a preliminary in vitro method used to simulate the immersion of a 

sample into physiological fluid, in order to evaluate whether or not the multi-step cascade 

of events will be triggered, and result in the deposition of calcium phosphate on the 

sample surface.[185]  The SEM images and EDAX spectra show that although depositions 

containing Ca, P and O did not deposit with as much uniformity across Ga-containing 

glass surfaces as they did across the Control glass, they did deposit. In addition, 
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evaluation of quantitative information obtained through EDAX revealed that TGa-1 was 

the only glass upon which depositions with Ca:P ratios similar to stoichiometric 

hydroxyapatite (HA) were seen. Depositions on the surface of the Control glass 

possessed a Ca:P ratio of 1.10 (based on wt% detected), while the smaller, dendritic 

depositions present on the surface of TGa-1 possessed a Ca:P ratio of 1.74, which is 

much closer to the Ca:P ratio of 1.67 possessed by stoichiometric HA. The dendritic 

depositions seen on the surface of TGa-2 possessed a Ca:P ratio of 1.00. In addition, the 

larger, brighter depositions seen on the surfaces of both TGa-1 and TGa-2 possessed 

respective Ca:P ratios of 1.29 and 1.08. This information suggests that the increased 

presence of Ga from 8 mol% to 16 mol% reduced solubility and caused irregular 

depositions to form on the glass surfaces, and that based on the Ca:P ratios of surface 

depositions, TGa-1 is a stronger candidate than TGa-2 to allow stoichiometric HA to 

deposit on its surface, and function as a bioactive scaffold. 

A vital characteristic of a BG is the ability of the surface to react with an aqueous 

environment through ion exchange. In order to study in vitro ion release, ICP-OES was 

employed, and revealed several unexpected trends. A previous study conducted by 

Ahmed et al. demonstrated that as the ratio of glass network-former (P2O5) to glass 

network-modifier (Na2O) in glass fibers increased, Tg increased, while solubility in 

distilled water decreased.190  Prior studies such as these, along with our current DTA 

results, lead us to hypothesize that increased glass network stability would lead to lower 

ionic dissolution upon submersion in aqueous solution. However, for each of the 5 

elements analyzed, the lowest release totals were actually observed from the Ga-free 

Control glass, assuming that precipitation of ions out of solution did not occur at different 

rates between samples. Although the Na- and Zn-releases were nearly equal between 

Control and TGa-2 after 30 days, significantly more Si was released from the 16 mol% 

Ga-containing TGa-2 than Control, with TGa-1 releasing a quantity between the two. 

These results directly contradict our predictions, as it was expected that increased Ga-

content would correlate with increased stability, but these ion release results show that as 

Ga-content increases, more of the primary glass network-forming constituent (Si), is 

released, suggesting that increased Ga-content translates to faster dissolution of the glass 

over a period of 30 days. However, the long-term trials (90, 180, 365 days) show that the 
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8 mol% Ga-containing TGa-1 glass exhibits greater release of each constituent (other 

than Ca), than TGa-2. This trend leads us to suspect that a threshold exists, pertaining to 

the amount of Ga that can be included in such a BG formulation before ion release begins 

to be inhibited, and Ga3+ begins to act less like a modifying glass network intermediate, 

and more like the intermediate Zn2+ which it was substituted for, over long time periods. 

In 1996, Hill published “An alternate view of the degradation of bioglass”, in which he 

proposed that the mechanism of bioglass degradation presented by Dr. Larry Hench was 

not particularly predicitve of the reactivity of bioglasses as a function of their 

composition.191 Hill theorized that silicate glasses can be considered as inorganic 

polymers of oxygen crosslinked by Si atoms, and that the properties of these glasses may 

be predicted using the crosslink density of the glass network. Using these principles, he 

suggested that decreased crosslink density would result in lowered Tg, thus resulting in 

increased reactivity and solubility, and that the transition from a less reactive three-

dimensional network to a more reactive linear polymer occurs at a network connectivity 

(NC) of 2. However, he also suggested that glasses with a NC just above 2 could still 

remain highly reactive, and that small changes in composition can greatly affect 

reactivity and biological properties. Prior characterization work on this glass series 

predicted the NC values of each glass assuming Ga acted as both a network former and 

modifier183, and utilizing compositional data obtained from XPS analysis, suggested that 

the respective connectivities of Control, TGa-1, and TGa-2 were 1.51, 2.16, and 2.82 if 

Ga acted purely as a former, and 1.51, 1.51, and 1.71 if Ga acted purely as a modifier. 

Considering the prior 29Si MAS-NMR data, as well as the currently presented DTA data, 

it is suggested that Ga performed primarily in a glass network forming role in this series, 

which according to the NC calculations, would indicate that TGa-1 possesses a NC 

slightly above 2, while TGa-2 possesses a NC much closer to 3. Although this aids in the 

explanation of the larger long-term ion release from TGa-1 compared to TGa-2, it does 

not explain their increased reactivity in comparison to Control, or the increased solubility 

of TGa-2 compared to TGa-1 over the first 30 days. Hill also theorized that if alumina is 

included in a bioactive silicate glass, the Al3+ ion will take on a tetrahedral coordination 

surrounded by four oxygens, and in the absence of phosphorus, its charge deficiency will 

be compensated in the first instance by an Na+ ion, and in the second instance by half of a 
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Ca2+ ion.191 If we assume that Ga3+ will perform similarly to Al3+ in this series of glass 

structures, then we can assume that GaO4
- tetrahedra will exist, with Na+ ions acting as 

the primary charge compensators, and Ca2+ in a secondary compensation role. The ICP-

OES results in this study show that despite the increase in Tg observed with increased Ga-

content, the largest amounts of Na+, Si4+, and Ga3+ are released over the course of 365 

days from TGa-1, followed by TGa-2, and then Control. This finding suggests that 

although the introduction of Ga3+ increases NC, the GaO4
- tetrahedra require a charge 

compensator, and as Na+ ions from the glass surface interact with H3O
+ ions in solution, 

the primary charge compensating ions are removed from the glass, exposing charged 

network-forming tetrahedra, which may explain the observed increased in solubility. 

Also, since all 3 glasses were batched to contain the same amounts of Na2O and CaO (10 

and 8 mol%, respectively), and TGa-1 contains 8 mol% Ga2O3, while TGa-2 contains 16 

mol%, it is suggested that a greater fraction of the total number of GaO4
- tetrahedra 

present are charge compensated by monovalent Na+ ions in TGa-1 than in TGa-2, which 

is why the increased Na+ release from TGa-1 in comparison to the other two glasses 

translates to more disruption of the network, and larger release of Si4+ and Ga3+. 

Additionally, inhomogeneity of the glass particles is one possible explanation for the 

increased solubility of TGa-2 compared to TGa-1 over the first 30 days of incubation. It 

may be possible that GaO4
- tetrahedra with Na+ ions as charge compensators arranged 

more readily near the surface of TGa-2 particles than TGa-1, and tetrahedra with Ca2+ or 

Zn2+ ions as charge compensators were more prevalent in the bulk, resulting in increased 

degradation initially, and slower degradation over longer time periods, as the less mobile 

divalent cations191 came into contact with solution. This suggestion will also be further 

investigated by the authors using EDAX line scans across cross-sections of the different 

glasses to determine if there are compositional inhomogeneities present between the bulk 

and surfaces of the particles. These results are most encouraging, as it suggests that we 

may be able to manipulate a Ga-containing BG composition to tailor the charge 

compensation occuring within the glass network, and ultimately control the rate of 

dissolution over long time periods.  

Another key finding in the ICP-OES results was that both of the Ga-containing 

glasses successfully released Ga from the glass network into solution, over all of the time 



74 

 

periods, ranging from 11.3 mg/L (TGa-1) and 36.4 mg/L (TGa-2) after 1 day, to 1295.3 

mg/L (TGa-1) and 1006.4 mg/L (TGa-2) after 365 days. This was an important 

observation, as the main purpose of including Ga in this glass series is to facilitate its 

release from the network to allow for interaction with cells within the local environment. 

With regards to the decrease in release at 365 days after release maxima at 180 days 

observed several times in these studies, one explanation could be that since these glass 

powder samples were only incubated in 10 ml of ultrapure water without exchange for 

such long time periods, perhaps saturation limits were exceeded and ions which had been 

released from the glass structure precipitated back onto the particle surfaces. Decreases 

were also observed in the release profiles after 14 days of incubation, and minima were 

obtained at 30 days before increasing again, indicating a prior period where precipitation 

of ions out of solution and onto the particle surfaces occurred. Similar behavior has been 

observed before by Oliveira et al.192, when a series of SiO2-P2O5-CaO-MgO BGs 

exhibited the ability to develop dual silica-calcium phosphate layer when incubated in 

SBF. This group also demonstrated that glasses richer in MgO develop a thicker silica gel 

layer on their surface, and that this can play a decisive role in layer detachment through 

the gel. The decrease observed in the presented release profiles after 14 days, the increase 

until 180 days, and then a second decrease to 365 days suggests that ions precipitated out 

of solution to form gel layers on the particle surfaces between 14-30 days of incubation, 

portions of these gel layers then dissolved or detached between 30-90 days, and further 

degradation of the glasses occurred until between 180-365 days, when ions again 

precipitated out of solution onto the particle surfaces, thickening the silica gel layers. To 

further investigate these claims, future work will be conducted to observe cross-sections 

of the glass particles after different incubation periods using SEM and EDAX to 

determine if surface layers are present, to determine the compositions of these layers, and 

compare the EDAX results to ICP-OES information. In addition to ICP-OES, pH studies 

were conducted in order to aid in the understanding of this observed trend, however, the 

consistent increase in Na-release for all 3 glasses, and the large Ga-release totals of the 

two Ga-containing glasses may have made it difficult to observe the effects of the 

relatively small decreases in Si, Ca, and Zn-content in solution.  
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 It is important to monitor pH in addition to ion release, as deviations from 

physiological pH levels can have detrimental effects on host tissue. The pH results after 

30 days displayed expected trends, as relatively low levels of each element was detected 

in the 3 glasses during ICP-OES studies, which we expected would lead to similar pH 

levels for all 3 extracts. The pH results after 365 days mostly produced the predicted 

tendencies, as it was expected that TGa-1 extracts would possess the highest pH levels, 

due to the elevated release levels observed during ICP-OES analysis. However, it was 

also predicted that TGa-2 extracts would possess a higher pH than Control extracts after 

365 days, since the ICP-OES results indicated that TGa-2 released significantly more Na+ 

than Control, and since it released a large amount of Ga3+, while Control released none, 

but pH testing actually revealed that after 365 days, TGa-2 extracts exhibited a pH of 9.7, 

while the average pH of Control extracts was 10.0. This result suggests that Na-release 

from TGa-2 (which was significantly lower than TGa-1), had less influence on pH than in 

TGa-1 extracts, and Ga-release had no effect on pH, which resulted in the slight acidity 

introduced by Si-release exhibting more influence on the pH of extract solutions.  

Overall, all three glasses used in this study exceeded expectations, as prior work 

conducted by Cerruti et al.193 demonstrated that upon submersion in DI water, Bioglass® 

45S5 powder raises the solution pH to ~10.5 after only 2 days, while only one of the 

glasses in the current study (TGa-1) exceeds a pH of 10, and that did not occur until after 

180 days of submersion. While these results are encouraging, due to the length of time 

required to elicit large pH increases from glass samples shaking at 37°C, they do not 

directly translate to clinical relevancy as the solutions were not changed at any point 

throughout incubation, which does not accurately replicate physiological conditions. 

2. Cell Viability Evaluation 

Due to the similarity in effects produced by all 3 glasses on fibroblast viability 

over the first 30 days, and the difference in effects produced by the non-Ga-containing 

Control glass extracts and the extracts of the two Ga-containing glasses TGa-1 and TGa-

2 after 90, 180, and 365 days, it seems plausible that Ga is the element responsible for the 

dramatic decrease in viability. This suggestion is supported by the ICP-OES data. Na-

release profiles show similar release levels for all 3 glasses up to 30 days, and then an 
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increase in Na-release from TGa-1 and TGa-2. However, TGa-1 released significantly 

more Na than TGa-2 after 90, 180, and 365 days, which would suggest that unless Na-

release from both glasses had surpassed toxic levels for L-929 fibroblasts after 90 days, 

then extracts from TGa-2 should exhibit higher viability levels than those from TGa-1 

over these time periods, which they do not. A similar trend was observed in the Si-release 

profiles, however, Si-release levels for the Control glass was very similar to TGa-2 after 

365 days, so if Si was the main element contributing to changes in L-929 fibroblast 

viability, then extracts from these two glasses should produce similar viabilities after 365 

days, which they do not. Since the only element contained in TGa-1 and TGa-2 that is not 

contained in the Control glass is Ga, and the ICP-OES results did not show a dramatic 

increase in Ga-release from the Ga-containing glasses until after 90 days, we can 

conclude that the main culprit in decreasing L-929 fibroblast viability is the presence of 

elevated levels of Ga in solution. This conclusion is similar to that of a study by Schedle 

et al.194, which found that 3H-thymidine incorporation by L-929 fibroblasts was 

completely inhibited in the presence of at least 0.1 mmol/L Ga3+, however, fibroblasts in 

the current study were able to sustain higher concentrations of Ga3+ before exhibiting 

cytotoxic effects. 

 Unlike the results obtained from the L-929 fibroblast studies, MC-3T3-E1 

viability analysis does not directly correlate with any of the ion release profiles, and 

instead appears to be more efficiently explained using the results obtained from pH 

testing. It has been previously shown that osteoblasts are sensitive to changes in 

extracellular pH, as these changes may alter the potential across the cell membrane, 

resulting in the inhibition of ion exchange systems and the subsequent build-up of 

intracellular H+, which can lead to protein denaturation.195,196 Kaysinger et al. studied the 

effects of pH levels of 7.0 to 7.8 on human osteoblasts, and determined that osteoblasts 

exhibited cellular activity at all pHs, although plateaus in the data suggested that their 

preferred pH was 7.2.197 This finding helps to interpret the MC-3T3-E1 viability data 

obtained in the current study, as the viabilities produced by the TGa-1 and TGa-2 extracts 

do not display an observable decrease until after 90 days, when their respective pH values 

were 10.1 and 8.4, which are both well above 7.2. In addition, the extracts of all 3 glasses 

exhibit their lowest viabilities of all the incubation times after 365 days, which is when 
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each extract type expressed its highest pH. As with the pH results, the cell viability data 

for MC-3T3-E1 osteoblasts exceeded expectations, as these assays were conducted in a 

static environment rather than a dynamic environment, which they would be exposed to 

in a host, and despite this disadvantage, there was only one significant decrease observed 

over all of the time periods for the 3 glasses (TGa-2 365 day extracts, compared to 1 and 

30 day extracts). 
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IE. Conclusion 

During this first part of the study, we were able to successfully: 

 Characterize the size of the glass particles 

 Examine the thermal behavior of the glass series 

 Examine deposits containing Ca and P that accumulated on glass surfaces 

after incubation in SBF for 30 days 

 Characterize the ion release profiles of liquid extracts from the glass series 

after incubation for up to 365 days 

 Characterize the pH of liquid extracts from the glass series after 

incubation for up to 365 days 

 Relate ion release and pH information to information provided by cell 

viability analysis using L-929 fibroblasts and MC3T3-E1 osteoblasts 

 

Ion release studies were conducted, and produced unexpected results, as both of 

the Ga-containing glasses released significantly more Na+ and Si4+ than the Control glass 

after at least 90 days, in addition to releasing large amounts of Ga3+, suggesting that Ga 

was acting in more of an intermediate role. Increased pH was also observed for extracts 

from these glasses when compared to extracts from the Control. Cell viability data 

suggested that the large amounts of Ga3+ released by TGa-1 and TGa-2 after at least 90 

days induced toxic effects on the L-929 fibroblasts. However, this data also suggested 

that these extracts did not negatively affect the viability of MC3T3-E1 osteoblasts, 

leading to the conclusion that Ga-containing BGs have potential for bone void-filling 

applications. 

The ability of this glass series to release ions, accumulate Ca/P-containing 

deposits on the surfaces, the compatibility of the liquid extracts with both L-929 

fibroblasts and MC3T3-E1 osteoblasts for up to 30 days, and the compatibility with the 

osteoblasts for extended time periods, all combined to suggest that these glasses have 

potential in bone void-filling applications. The next phase of this study focused on 

synthesizing polymer hydrogels, throughout which, particles of this glass series could be 

embedded, in order to create bioactive glass-hydrogel composites, which could be 

injected into bone void sites in situ, and potentially provide several different therapies. 
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Part II: Synthesis, Characterization, and in vitro Cytocompatibility of 

Ga-Bioactive Glass/Polymeric Hydrogel Composites 

Keenan T.J., Placek L.M., Keenan N.L., Hall M.M., and Wren A.W., “Synthesis, 

Characterization, and in vitro Cytocompatibility of Ga-Bioactive Glass/Polymeric 

Hydrogel Composites” Journal of Biomaterials Applications (Under Peer Review). 

 

The second part of this study focused on functionalizing the polymers CMC and 

Dex to obtain CMC-ADH and Dex-CHO, and then cross-linking these functionalized 

polymers to obtain hydrogels. Particles of the Ga-glass series were then loaded into these 

hydrogels in three different amounts (0.05, 0.10, and 0.25 m2/batch), to obtain glass-

hydrogel composites, and the remainder of this portion of the study concentrated on the 

characterization and cytocompatibility analysis of these composites. This section 

discusses the results pertaining to the glass-hydrogel composites in regards to: 

 Composite weight fractions 

 Swelling characteristics 

 Scanning electron microscopy and energy-dispersive x-ray spectroscopy 

 Solubility in aqueous solution 

 Cell viability analysis (L-929 fibroblasts, MC3T3-E1 osteoblasts) 

During the second part of this study, the Ga-glass series was incorporated into 

CMC-Dex hydrogels at three different loadings (0.05, 0.10, and 0.25 m2), and SEM and 

EDAX were used to confirm that the glass particles were distributed throughout the 

hydrogels, while swelling studies showed that glass presence can increase the amount of 

fluid that can be absorbed by the hydrogels after 7 days of immersion in PBS by up to 

180%. Several trends were observed in the ICP-OES data, with the most important being 

the release of Ga3+ from both Ga-containing glasses at all three loadings, with a 

maximum of 4.7 mg/L released after 30 days of incubation in PBS. Cell viability analysis 

suggested that most composite extracts did not decrease either fibroblast, nor osteoblast 

viability. These results indicate that it is possible to embed Ga-containing bioactive glass 

particles into CMC-Dex hydrogels, and upon submersion in aqueous media, release ions 

from the glass particles that may elicit therapeutic effects. 
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IIA. Introduction 

Bone is a complex, dynamic, composite tissue, which possesses the ability to 

consistently regenerate and remodel. However, defects can occur due to trauma, infection 

(osteomyelitis), or tumor resection, which are too large for the body’s cells to repair on 

their own.198 Bone grafting procedures are commonly elected as the treatment of choice, 

and although there are several varieties of biological grafts available, including 

autografts, allografts, and xenografts, each has potentially devastating limitations, such as 

the need for a second surgery site which increases a patient’s risk of infection and pain199, 

or a risk of tissue rejection by host cells.200 As an alternative, synthetic bone graft 

substitutes can potentially function as a sufficient void-filling material, while avoiding 

the afore mentioned complications.  

 Of particular interest in bone regeneration applications are a class of materials 

known as bioactive glasses (BG). First formulated by Hench et al.201, these glasses 

characteristically possess a low glass network-former content, and a high glass network-

modifier content, which allows for a cascade of surface reactions, and ultimately, the 

dissolution of the glass, upon implantation into the body. The dissolution of these glasses 

is desirable, as the eroding network releases ions which promote bone-growth 

properties202, as well as other therapeutic effects, which can include anti-bacterial203,204 

and potentially, anti-cancerous properties. In the current study, a BG series (0.42SiO2-

0.10Na2O-0.08CaO-(0.40 – x)ZnO-(x)Ga2O3) was utilized , in which ZnO was substituted 

with up to 16 mol% Ga2O3. This composition was selected to allow for dissolution of the 

glasses upon submersion in aqueous media, and because each constituent has been shown 

to play a role in either bone metabolism, or the establishment of an interfacial bond 

between implant and bone. Silicon (Si), which acts as the primary glass network-former 

in this series, is an element which is essential in the formation and calcification of bone 

tissue205,206, with aqueous Si having proven the ability to induce the precipitation of 

hydroxyapatite.207  Sodium (Na), which acts as the primary glass network-modifier, 

exchanges with H3O
+ ions in solution208, initiating a cascade of surface reactions which 

ultimately leads to the formation of a chemical bond between implant and host tissue. 

Calcium (Ca) was added for its ability to increase the expression of insulin-like growth 

factors, which are responsible for osteoblast proliferation209, while zinc (Zn) was 
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included for its ability to increase osteostimulation174, and for its toxicity towards 

opportunistic bacteria.176 Gallium (Ga) was incorporated in an attempt to harness some of 

the bone-promoting120,123,124, anti-bacterial125,126, and anti-cancerous99-101,106,180 properties 

exhibited by the pharmaceutical gallium nitrate (Ga(NO3)3), from the ionic form (Ga3+), 

upon dissolution from a glass network. Prior characterization work210 suggested that Ga 

assumes a network-intermediate role in this series, while also demonstrating the ability of 

these glasses to release ions upon submersion in deionized (DI) water, as well as long-

term (365 days) cytocompatibility of liquid extracts with MC3T3-E1 osteoblasts in vitro. 

However, despite the promising characteristics displayed by this BG series, physical 

implantation or delivery into a bone-void is a considerable challenge. While materials 

such as glass-ceramic scaffolds210-212 and glass-ionomer/polyalkenoate cements213-216 

have been extensively studied for skeletal restoration applications, each can still pose 

limitations, such as the need for pre-implantation shaping, delayed setting times217, and 

damaging exothermic reactions.218 One group of materials garnering interest for BG-

delivery, which can avoid such complications while still potentially acting as a bone-

promoting scaffold, is known as polymeric hydrogels. 

Hydrogels can be defined as cross-linked networks of hydrophilic polymers, 

which contain large amounts of water (in excess of 30 wt%).219 The presence of water 

influences the rate of hydrogel degradation, and in the case of impregnating them with a 

BG, higher water content can lead to an increased rate of dissolution of the glass 

particles, as the particles will be surrounded by fluid not only in the implanted 

environment, but also within the polymeric hydrogel scaffold. Increased water content 

can also promote diffusion of oxygen and proteins from the environment through the 

material, and of ions from the glass particle surfaces into the local environment, while 

also translating to a softer material, allowing for easier molding during implantation, and 

faster integration with tissues post-implantation.219   

To date, many different composites have been studied using a wide range of 

materials, with each possessing different positive and negative attributes. Proteins, such 

as collagen, have been seeded with mesenchymal stem cells (MSCs) and have been 

shown to promote both bone and cartilage formation. However, due to the rapid 

degradation of the collagen scaffold, the mechanical properties of the generated tissue 
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were significantly lower than normal tissue.220 Polysaccharides, such as hyaluronic acid 

(HA), have been used as a matrix for tissue engineering applications221, however, the 

hydrophilic, polyanionic surfaces of HA materials do not thermodynamically favor cell 

attachment or tissue generation.222 Cellulose is another polysaccharide which has been 

studied for tissue engineering applications, with hydroxyapatite/cellulose composites 

exhibiting enhanced osteoconductivity.223  Composites containing the polysaccharide 

dextran (Dex) have also been studied, with Dex gels seeded with bone morphogenic 

protein (BMP)-loaded polyethylene glycol (PEG) microspheres exhibiting that the BMP 

release kinetics could be controlled by varying the preparation parameters of the 

scaffold.224 

This study aims to synthesize composites consisting of degradable carboxymethyl 

cellulose (CMC)/Dex hydrogels, which rapidly cross-link in situ via hydrazone bond 

formation (Hudson et al.162), impregnated with various loadings of Ga-BG particles, and 

to characterize their potential as bone graft substitutes for critical size defects caused by 

tumor resection or osteomyelitis. Traditional methods for hydrogel characterization have 

been employed, including scanning electron microscopy (SEM), as well as the 

determination of water content and time-dependent swelling characteristics. In addition, 

ion release and cell viability information was gathered using composite extracts obtained 

over a 30 day incubation period, to determine if glass composition or content within the 

composites translates to controllable levels of dissolution and cell survival. 
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IIB. Materials & Methods 

1. Glass Synthesis 

Three glasses were formulated for this study: 2 Ga-containing glasses (TGa-1, 

TGa-2) and 1 Ga-free CaO-Na2O-ZnO-SiO2 glass (Control). The Ga-containing glasses 

(TGa-1, TGa-2) contain incremental substitutions of Ga2O3 at the expense of ZnO (Table 

1). The powdered mixes of analytical grade reagents (Fisher Sci., PA, USA) were mixed 

using silica beads, and then oven dried (100ºC, 1 h) and melted (1500ºC, 1 h) in platinum 

crucibles and shock quenched into water. The resulting frits were dried, ground and 

sieved to retrieve glass powders with a maximum particle size of 10 μm.  

2. Polymer Synthesis 

2.1. Materials 

Carboxymethyl cellulose, sodium salt (CMC), adipic acid dihydrazide (AAD), N-

hydroxysulfosuccinimide, sodium salt (Sulfo-NHS), dextran (150,000 M.W.) (Dex), and 

dimethyl sulfoxide (DMSO) were obtained from Acros Organics (NJ, USA). N-(3-

dimethyl laminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), sodium (meta) 

periodate (NaIO4), ethylene glycol (EG), 0.1M sodium hydroxide (NaOH), and 0.1M 

hydrochloric acid (HCl) were obtained from Thermo Fisher Scientific (MA, USA). 

2.2. Modification of CMC 

CMC was functionalized with hydrazine groups to obtain CMC-hydrazide (CMC-

ADH), using the method published by Bulpitt et al.225 1g of CMC was dissolved in 200 

ml DI water with a stir bar in a round bottom flask above a magnetic stirrer. 3g AAD was 

then added to the spinning flask and left for 1 hour. During this time, 2 separate 8 ml 

mixtures (4 ml DMSO, 4 ml DI water) were prepared in separate 15 ml centrifuge tubes. 

220 mg EDC was then added to one tube, while 248 mg Sulfo-NHS was added to the 

other. These mixtures were then left to dissolve for the remainder of the hour. The Sulfo-

NHS and EDC mixtures were then added to the flask and left to dissolve for 4 hours. The 

pH of the solution was measured 3 times per hour over the 4 hour period, and either 0.1M 

NaOH or 0.1M HCl were added dropwise to maintain a pH of 6.8. After 4 hours, the 
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solution was dialyzed against DI water using a 3500 MWCO membrane, and the resulting 

solution was frozen at -80°C for 24 hours, and then lyophilized. 

2.3. Modification of Dex 

Dex was oxidized to Dex-aldehyde (Dex-CHO) using the method published by 

Bruneel et al.168 3g of dextran was dissolved in 300 ml DI water with a stir bar in a round 

bottom flask above a magnetic stirrer and left for 2 hours. During this time, 2.208 g 

NaIO4 was dissolved in 10 ml DI water in a 15 ml centrifuge tube, and this mixture was 

added to the spinning flask at the end of the 2 hours, and left for an additional 2 hours. 

1.6 ml EG was then added to the spinning flask and left for 1 hr. The solution was then 

dialyzed against DI water using a 3500 MWCO membrane, and the resulting solution was 

frozen at -80°C for 24 hours, and then lyophilized. 

3. Hydrogel Synthesis 

To produce hydrogels, 75 mg CMC-ADH and 180 mg of Dex-CHO were each 

dissolved in separate 15 ml centrifuge tubes containing 3 ml of phosphate-buffered saline 

solution (PBS) overnight. The dissolved polymers were then each individually added to 

one chamber of a dual-chambered 1 ml syringe, with one needle (21 gauge) at the tip. 

The 2 solutions were then simultaneously plunged through the dual-chambered syringe 

into rubber molds (6 mmϕ x 4 mm) between 2 glass slides, and allowed to set for 60 

seconds. Gelation occurred within 2-3 seconds. Glass-free hydrogels were synthesized as 

controls (Blank). 

4. Glass-Hydrogel Composite Synthesis 

Using the same process, weighed amounts of each of the 3 glasses (Table 4) were 

added to the CMC-ADH/PBS mixture after dissolving overnight. Glass particles were 

dispersed throughout the mixture by vortexing at 3000 rpm for 30 seconds.  
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Table 4. Glass-Loading (g) 

  Control TGa-1 TGa-2 

Gel + 0.05 m2 Glass 0.041 0.044 0.047 

Gel + 0.10 m2 Glass 0.082 0.088 0.094 

Gel + 0.25 m2 Glass 0.205 0.220 0.235 

 

The resulting mixtures, along with Dex-CHO, were then each individually added 

to one chamber of the syringe, and both chamberes were simultaneously plunged into the 

molds. The dual-chambered syringe, along with a composite gel after removal from the 

mold, can be seen in Figure 30. 

 

 

Figure 30. a.) Dual-chambered syringe and b.) Glass-gel composite after removal from 

mold. 

 

5. Glass Characterization 

5.1. Particle Size Analysis 

See Section IB 

5.2. Surface Area Analysis 

See Section IB 

6. Hydrogel/Glass-Hydrogel Composite Characterization 

6.1. Composite Weight Fraction 

The relative weight percentage (wt%) of each component of the composite 

materials was evaluated, and the polymer, glass, and water contents were calculated. 

Samples (n=8) were gelled at room temperature, weighed using an electronic balance, 
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and then frozen at -80ºC. These samples were then lyophilized and re-weighed, and the 

relative component weight fractions (water, polymer, glass) were calculated. 

6.2. Determination of Swelling Characteristics 

The swelling ratio was calculated for the Blank hydrogel (n=10) and the BG-

composite hydrogels (n=10) by determining the change in weight (ΔWt) of newly 

prepared, hydrated gels, as a function of immersion time in PBS. The material weight 

was measured from 1-7 days. 

6.3. SEM & EDAX 

See Section IB 

6.4. Ion Release Profiles 

Blank hydrogels (n=3) and BG-hydrogel composites (n=3) were submerged in 1 

ml of static PBS at 37ºC for periods of 1, 7, and 30 days. After the incubation times were 

complete, the aqueous solution from each sample was removed and filtered using 

Amicon® Ultra-4 Centrifugal Filters (Merck KGaA, Darmstadt, Germany). Volumetric 

dilutions of each extract were then prepared (1:100), and ICP-OES was performed. 

Solutions were analyzed for Na, Ca, Si, Zn, and Ga content. The ion release profile of 

each glass was measured using Inductively Coupled Plasma – Optical Emission 

Spectroscopy (ICP-OES) on a Perkin-Elmer Optima 8000 (Perkin Elmer, MA, USA).  

ICP-OES calibration standards for Na, Ca, Si, Zn and Ga ions were prepared from stock 

solutions on a volumetric basis. Three target calibration standards were prepared for each 

ion, and dilute PBS (1:100) was used as a control. 

6.5. Cell Viability Analysis 

The established cell lines L-929 (American Type Culture collection CCL 1 

fibroblast, NCTC clone 929) and MC3T3-E1 Osteoblasts (ATCC®-CRL-2593™) were 

used in this study. L-929 fibroblasts were cultured, as required by ISO10993 part 5 226, in 

HyClone® Medium 199/EBSS (Thermo Scientific, MA, USA), which included Earl’s 

balanced salts and L-glutamine, and was supplemented with 10 vol% fetal bovine serum 
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(FBS) (Thermo Scientific, MA, USA). MC3T3-E1 osteoblasts were cultured in 

HyClone® MEM Alpha Modification (1X) media (Thermo Scientific, MA, USA), which 

included L-glutamine, ribonucleosides, and deoxyribonucleosides, and was supplemented 

with 10 vol% FBS. Cells were maintained on a regular feeding regime in a cell culture 

incubator at 37˚C, with a 5% CO2/95% air atmosphere. Cells were then seeded into 96 

well plates at a density of 10,000 cells per well and incubated for 24 hours prior to the 

addition of extracts. The cytotoxicity of hydrogel and BG-hydrogel composite extracts 

were evaluated using the Methyl Tetrazolium (MTT) assay. 10 μl aliquots of undiluted 

extract were then added into wells containing cells in culture medium (100 μl), and 

incubated for an additional 24 hours. 10 μl of the MTT assay was then added to each well 

and incubated for an additional 4 hours. After 4 hours, the cultures were removed from 

the incubator, and the resultant formazan crystals were dissolved by first removing all of 

the aqueous media from each well, and then adding 100 μl of MTT Solubilization 

Solution (10% Triton x-100 in Acidic Isopropanol. (0.1 n HCI)). Once the crystals were 

fully dissolved, the absorbance was measured at a wavelength of 570 nm using a µQuant 

Plate Reader (Bio-Tek Insturments, Inc., VT, USA). 10 μl aliquots of PBS were used as 

control additions, and control cells were assumed to have metabolic activities of 100%. 

Hydrogel and BG-hydrogel composite extracts in media without cells were also tested, 

and were found not to interfere with the MTT assay. 

7. Statistical Analysis 

Particle size and surface area data for BG particles are presented as means ± 

standard deviations, and represents 3 trials per glass. Weight fraction and swelling data 

are presented as means ± standard deviations, and represents data from 10 replicates per 

sample. Ion release and cell viability data are also presented as means ±standard 

deviations, and represents data from 3 individual extract replicates per hydrogel/BG-

hydrogel composite, per incubation interval. One-way analysis of variance (ANOVA) 

was used to compare both ion release, and cytocompatibility of the BG extracts in 

relation to 1) incubation time, and 2) Ga-content. Comparison of relevant means was 

performed using the post hoc Bonferroni test. Differences between groups were deemed 

significant when p < 0.05. 
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IIC. Results 

1. Glass Characterization 

1.1. Particle Size Analysis 

Particle size analysis was conducted for each glass powder sample, and the results 

are presented in Table 5. Mean particle size was similar for each glass at 3.8 µm, 3.4 µm, 

and 3.6 µm for Control, TGa-1, and TGa-2, respectively. 

 

Table 5. Particle Size (µm) Distribution of Control, TGa-1, and TGa-2 Glasses 

  Mean S.D. d10 d50 d90 

Control 3.8 0.1 3.1 3.9 4.3 

TGa-1 3.4 0.2 2.1 3.7 4.3 

TGa-2 3.6 0.4 2.6 3.7 4.3 

1.2. Surface Area Analysis 

The surface area of each glass powder was also calculated, using gas adsorption in 

combination with the BET method, and these results are presented in Table 6. Mean 

surface area was similar for each powder at 1.23 m2/g, 1.14 m2/g, and 1.06 m2/g for 

Control, TGa-1, and TGa-2, respectively. 

 

Table 6. Surface Area (m2/g) of Control, TGa-1, and TGa-2 Glasses 

  Mean S.D. 

Control 1.23 0.13 

TGa-1 1.14 0.15 

TGa-2 1.06 0.23 

 

2. Hydrogel & BG-Hydrogel Composite Characterization 

2.1. Weight Fraction Determination 

Characterization of the composite materials began with determining the weight 

fraction of each component, and this information is presented in Table 7. The control 

Blank hydrogel was found to consist of 94.3% water, with 5.7% polymer, while the 

subsequent additions of glass to create glass-hydrogel composites resulted in these 

materials possessing lower fractions of both water and polymer compared to the Blank. 
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Table 7. Weight Fractions of Blank Hydrogel and Glass-Hydrogel Composites 

    0.05 m² 0.10 m² 0.25 m² 

  Blank Control TGa-1 TGa-2 Control TGa-1 TGa-2 Control TGa-1 TGa-2 

Water (%) 94.3 93.8 94.0 94.4 93.6 92.8 93.2 92.0 91.7 91.4 

Polymer (%) 5.7 5.3 5.1 4.7 4.9 5.4 5.0 4.4 4.5 4.5 

Glass (%)   0.9 0.9 0.9 1.5 1.8 1.8 3.6 3.8 4.1 

 

2.2. Swelling Characteristics 

Swelling behaviors were characterized by synthesizing Blank hydrogels, as well 

as glass-hydrogel composites, and then immersing them in PBS for up to 7 days, in order 

to observe any weight changes due to fluid absorption, and this data is presented in 

Figure 31. Blank hydrogels experienced no significant change after 7 days of immersion. 

For composites which had 0.05 m2 glass added, significant swelling was observed for all 

3 glass types after 7 days, with weight increases of 64.1%, 54.6%, and 37.4% for Control, 

TGa-1, and TGa-2 glass composites, respectively. For composites which had 0.10 m2 

glass added, swelling behavior was almost identical for TGa-1 and TGa-2 composites as 

in the lower-loading samples (58% and 37%, respectively), while the Control glass 

composites experienced a significant increase in weight, swelling 179% after 7 days. 

Composites which contained 0.25 m2 glass again exhibited similar trends, with Control, 

TGa-1, and TGa-2 glass composites swelling 86.1%, 63.8%, and 38.9% after 7 days, 

respectively. 
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Figure 31. Weight changes due to swelling upon immersion in PBS for a.) Blank 

hydrogels, and hydrogel composites containing b.) 0.05 m2, c.) 0.10 m2, 

and d.) 0.25 m2 glass. 

 

2.3. SBF Studies 

SEM micrographs of cross-sections obtained post-lyophilization, along with 

corresponding EDAX spectra for a Blank hydrogel, as well as composites containing 0.10 

m2 Control, TGa-1, and TGa-2 glasses, are presented in Figure 32. The EDAX spectrum 

confirms that the Blank hydrogel does not contain any glass, while glass particles can be 

seen embedded within the polymer matrix of each of the composites. The corresponding 

EDAX spectrum for the Control glass composite confirms that there is no Ga present, 

while the EDAX spectra generated for the TGa-1 and TGa-2 composites confirm the 

presence of Ga.  
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Figure 32. SEM micrographs and corresponding EDAX spectra for a,e,i.) Blank 

hydrogel, b,f,j.) 0.10 m2 Control composite, c,g,k.) 0.10 m2 TGa-1 

composite, and d,h,l.) 0.10 m2 TGa-2 composite. 
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2.4. Ion Release Studies 

Profiles of Si4+ release for Blank hydrogels, as well as hydrogel composites 

containing 0.05, 0.10, and 0.25 m2 glass over 30 days is presented in Figure 33. Figure 

33a shows that relatively small amounts of Si4+ were detected in Blank extracts, with 3.8, 

3.6, and 5 mg/L being observed after 1, 7, and 30 days, respectively. It can be seen in 

Figure 33b that for composites loaded with 0.05 m2 glass, all 3 types exhibited significant 

increases in Si4+ release from 1 to 30 days, with Control releasing 94-157 mg/L, TGa-1 

releasing 80-157 mg/L, and TGa-2 releasing 24-40 mg/L after 1 and 30 days, 

respectively. Figure 33c displays Si4+ release for hydrogels loaded with 0.10 m2 glass, 

with Control releasing 157-197 mg/L, TGa-1 releasing 84-162 mg/L, and TGa-2 

releasing 104-96 mg/L over the period of 1-30 days. In Figure 33d, Si4+ release profiles 

can be found for composites containing 0.25 m2 glass, which show that for Control, Si4+ 

release reduced from 156-129 mg/L, while release from TGa-1 and TGa-2 increased from 

93-98 mg/L and 60-91 mg/L, respectively, over the period of 1-30 days. 



93 

 

 

Figure 33. Si4+ release profiles for a.) Blank hydrogels, and hydrogel composites 

containing b.) 0.05 m2, c.) 0.10 m2, and d.) 0.25 m2 glass. 

 

The release of Ca2+ from composites containing 0.25 m2 of glass over 30 days is 

presented in Figure 34. No significant release of Ca2+ was observed for either the Blank 

hydrogels, or composites containing 0.05 or 0.10 m2 glass. For the composites containing 

0.25 m2 glass, a significant increase in Ca2+ release was observed for all 3 composite 

types after 30 days of immersion, compared to 1 day. Composites containing TGa-1 and 

TGa-2 glasses exhibited nearly identical Ca2+ release over each time period, with the 

TGa-1 composites releasing 4, 6, and 9 mg/L, and the TGa-2 composites releasing 5, 6, 

and 9 mg/L, after 1, 7, and 30 days, respectively. Composites containing Control glass 

exhibited higher Ca2+ release over the longer time periods, releasing 3, 12, and 20 mg/L 

after 1, 7, and 30 days, respectively. 



94 

 

 

Figure 34. Ca2+ release profiles for hydrogel composites containing 0.25 m2 glass. 

 

Zn2+ release is presented in Figure 35, with release profiles for composites 

containing 0.05, 0.10, and 0.25 m2 glass being shown in Figures 35a, 35b, and 35c, 

respectively. For hydrogels loaded with 0.05 m2 glass, Control exhibited no significant 

release after any time period, while TGa-1 released 7 mg/L after 30 days, and TGa-2 

released 2 and 7 mg/L after 7 and 30 days, respectively. Larger quantities of Zn2+ were 

released from composites containing 0.10 m2 glass, with Control releasing 3 and 13 

mg/L, TGa-1 releasing 2 and 16 mg/L, and TGa-2 releasing 4 and 7 mg/L after 7 and 30 

days, respectively. Zn2+ release totals for hydrogels containing 0.25 m2 glass were more 

similar to the 0.05 m2 profiles, with neither Control nor TGa-1 exhibiting release after 

any time period, while TGa-2 released 6 mg/L after 30 days. 
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Figure 35. Zn2+ release profiles for hydrogel composites containing a.) 0.05 m2, b.) 0.10 

m2, and c.) 0.25 m2 glass. 

 

The Ga3+ release profiles for hydrogel composites containing 0.05, 0.10, and 0.25 

m2 glass are presented in Figure 36. As expected, no Ga3+ release was observed for any of 

the Control composites, as this glass did not contain Ga. Figure 36a presents Ga3+ release 

data for hydrogels impregnated with 0.05 m2 glass, and shows that both TGa-1 and TGa-

2 composites exhibited significant increases from 1 to 30 days, with TGa-1 releasing 1 

and 4 mg/L, and TGa-2 releasing 1 and 2 mg/L after 1 and 30 days, respectively. The 

release of Ga3+ from hydrogels loaded with 0.10 m2 glass is shown in Figure 36b. Release 

from TGa-2 does not exhibit any signifcant changes over the time periods, releasing 2 

mg/L after 1, 7, and 30 days, respectively, while TGa-1 exhibits a significant increase 

from 1 to 30 days, releasing 1 and 5 mg/L after 1 and 30 days, respectively. In Figure 36c 

it can be seen that for composites containing 0.25 m2 glass, there is no significant 
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difference between Ga3+ release from TGa-1 and TGa-2 composites after 30 days, with 

the two materials releasing 3 and 4 mg/L, respectively. 

 

 

Figure 36. Ga3+ release profiles for hydrogel composites containing a.) 0.05 m2, b.) 0.10 

m2, and c.) 0.25 m2 glass. 

 

3. Cell Viability Analysis 

Cell viability analysis was conducted using the extracts which were obtained from 

incubating the Blank hydrogels and hydrogel-glass composites in PBS. Figure 37 presents 

L-929 fibroblast viability data for extracts obtained after incubation for 1, 7, and 30 days, 

and illustrates that neither glass addition, Ga-content, nor incubation time induce 

statistically significant changes in viability. Additionally, no significant changes in 

viability were observed over the 3 time periods within sample sets. 
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Figure 37. L-929 fibroblast viability for extracts obtained from Blank hydrogels, and 

glass-hydrogel composites after 1, 7, and 30 days. 

 

MC3T3-E1 osteoblast viability data for extracts obtained from the Blank 

hydrogels, and the glass-hydrogel composites after 1, 7, and 30 days is displayed in 

Figure 38, and illustrates that neither glass addition, Ga-content, nor incubation time 

negatively affect the cells. The only statistically significant change observed was a 

decrease in viability of osteoblasts exposed to extracts obtained from hydrogels 

containing 0.05 m2 Control glass, when a decrease occurred between 1 and 30 day 

extracts (p=0.02), although these 30 day extracts still produced a viability of 102.7%. 
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Figure 38. MC3T3-E1 osteoblast viability for extracts obtained from Blank hydrogels, 

and glass-hydrogel composites after 1, 7, and 30 days. 
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IID. Discussion 

This study was conducted in order to determine whether CMC-Dex hydrogels could 

be used as a delivery vehicle for Ga-containing bioactive glass particles, to allow for in 

situ release of therapeutic ions. PSA confirmed that all glass particles presented a similar 

size distribution, while ASAP was used in conjunction with the BET method to confirm 

that all glass particles presented a similar surface area distribution. This information 

regarding surface area was also used to normalize and control the amount of each type of 

glass that was loaded into the composites.  

 Although BGs exhibit the ability to form chemical bonds to bone, and release ions 

which can induce many different therapeutic effects, ranging from increased osteoblast 

activity to bactericidal effects, these materials still require a delivery mechansim to be 

used in bone void replacement. One possible delivery system is polymer hydrogels, 

whose interconnected porous structure resembles the extracellular matrix, which can act 

as a scaffold upon which therapeutic materials may be seeded.227 As previously stated, 

the porosity of these materials can allow for diffusion into the scaffold by components of 

the physiological fluid, including oxygen and proteins, and diffusion of therapeutic drugs 

and ions out of the scaffold and into the local environment. Increased water content 

within the gels also translates to a softer material, allowing for easier molding during 

implantation, and faster integration with tissues post-implantation. After considering each 

of these beneficial factors, CMC/Dex hydrogels were selected as our BG-delivery 

vehicle, due to their biocompatibility and slow degradation rates within the body, as 

exhibited by Hudson et al.162  The water present within hydrogels affects their properties 

as it acts as an initiator for dissolution, and in the case of impregnating with BGs, higher 

water content can lead to increased rate of dissolution of the glass particles, as the 

particles will be surrounded by fluid not only in the implanted environment, but also 

within the composite structure.  

To determine water content within the different composites, the weight fractions 

of each component were calculated, and it was observed that the Blank hydrogels 

consisted of 5.7% polymer and 94.3% water, and that while glass addition slightly 

affected water content, hydrogels impregnated with the highest loading of 0.25 m2 glass 

still consisted of 92%, 91.7%, and 91.4% water for Control, TGa-1, and TGa-2 
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composites, respectively. Swelling characteristics were then observed over a 7 day 

period, as hydrogels can imbibe and retain large amounts of fluid while maintaining 

structural integrity. Swelling characteristics were studied to provide insight into the 

connectivity of the polymeric networks, as the total amount of water that can be endured 

by a hydrogel is determined by the degree of opposition between the osmotic driving 

force of the polymer chains to achieve infinite dilution, and the cross-link density of the 

polymer network.157 The ability of these gels to swell, in addition to their ability to cross-

link within seconds, emphasizes their candidacy as bone void-filling materials, as these 

properties would allow them to completely fill irregular defects. After 7 days there was 

no significant change in the weight of the Blank hydrogels, while the addition of glass at 

each level of loading resulted in significant increases in composite weight after 7 days. 

For all three glass-loading levels, composites containing Control glass exhibited the 

largest weight increases after 7 days, although there was no statistical difference between 

glasses for gels containing 0.25 m2 glass. Also, for all three glass-loadings, there was no 

statistical difference observed between composites containing TGa-1 glass, and those 

containing TGa-2 glass, after 1 or 7 days. With a swelling range of 0-180 wt% for the 

gels and gel composites after 7 days, these materials absorb much less water at a much 

slower rate than other hydrogel candidates for drug delivery, such as hydrogels consisting 

of polyethylene glycol (PEG) polymerized with hydroxy acid and acrylate, which have 

been shown to swell up to 600 wt% after just 5 hours in HEPES-buffered saline.228  

However, a slower rate of swelling may translate to slower degradation of the polymer 

network, which is a desired trait when developing materials for sustained delivery of 

therapeutics. The presence and distribution of pores throughout the Blank gels, along with 

the distribution of glass particles throughout the composite materials, was studied using 

SEM and EDAX. SEM micrographs exhibited that the diameter of pores in the Blank 

gels, and in the glass-hydrogel composites, were on the order of 50-100 µm, and EDAX 

spectra confirmed that the different glass particles were embedded within the polymer 

matrix.  

Ion release studies were conducted in order to determine if ions could leach from 

the embedded glass surfaces, through the polymer network, and diffuse into solution, 

over a period of 30 days. Each of the glass constituents were found to solubilize in 
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aqueous media, although trends varied as a function of both glass-addition and Ga-

content. Na+ release was not presented because large errors were present throughout the 

data, due to the high Na-content of the PBS media into which samples were immersed. 

For Si4+, composites containing Control glass released the largest quantities at all three 

loadings, although there was no statistical difference between 0.05 m2 Control and TGa-1 

composite extracts after 1, 7, or 30 days. Composites containing TGa-1 glass released 

significantly more Si4+ than TGa-2 composites after 7 days for all loadings, and 

significantly more after 30 days for 0.05 m2 and 0.10 m2 loadings. However, although 

Control and TGa-1 composites released significantly less Si4+ after 30 days when 0.25 m2 

was embedded in the hydrogels (129 mg/L (p=0.000) and 98 mg/L (p=0.000), 

respectively) compared to 0.10 m2 (197 mg/L and 162 mg/L, respectively), there was not 

a significant decrease observed in TGa-2 composite extracts. In addition, nearly all three 

glass types released significantly more Si4+ after 30 days compared to 1 day for all three 

loadings, with the exception of 0.25 m2 Control, 0.25 m2 TGa-1, and 0.10 m2 TGa-2 

composites. These findings  contradict prior work, which found that increased Ga-content 

resulted in increased Si4+ release. In addition, this study exhibited higher Si4+ release after 

30 days of incubation than prior work. However, prior work studied ion release of these 

glasses in ultrapure water, rather than in PBS, and since PBS possesses a higher pH 

(~7.4) which is further from the isoelectric point of SiO2
229 than ultrapure water 

(pH≈5.4), the larger charge difference may have resulted in increased polarization of Si-

containing surface groups on the glass particles, leading to increased Si4+ release. Much 

lower release quantities were observed for Ca2+, and significant release was only 

recorded for composites containing 0.25 m2 glass. Control composites released the 

largest concentration of Ca2+ (20 mg/L) after 30 days, which was significantly higher than 

both TGa-1 (9 mg/L (p=0.000)) and TGa-2 (9 mg/L (p=0.000)) composites. This release 

is important, as Maeno et al. observed that concentrations of Ca2+ below 10 mmol (400 

mg/L) are suitable for osteoblast proliferation and differentitaion.230 Zn2+ release 

concentrations were similar to those observed for Ca2+, although the largest Zn2+ 

concentrations were released from composites containing 0.10 m2 glass, rather than 0.25 

m2. As with the Si4+ profiles, extracts from hydrogels impregnated with 0.25 m2 Control 

and TGa-1 glasses exhibited significant decreases in Zn2+ release after 30 days of 
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immersion compared to the 0.10 m2 composites (p=0.000 and p=0.000, respectively), 

while no significant change was observed between any of the different composites 

containing TGa-2 glass. However, low Zn2+ release may be a desirable characteristic, as 

previous work has found that concentrations above 2 mg/L can cause damage in human 

osteoblasts via oxidative stress.231 The profiles generated by Ga3+ release follow the 

previously established trends, with TGa-1 composites releasing significantly more Ga3+ 

than TGa-2 composites after 30 days for gels containing 0.05 m2 and 0.10 m2 glass, while 

there was no significant difference between release from those containing 0.25 m2 glass. 

For each ionic species other than Ca2+, the highest corresponding releases were observed 

for composites containing 0.10 m2 glass rather than 0.25 m2, which suggests that there is 

a physical limit to the amount of glass that can be added to CMC-Dex gels to obtain 

increased ion release. It was also observed that more Si4+, Ca2+, and Zn2+ was released 

after 30 days from composites containing 0.25 m2 of glass or less than from 1 m2 of glass 

in ultrapure water in prior work, suggesting that the inclusion of glass particles in a 

hydrated polymer network allows for more surface area to be exposed to aqueous media, 

thus leading to increased ion release. Additionally, the glass particles used in this study 

were found to possess particle sizes of 3-4 µm, while prior work utilized particles with 

diameters of 10-11 µm, which may have also contributed to increased ion release. These 

ion release profiles suggest that the release of specific ionic species by glass-hydrogel 

composites can be tailored by selecting the appropriate glass composition and glass-

loading level, depending on which ionic species is of interest. 

Cell viability analysis was conducted, assaying liquid extracts of Blank hydrogels 

and glass-hydrogel composites against L-929 mouse fibroblasts. After 30 days of 

incubation, no significant changes in viability were observed. Cell viability studies were 

also conducted using MC3T3-E1 human osteoblasts, and no inhibitory effects were 

expressed by the Blank hydrogels, or any of the glas-hydrogel composites, over any of 

the time periods. These results are in accordance with prior work by the authors, which 

obtained extracts from 1 m2 Control, TGa-1, and TGa-2 glasses, and showed that extracts 

obtained after 30 days did not reduce MC3T3-E1 osteoblast viability. In addition, 

although no significant increases were observed, the highest average osteoblast viabilities 

after 30 days were recorded for composites containing 0.25 m2 TGa-1 (136%) and TGa-2 



103 

 

(135%), which correlates with the ICP data, as these are the only composites containing 

Ga-glasses which exhibited Ca2+ release, which has been shown to promote osteoblast 

differentiation and proliferation in low concentrations.230  
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IIE. Conclusion 

 Throughout this second phase of the study, we successfully: 

 Functionalized the polymers CMC and Dex to obtain CMC-ADH and 

Dex-CHO 

 Cross-linked the functionalized polymers to create hydrogels 

 Combined particles of the Ga-glass series with the polymer hydrogels to 

create viscous composite materials 

 Calculated the weight fractions of the different components within the 

Blank hydrogels, and within the various glass-gel composites 

 Determined the swelling characteristics of all of the gels 

 Confirmed the distribution of glass particles, and the presence of pores, 

throughout the composite materials 

 Characterized the release of glass dissolution products from the 

composites 

 Determined that dissolution products from composites exhibited no 

inhibitory effects on either L-929 fibroblasts, or MC3T3-E1 osteoblasts 

 

The second part of this study confirmed the distribution of glass particles 

throughout the polymeric network of CMC-Dex hydrogels, and showed that glass 

presence within the gels can increase the amount of fluid absorbed upon immersion in 

aqueous media. Ion release studies revealed that the highest release for the majority of the 

constituent ions after 30 days was observed at the intermediate glass-loading level of 0.10 

m2 for composites containing Control and TGa-1 glasses, however, Ca2+ was only eluted 

from composites containing 0.25 m2 glass. Cell viability data suggested that extracts from 

these composites do not induce cytotoxic effects in L-929 fibroblasts or MC3T3-E1 

osteoblasts after 30 days, and revealed that rather than inducing negative effects, 

composites containing 0.25 m2 TGa-1 and TGa-2 produce maximum average viabilities 

after 30 days. This portion of the study has shown that BG particles can be distributed 

throughout a polymer hydrogel, and that ions can be leached from the surface of these 

particles, and diffuse through the gel and into the local environment, in non-toxic 

concentrations, leading to the conclusion that composites consisting of CMC-Dex 
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hydrogels and Ga-containing BGs have potential as bone void-filling materials, which 

can swell to fill irregular sites, and subsequently release beneficial ions into the local 

environment. 

After successfully synthesizing composites consisting of CMC-Dex hydrogels and 

the Ga-glass series, and determining that the intended therapeutic ions do leach out of the 

composite strucuture at no detriment to either L-929 fibroblasts or MC3T3-E1 

osteoblasts, and considering that one of the intended applications of these materials is to 

act as a filler for bone voids caused by osteomyelitis, it was concluded that the next 

logical step was evaluate the in vitro anti-bacterial and anti-fungal efficacy of these 

materials, using both broth dilution and agar diffusion trials. 
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Part III: Anti-Bacterial and Anti-Fungal Potential of Ga-Bioactive 

Glass and Ga-Bioactive Glass/Polymer Hydrogel Composites 

Keenan T.J.,  Placek L.M., Hall M.M., and Wren A.W., “Anti-bacterial and Anti-Fungal 

Potential of Ga-Bioactive Glass and Ga-Bioactive Glass/Polymeric Hydrogel 

Composites” Journal of Biomedical Materials Research Part B: Applied Biomaterials 

(Under Peer Review). 

 

The main focus of the third phase of this study was evaluating the anti-bacterial 

and anti-fungal potential of both the glass series by itself, and in combination with the 

hydrogels in the form of composites. This portion of the study details the following 

results: 

 Ion release profiles of the glass series incubated in PBS, rather than 

ultrapure water 

 Liquid broth analysis using both glass and composite extracts against E. 

coli, S. aureus, and C. albicans 

 Agar diffusion analysis using composites cross-linked in situ in agar 

against E. coli, S. aureus, and C. albicans 

 

Liquid broth analysis was conducted using liquid extracts, which for glass 

samples were obtained after incubation for up to 30 days in both ultrapure water and 

phosphate buffered saline (PBS), while glass-hydrogel extracts were obtained solely in 

PBS. Glass extracts (incubated in water) decreased only C. albicans viability, while those 

obtained in PBS decreased the viability of both E. coli and C. albicans. Glass-hydrogel 

extracts exhibited slight inhibition of E. coli and C. albicans. None of the liquid extracts 

effectively decreased S. aureus viability. However, glass-hydrogel composites produced 

inhibition zones in all three microbial cultures, with the greatest efficacy against C. 

albicans. The results of this segment of the study suggest these materials have potential 

as bone void-filling materials which display anti-fungal, and possibly, anti-bacterial 

properties. 
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IIIA. Introduction 

Bioactive glasses (BGs) are materials which can be used to aid in the repair of bone 

tissue which has been damaged by either disease or traumatic injury. The most widely 

known BG, called Bioglass® 45S5, was developed by Hench et al. and contains a 

composition of 45%SiO2-24.4%Na2O-24.4%CaO-6%P2O5 (wt%), which forms a thin 

apatite layer at the glass-tissue interface upon implantation, facilitating the formation of a 

strong chemical bond between the implant and bone.44 This interfacial bond is formed as 

the result of ion exchange which occurs between Na+ ions from the glass and H3O
+ ions 

from the surrounding fluid, leading to the formation of a polycondensed surface silanol 

gel layer, the release of soluble Si4+ species in the form of silicic acid, and ultimately, the 

precipitation of a carbonated hydroxyapatite.45 After the bond between the implant and 

tissue has been formed, further degradation of the glass surface occurs, releasing ionic 

dissolution products which have been shown to stimulate osteogenesis in vitro by 

inducing the proliferation and differentiation of osteoblasts.202  

 In addition to promoting bone-growth properties, BGs can be formulated to 

release ions which exhibit anti-bacterial properties. Zn was included in the glass series for 

its bone-promoting properties174, and because it has exhibited toxicity towards pathogenic 

bacteria which are known to cause infections at the site of implantation, such as 

Staphylococcus aureus (S. aureus, Gram +ve), and Escherichia coli (E. coli, Gram –

ve).176 In the experimental glasses, TGa-1 and TGa-2, Ga was substituted for Zn in 

respective concentrations of 8 and 16 mol%, in an attempt to elicit some of the 

therapeutic abilities expressed by the pharmaceutical form gallium nitrate (Ga(NO3)3), 

through the release of ionic Ga3+. The therapeutic effects elicited by (Ga(NO3)3) include 

bone-promoting properties, such as reduced Ca in the bloodstream of cancer 

patients181,182 and reduced serum alkaline phosphatase (ALP) in patients with Paget’s 

disease of bone124, bactericidal effects against both Gram (+ve) strains such as 

Mycobacterium tuberculosis[125] and Gram (-ve) strains such as Pseudomonas 

aeruginosa126, as well as a wide range of anti-cancerous properties.99,101,102,105,106,110 

Implants intended to promote osteostimulation, such as those containing BGs, are 

designed to encourage the adherence and proliferation of bone-forming osteoblast cells, 

but unfortunately, can also allow for bacterial and fungal adhesion, leading to implant-
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associated infections. These infections can have serious consequences, including 

prolonged hospitalization with systemic anti-biotic treatment, multiple revision 

procedures, amputation, and potentially even death.232 In addition to the complications 

introduced by implant-associated infections, it has been proven that the use of anti-biotics 

can promote the evolution of drug-resistant bacterial strains such as Methicillin-resistant 

S. aureus (MRSA)233, and the development of these strains has prompted the need for 

different methods of combatting infection. BGs are an intriguing candidate for bone void-

filling materials, which can also provide bactericidal effects at the implant site, as it has 

been shown that the adhesion of bacterial strains such as E. coli and S. aureus to BG 

surfaces results in cell death234,235, and that liquid BG extracts can also decrease bacterial 

viability.236 BGs have also been shown to inhibit the survival of the opportunistic fungus 

Candida albicans (C. albicans)237, furthering their potential for these applications. 

 Despite the ability of BGs to form chemical bonds with bone and subsequently 

release beneficial ions, the mechanism by which they are delivered and maintained in a 

specific location still requires much improvement. Materials such as glass-ceramic 

scaffolds210,212 and glass-ionomer/polyalkenoate cements214,215 have been thoroughly 

studied for skeletal restoration applications, but still exhibit limitations, such as delayed 

setting times217 and harmful exothermic reactions.218 To address these limitations, 

polymer hydrogels can be employed as matrix materials. Hydrogels can be defined as 

three-dimensional networks of hydrophilic polymers which can absorb considerable 

amounts of water238, and have been used in a wide range of biomedical applications, 

ranging from cosmetics and contact lenses, to replacement materials for skin, ligaments, 

and bone, due to the hydrophilicity, permeability, and biocompatibility which they have 

exhibited.239-242. These materials can be tailored to cross-link virtually instantaneously 

without an exothermic reaction, while simultaneously expressing an ability to fill 

irregular skeletal defects without the need for pre-implantation shaping236, which can 

potentially allow for the direct injection, and subsequent setting, into bone void sites. In 

addition, the hydrogel carrier can localize the release of ions from the glass particles, and 

potentially be tailored to provide sustained release, which can be beneficial for specific 

applications. 
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Currently, we have synthesized degradable hydrogels consisting of CMC and 

Dex, which rapidly cross-link in situ via hydrazone bond formation (Hudson et al.162), 

and seeded various amounts of Ga-containing BG particles throughout the polymeric 

network to obtain BG-hydrogel composites. The aim of this segment of the investigation 

is to incubate the BGs and BG-hydrogel composites in aqueous media for periods of 1, 7, 

and 30 days, and evaluate the in vitro anti-bacterial efficacy of the respective extracts 

against E. coli and S. aureus, as well as the anti-fungal efficacy against C. albicans, using 

both the broth dilution method, and to more comprehensively evaluate the anti-microbial 

potential of the BG-hydrogel composites using the agar diffusion method. 
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IIIB. Materials & Methods 

1. Glass Synthesis 

The powdered mixes of analytical grade reagents (Fisher Sci., PA, USA) were 

mixed using silica beads, and then oven dried (100ºC, 1 h) and fired (1500ºC, 1 h) in 

platinum crucibles and shock quenched into water. For studies utlizing BGs, the resulting 

frits were dried, ground using a Gy-Ro Mill (Glen Creston Ltd, South West London, UK) 

in 10 second intervals at 3400 rpm, and sieved to retrieve glass powders with a maximum 

particle size of 45 μm (Table 8). For studies utilizing BG-hydrogel composites, the 

resulting frits were further ground to obtain glass powders with a maximum particle size 

of 10 µm (Table 5) to achieve efficient distribution throughout the polymer network. 

 

Table 8. Particle Size (µm) Distribution (BG Extracts) 

  Mean S.D. d10 d50 d90 

Control 11.1 4.7 7.0 9.6 17.3 

TGa-1 10.3 3.9 6.9 9.1 15.4 

TGa-2 10.2 3.8 6.9 9.0 15.1 

 

2. Polymer Functionalization, Hydrogel Synthesis, & Glass-Hydrogel 

Composite Synthesis 

See Section IIB. 

3. Glass Characterization 

3.1. Particle Size Analysis 

See Section IB. 

3.2. Ion Release Profiles 

Powder samples (n = 3) were weighed to contain 1 m2 of glass per incubation 

sample (Keenan et al.243), and were then submerged in PBS for periods of 1, 7, and 30 

days. After the incubation times were complete, the aqueous solution from each sample 

was removed and filtered using Amicon® Ultra-4 Centrifugal Filters (Merck KGaA, 

Darmstadt, Germany). Dilutions of each extract were then prepared (1:100), and ion 
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release analysis was performed. Solutions were analyzed for Na, Ca, Si, Zn, and Ga 

content. The ion release profile of each glass was measured using Inductively Coupled 

Plasma – Optical Emission Spectroscopy (ICP-OES) on a Perkin-Elmer Optima 8000 

(Perkin Elmer, MA, USA).  ICP-OES calibration standards for Ca, Si, Na, Zn and Ga 

ions were prepared from stock solutions on a gravimetric basis. Three target calibration 

standards were prepared for each ion, and PBS was used as a control.   

4. Biological Evaluation of BGs and BG-Hydrogel Composites 

4.1. Liquid Broth Analysis 

The anti-bacterial efficacy of the BG series, and BG-hydrogel composites, was 

evaluated against E. coli (ATCC 8739, LB broth) and S. aureus (strain UMAS-1, TSB 

broth), while the anti-fungal efficacy was evaluated against C. albicans, using the broth 

dilution method. Two sets of BG sample extracts (n = 3, 1 m2 glass surface area) were 

obtained by incubating Control, TGa-1, and TGa-2 samples in 10 ml ultrapure water, and 

10 ml PBS, for periods of 1, 7, and 30 days. For BG extracts, 50 µl/ml and 100 µl/ml of 

each extract was removed and added to growing experimental cultures. Extracts for BG-

hydrogel composites (n = 3) were obtained by incubating samples in 1 ml PBS for 

periods of 1, 7, and 30 days, and 50 µl/ml of each extract was then removed and added to 

growing experimental cultures. Samples were then incubated, along with a growing 

control and sterile broth, for 24 hours in an incubator at 37ºC. After 24 hours, the 

samples were seeded into a 96 well-plate and measured at a wavelength of 570 nm using 

a µQuant Plate Reader (Bio-Tek Instruments, Inc., VT, USA). 

4.2. Agar Diffusion Analysis 

The anti-bacterial efficacy of the BG-hydrogel composites was evaluated against 

E. coli (ATCC 8739, LB broth and agar) and S. aureus (strain UMAS-1, TSB broth and 

agar), while the anti-fungal efficacy was evaluated against C. albicans, using the agar 

diffusion method. Relevant broth and agar were used for the culture of each different 

microbe, which were grown aerobically at 37ºC. Agar disc-diffusion plates were prepared 

by pouring 20 ml liquid agar, creating 3 equally-spaced wells in each plate by removing 6 

mmϕ cut-outs using a plastic mold, crosslinking BG-hydrogel discs (n = 3) in the wells, 
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and then pouring an additional 6 ml liquid agar to cover the discs (Figure 39). Sterile 

swabs were then dipped in a 1/50 dilution of the appropriate 24 hr culture of bacteria or 

fungus, and spread across the plates. Plates were then incubated for 24 hr. Inhibition 

zones were calculated using Equation (1):  

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑍𝑜𝑛𝑒 (𝑚𝑚) =  
𝐻𝑎𝑙𝑜𝜙−𝐷𝑖𝑠𝑐𝜙

2
,   (1) 

where the Haloϕ is the diameter of the inhibition zone, and the Discϕ is the diameter of 

the test material. Plates were imaged using a Synbiosis Protocol 3 colony counter 

(Synoptics Ltd., Cambridge, UK). 

 

 

Figure 39. Agar diffusion plates with a.) Wells cut out of agar, and b.) Wells filled with 

Blank hydrogels. 

 

5. Statistical Analysis 

Broth dilution data for the BG series and the BG-hydrogel composites are 

presented as means ± standard deviations, and represents data from 3 individual extract 

replicates per BG and BG-hydrogel composite, per incubation interval. Agar diffusion 

data represents 3 BG-hydrogel composite discs per microbe. One-way analysis of 

variance (ANOVA) was used to compare broth dilution data in relation to incubation 

time, and Ga-content, of both the BG series, and the BG-hydrogel composites. One-way 

analysis of variance (ANOVA) was also used to compare agar diffusion data in relation 

to Ga-content. Comparison of relevant means was performed using the post hoc 

Bonferroni test. Differences between groups were deemed significant when p < 0.05. 
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IIIC. Results 

1. Ion Release 

Prior work using this glass series focused on the characterization of extracts 

obtained after incubation in ultrapure water. In the current study, BG extracts obtained 

after incubation in both ultrapure water and PBS are utilized to study their effectiveness 

against E. coli, S. aureus, and C. albicans, which is the reason for the characterization of 

BG ion release in PBS after 1, 7, and 30 days. The only constituent ions which were 

found to have released from the glass structures in significant amounts into PBS over 30 

days were Si4+ and Ga3+, and these profiles can be seen in Figure 40. Figure 40a shows 

that all 3 glasses exhibited a similar trend across the three time periods for Si4+ release, 

with an increase from 68, 92, and 88 mg/L after 1 day, to 91, 102, and 91 mg/L after 7 

days, and then a decrease to 72, 79, and 64 mg/L after 30 days for Control, TGa-1, and 

TGa-2 glasses, respectively. Although Figure 40b shows that the two Ga-containing 

glasses exhibited similar release profiles over the three time periods, lower Ga3+ 

concentrations were released from TGa-1 after 1, 7, and 30 days (10, 38, and 42 mg/L, 

respectively), than from TGa-2 (26, 75, and 78 mg/L, respectively), which differed from 

the Si4+ release profiles where TGa-1 exhibited the highest release totals after each time 

period. 

 

Figure 40. Ion release profiles for a.) Si4+ and b.) Ga3+ for glasses incubated in PBS for 1, 

7, and 30 days. 
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2. Liquid Broth Analysis 

Liquid broth analysis was conducted using liquid extracts obtained from the 

incubation of Control, TGa-1, and TGa-2 glasses in both ultrapure water and PBS, for 

periods of 1, 7, and 30 days. For BG sample extracts, two different concentrations of 50 

µl/ml and 100 µl/ml were added to growing experimental cultures to determine if the 

extracts influenced bacterial viability in a dose-dependent manner. Figure 41 displays the 

efficacy of BG extracts against E. coli, where it is seen that none of the extracts obtained 

from incubation in water inhibited E. coli viability. However, for extracts obtained after 

incubation in PBS, all three glass types exhibited inhibitory effects towards E. coli 

viability. With the addition of 50 µl/ml of extracts obtained after 7 days of incubation in 

PBS, TGa-1 and TGa-2 decreased viability to 83% and 76%, respectively. The addition 

of 100 µl/ml of extracts obtained after incubation in PBS resulted in no significant 

decrease in viability for Control after 30 days, while TGa-1 and TGa-2 extracts 

respectively decreased E. coli viability to 62% and 58% after 7 days, and 76% and 84% 

after 30 days. Extracts obtained from the incubation of glass-hydrogel composites 

containing 0.05, 0.10, and 0.25 m2 of Control, TGa-1, and TGa-2 glass in PBS were also 

obtained over periods of 1, 7, and 30 days, and 50 µL/mL doses of each extract were then 

added to growing cultures of E. coli. As can be seen in Figure 42, extracts obtained from 

composites containing 0.05 and 0.25 m2 glass produced no inhibition in E. coli viability, 

while composites containing 0.10 m2 glass slightly inhibited viability, except for extracts 

obtained after 30 days from the composites containing 0.10 m2 TGa-2 glass, which 

increased viability. 



115 

 

 

Figure 41. Anti-bacterial evaluation of BG series extracts obtained after incubation for 

up to 30 days in a,b,c.) Water and d,e,f.) PBS against E. coli. 

 

 

 

Figure 42. Anti-bacterial evaluation of extracts obtained from BG-hydrogel composites 

containing a.) 0.05, b.) 0.10, and c.) 0.25 m2 glass against E. coli. 
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The efficacy of BG extracts against S. aureus is displayed in Figure 43, where it is 

evident that none of these extracts produce inhibitory effects on S. aureus viability after 

1, 7, or 30 days. Figure 44 exhibits the results of liquid broth analysis conducted using 

extracts obtained from the BG-hydrogel composites, and shows that, like the BG extracts, 

none of the composite extracts significantly inhibit S. aureus viability after 1, 7, or 30 

days. 

 

Figure 43. Anti-bacterial evaluation of BG series extracts obtained after incubation for 

up to 30 days in a,b,c.) Water and d,e,f.) PBS against S. aureus. 

 

 

 

Figure 44. Anti-bacterial evaluation of extracts obtained from BG-hydrogel composites 

containing a.) 0.05, b.) 0.10, and c.) 0.25 m2 glass against S. aureus. 
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The efficacies of both the BG extracts, and the extracts obtained from the glass-

hydrogel composites, were also evaluated against the fungus C. albicans, and although 

total inhibition was not observed for any of the extracts, each extract did exhibit some 

anti-fungal ability. Figure 45 presents the liquid broth data for the BG extracts, and 

reveals that while both Control and TGa-1 extracts obtained after incubation in both 

water and PBS inhibit C. albicans viability after 30 days, the 100 µL dose of TGa-2 

extracts obtained after incubation in PBS inhibit viability after 1, 7, and 30 days, resulting 

in 64% viability produced by the 30 day extracts. For extracts of TGa-2 obtained after 

incubation in ultrapure water, a minimum in viability was observed after 7 days for both 

dosages (76% and 38% for 50 µL and 100 µL doses, respectively), while viabilities then 

increased to 84% and 73% after 30 days for 50 µL and 100 µL doses, respectively. The 

results for extracts obtained from the glass-hydrogel composites can be seen in Figure 46, 

and it can be seen that for each loading of each type of glass, a decrease in C. albicans 

viability is observed from 1 to 30 days, with TGa-2 composite extracts exhibiting the 

lowest viabilities for each loading, with 79%, 79%, and 77% viability for 0.05, 0.10, and 

0.25 m2 composites, respectively. 

 

Figure 45. Anti-fungal evaluation of BG series extracts obtained after incubation for up 

to 30 days in a,b,c.) Water and d,e,f.) PBS against C. albicans. 
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Figure 46. Anti-fungal evaluation of extracts obtained from BG-hydrogel composites 

containing a.) 0.05, b.) 0.10, and c.) 0.25 m2 glass against C. albicans. 

 

 

3. Agar Diffusion 

Agar diffusion testing using glass-hydrogel composites which were cross-linked 

in situ inside wells which were excised from agar plates, and the sample images can be 

seen in Figure 47, with the representative numerical data for the resultant inhibition zones 

shown in Figure 48. It was observed that each of the glass-containing composites 

inhibited E. coli to some degree, with most of the composites producing average 

inhibition zones of 2 mm or less, although the most effective inhibition was observed for 

composites containing 0.10 m2 Control glass, which produced an average inhibition zone 

of 8.3 mm. The composites were less effective against S. aureus, with only those 

containing 0.05 m2 TGa-2, and 0.10 m2 Control, TGa-1, and TGa-2 glass producing 

inhibition zones. The composites containing 0.10 m2 Control glass were once against the 

most effective, producing average inhibition zones of 7.5 mm. As was seen in the broth 

dilution studies, these glass-hydrogel composites most effectively inhibited C. albicans, 

with all composites exhibiting inhibition except for those containing 0.05 m2 Control and 

TGa-1 glasses. Although the numerical data does not as effectively represent the 

increased efficacy of these composites against C. albicans due to isolated surviving 

colonies which resulted in lower calculated inhibition zones, it can be seen in the images 

that nearly total inhibition was achieved by composites containing 0.10 m2 glass, as well 

as those containing 0.25 m2 Control glass. Additionally, significant inhibition was 

achieved by composites containing 0.05 m2 and 0.25 m2 TGa-2 glass. 
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Figure 47. Anti-microbial evaluation of BG-hydrogel composites using the agar 

diffusion method against E. coli, S. aureus, and C. albicans. 

 

 

 

 

Figure 48. Inhibition zone measurements of each BG-composite against a.) E. coli, b.) S. 

aureus, and c.) C. albicans. 
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IIID. Discussion 

BGs are materials which possess the ability to react with physiological fluids upon 

implantation into the body and form chemical bonds with bone. These glasses can be 

formulated to contain multiple elements which, upon dissolution, can provide many 

different therapeutic effects. The delivery of BG particles is an issue that has garnered 

interest for decades with several advancements having been made, however, there is still 

much room for improvement. Polymeric hydrogels are of particular interest for this 

application, as they can be engineered to possess a scaffold-like structure which can 

allow for cell proliferation and survival.227 These materials can also be used in composite 

materials such as CMC-hydroxyapatite composites, which can provide enhanced 

osteoconductivity223, and Dex gels seeded with bone morphogenic protein(BMP)-loaded 

microspheres, which can allow for controlled release kinetics of biomolecules.224 In the 

current study, CMC-Dex hydrogels were employed, which were previously shown to act 

as carriers for the anti-fungal agent Amphotericin B to provide fungicidal effects against 

C. albicans162, and were seeded with Ga-containing BGs to determine if the release of 

ionic species from these composite materials could provide anti-bacterial and anti-fungal 

effects.  

Prior work had characterized the release of constituent ions from the BG series after 

incubation in ultrapure water243, but in order to more thoroughly compare the BG extracts 

to the BG-hydrogel composite extracts, BG extracts were also obtained after incubation 

in PBS for 1, 7, and 30 days, and ion release was characterized using ICP-OES. Unlike 

the extracts obtained in ultrapure water, which exhibited release of each constituent 

element over 30 days, only Si4+ and Ga3+ were released from the glass particles into PBS. 

As was seen in prior work, TGa-2 released the largest quantity of Ga3+ after 1, 7, and 30 

days. However, in comparison to prior work where Control, TGa-1, and TGa-2 released 

7, 14, and 31 mg/L of Si4+ after 1 day, and 1, 10, and 30 mg/L after 30 days in ultrapure 

water, respectively, in the current study, Control, TGa-1, and TGa-2 released 68, 92, and 

88 mg/L of Si4+ after 1 day, and 64, 79, and 72 mg/L after 30 days in PBS, respectively, 

suggesting an increase in reactivity between particle surfaces and solution. This may be 

attributed to the presence of Na+ and K+ ions in PBS, which may have increased the rate 

of interaction of the fluid with negatively charged surface groups of the glass particles, 
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thus resulting in an increased dissolution rate. Moreover, since PBS possesses a higher 

pH (~7.4) than ultrapure water (~5.4) which is further from the isoelectric point of SiO2 

(~1.7-3.5)229, the increased charge discrepancy may have led to increased polarization of 

Si-containing groups present on the surface of the glass particles, thus resulting in 

increased Si4+ release. Control, TGa-1, and TGa-2 also all exhibited a decrease in Si4+ 

release from 7-30 days, which was also observed in prior work, and was attributed to 

precipitation of ions out of solution and onto BG particle surfaces.TGa-1 released more 

Si4+ after 1, 7, and 30 days than Control and TGa-2, and no decrease in Ga3+ release was 

observed for either TGa-1 or TGa-2 from 7-30 days, suggesting that only Si4+ 

precipitated out of solution, while Ga3+ did not. It was observed that Si4+ release from 

TGa-1 decreased from 101 to 79 mg/L after 7 and 30 days, respectively, while release 

from TGa-2 decreased from 91 to 72 mg/L, clearly indicating precipitation out of 

solution. However, it was observed that Ga3+ release from TGa-1  increased from 10 to 

38 mg/L from 1-7 days, and only from 38 to 42 mg/L from 7-30 days, while release from 

TGa-2 increased from 26 to 75 mg/L from 1-7 days, and only from 75 to 78 mg/L from 

7-30 days, implying that the release of Ga3+ from both Ga-containing glasses slowed 

between 7-30 days, which further suggests that Si4+ ions precipitated out of solution and 

onto the BG particle surfaces, resulting in a thicker silica-rich surface layer which slowed 

the release of Ga3+ from the glass structure and into solution.  

Liquid broth analysis was conducted using 50 and 100 µL aliquots of liquid extracts 

of BGs obtained after incubation in ultrapure water and PBS, as well as 50 µL aliquots of 

extracts obtained from BG-hydrogel composites after incubation in PBS, for periods of 1, 

7, and 30 days. For BG water extracts, no inhibitive activity was exhibited towards E. 

coli or S. aureus over the 30 day period. However, extracts of all 3 glasses did display 

some anti-fungal ability towards C. albicans, with TGa-2 extracts obtained after 7 days of 

incubation displaying the greatest efficacy. Prior work utilized these extracts to 

characterize the ion release of this glass series243, and revealed that over a 30 day 

incubation period in ultrapure water, the release of Na+ from each of the glasses was 

comparable at each time interval, TGa-1 and TGa-2 released Ga3+ while the non-Ga-

containing Control did not, and TGa-2 released at least twice the amount of Ca2+ and Si4+ 

than Control and TGa-1 released at each time interval. Since each glass exhibits some 
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inhibition toward C. albicans despite the absence of Ga3+-release from Control, 

according to the previously characterized ion release information, the anti-fungal ability 

may be attributed to the release of either Ca2+ or Si4+. For BG extracts obtained in PBS, S. 

aureus was once again uninhibited, however, these extracts did express some inhibitive 

ability towards the viability of both E. coli and C. albicans. This is not a condemning 

result, as Gram +ve bacteria such as S. aureus are known to lack an outer membrane, but 

possess a simple, thick peptidoglycan cell wall, which causes these bacteria to be 

naturally more resistant to anti-microbials than Gram –ve bacteria like E. coli, as these 

microbes possess more complex, yet much thinner barriers to the outside environment.171 

While the viability of neither E. coli nor C. albicans was hindered by the Control 

extracts, TGa-1 and TGa-2 extracts exhibited some inhibitive ability towards both strains, 

with increased efficacies displayed by the 100 µL doses compared to the 50 µL doses 

after 7 and 30 days against E. coli, and after 1, 7, and 30 days for C. albicans. For both 

TGa-1 and TGa-2, a decrease in E. coli viability was observed from 1-7 days, while 

viability increased from 1-30 days. The current ion release data revealed that these 

glasses exhibited both an increase in Si4+ release from 1-7 days and a decrease in Si4+ 

release from 7-30 days, while Ga3+ release continually increased over both periods, 

suggesting that Si4+ concentration in solution may have more influence on E. coli 

viability than Ga3+ concentration. However, for C. albicans, the addition of 100 µL 

aliquots of both TGa-1 and TGa-2 extracts obtained after 30 days of incubation resulted 

in the lowest viabilities of any of the time intervals, suggesting that for this strain of 

fungus, the concentration of Ga3+ in solution may hold more influence over cell viability 

than Si4+ concentration. Interestingly, the results of liquid broth analysis using the 

extracts obtained from the BG-hydrogel composites did not support the inferences made 

from the BG extract data. Prior work characterized the ion release of each of these 

composites, and found that both glass composition and glass loading within the 

composites affected ion release, with the most notable trends including increased Si4+ 

release from 1-30 days for composites containing 0.05 m2 Control, TGa-1, and TGa-2, 

0.10 m2 Control and TGa-1, and 0.25 m2 TGa-1 and TGa-2, and increased Ga3+ release 

from 1-30 days for all composites containing TGa-1 and TGa-2. Additionally, the release 

of Zn2+ was observed after 30 days for composites containing 0.05 m2 TGa-1 and TGa-2, 
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0.10 m2 Control, TGa-1, and TGa-2, and 0.25 m2 Control and TGa-2, while all 

composites containing 0.25 m2 glass exhibited Ca2+ release over each of the time 

intervals, with a maximum after 30 days. Considering these prior results, one would 

expect the BG-hydrogel composite extracts to possess greater efficacy against both E. 

coli and S. aureus than both types of BG extracts, as Zn has been shown to inhibit both of 

these bacterial species176, and Zn2+ release was observed for several of the composites, 

while no release was observed for the glasses in either incubation media. Additionally, 

many of the composites released higher concentrations of Si4+ at respective time intervals 

than the BGs. However, Ga3+ release from composites containing TGa-1 and TGa-2 was 

minimal (≤ 5 mg/L) after 1, 7, and 30 days, although increased release was observed from 

1-30 days, while these glasses by themselves released larger quantities in both water and 

PBS. This information suggests that perhaps a form of synergy exists between Si4+ and 

Ga3+ ions, which allows for more efficient anti-bacterial activity than when both ions are 

not present in solution together. The idea of synergistic anti-bacterial properties between 

metal ions has been previously proposed in the literature for ions such as Zn2+ and 

Ce3+,244 where it was suggested that the different ions may have different attack target 

sites on the cell membranes of bacteria, resulting in more bactericidal effect when both 

ions are present. Additionally, it was also proposed that the ions may interact with each 

other in solution, producing more hydroxylic free radicals, which are extremely reactive 

and can also inhibit bacterial growth. Although these results do not display complete 

colony reduction for any of the extracts against either bacteria or fungus, these results are 

encouraging as they exhibit in vitro the ability of ions dissociated from the glass particles 

to reduce the viability of both E. coli and C. albicans. This is significant because prior 

studies using 45S5 Bioglass® particulate concluded that BGs possess anti-bacterial 

abilities against common bacteria such as E. coli234 and S. aureus235, but that these effects 

were dependent on both the high pH of solution, and the adhesion of microbes to the 

particle surfaces, as this adhesion would result in the release of a high Ca2+ concentration 

in the proximity of the plasma membrane, which would distort the membrane’s 

electrochemical potential gradient and ultimately result in cell death. To further evaluate 

the anti-bacterial and anti-fungal potential of this series of BGs, the authors intend to re-

conduct the assays using glass particulates, to determine if, in addition to reducing the 



124 

 

viability of microbes by ionic dissolution products, this BG series can also allow for the 

adhesion of microbes, and further reduce their viability. 

Agar diffusion analysis was also conducted against all three microbial strains, using 

BG-hydrogel composites which were injected directly into pre-formed wells in agar, and 

incubated post-inoculation for 24 hours. These studies concurred with the liquid broth 

data, as several of the BG-hydrogel composites produced small inhibition zones in E. 

coli, while several composites produced larger inhibition zones in C. albicans, with near 

complete colony reduction observed for multiple samples. However, there were also 

some stark differences observed in these studies, such as the appearance of inhibition 

zones in S. aureus, and the dominant anti-microbial ability of composites containing 0.10 

m2 Control glass against E. coli, S. aureus, and C. albicans. This may be explained by 

prior work by the authors, which characterized the ion release of these BG-composites 

and found that for each glass-loading level, composites containing Control glass released 

significantly more Si4+ than TGa-1 and TGa-2 composites after 24 hours, with a 

maximum of 157 mg/L observed from 0.10 m2 Control, while minimal Ga3+ (≤ 3 mg/L) 

was released from the Ga-containing composites. Although the liquid broth studies 

suggested that the release of Si4+ was not solely responsible for anti-microbial activity, 

the results of prior work suggest that composites containing 0.10 m2 Control glass exhibit 

the fastest rate of glass dissolution, and with these composites being incubated in agar 

with bacteria seeded in fixated positions directly above, rather than aqueous media with 

bacteria seeded in solution, perhaps these composites released ionic dissolution products 

at a higher rate than the other composites, resulting in increased microbial inhibition. 
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IIIE. Conclusion 

 In summary, throughout this section we discovered that: 

 The release of dissolution products from the glasses is highly dependent 

on the medium in which they are submerged, exhibiting different trends 

between incubation in ultrapure water and PBS 

 None of the liquid extracts from either the BGs or the composites inhibited 

S. aureus viability 

 Both BG and composite extracts exhibited inhibitive properties toward E. 

coli and C. albicans viabilities 

 Agar diffusion studies with composites cross-linked in situ into agar which 

was then covered with colonies exhibited more effective inhibition of C. 

albicans than liquid broth studies 

 Composites also exhibited a small degree of inhibition towards S. aureus 

in the agar diffusion studies 

 

In this segment of the study, ion release profiles were first characterized for BG 

particles incubated in PBS for periods of up to 30 days, and revealed that only Si4+ and 

Ga3+ were released in significant concentrations. Broth dilution studies revealed that none 

of the liquid extracts inhibited S. aureus viability, while some inhibitive effects were 

exhibited by the extracts of both the BGs, and the BG-hydrogel composites, against both 

E. coli and C. albicans, with the greatest reduction in viability observed for BG extracts 

against the fungus. Agar diffusion studies further exhibited the anti-fungal ability of these 

materials, while also suggesting that these materials possess anti-bacterial potential when 

placed in a more viscous environment than aqueous media. The results of this study 

suggest that Ga-containing BGs and BG-hydrogel composites have potential as anti-

bacterial and anti-fungal agents, which combined with the results of prior work, further 

suggests their potential as bone-void filling materials. 

 Upon completion of the third portion of this project, the Ga-glass series had been 

fully characterized, both structurally154 and physically, glass-hydrogel composites had 

been synthesized and physically characterized, both the glasses and composites had 

exhibited in vitro cytocompatibility with fibroblasts and osteoblasts, and the in vitro anti-
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bacterial and anti-fungal efficacy of both the glasses and the composites had been 

extensively evaluated. As the initial three portions of this study combined to suggest the 

applicability of these materials as multi-functional bone-filling materials, the fourth and 

final segment of this project then aimed to obtain a deeper understanding of the molecular 

structures of the glass-hydrogel composites, and to evaluate the in vitro efficacy of their 

extracts against cancerous MG-63 osteosarcoma cells. 
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Part IV: Structural Characterization and Anti-Cancerous Potential of 

Ga-Bioactive Glass/Polymer Hydrogel Composites 

Keenan T.J., Placek L.M., Coughlan A., Hall M.M., Wren A.W., “Structural 

Characterization and Anti-Cancerous Potential of Ga-Bioactive Glass/Polymeric 

Hydrogel Composites” Carbohydrate Polymers (Under Peer Review). 

 

 The fourth and final part of this study aimed to obtain a more in-depth 

understanding of the molecular structure of these glass-hydrogel composite materials. As 

one of the primary intentions of included Ga in the glass series was its potential anti-

cancerous effects, the cytotoxicity of liquid extracts from these materials was also 

evaluated against MG-63 osteosarcoma. The results in this section include: 

 Transmission electron microscopy micrographs of the composites 

 DTA thermograms of the Blank hydrogel and the glass-gel composites 

 13C cross-polarization magic angle spinning nuclear magnetic resonance 

(13C CP/MAS-NMR) spectra for both the unfunctionalized and 

functionalized polymers, the Blank hydrogel, and the glass-gel composites 

 Cell viability analysis (MG-63) using liquid extracts from both the glass 

series and the glass-gel composites 

In this segment, TEM confirmed what was previously observed with SEM, 

showing that glass particles were present within the composites, although particle 

agglomeration was observed. Thermal analysis revealed that the composite materials had 

multiple glass transition temperatures (Tg), and melting temperatures (Tm), and that glass 

composition and content did have small effects on both Tg and Tm. MAS-NMR revealed 

that both CMC and Dex were successfully functionalized, that cross-linking occurred in 

the hydrogels and composites, and that glass addition did slightly alter bonding 

environments. Cell viability analysis suggested that extracts of composites containing 

glass with the largest Ga-content (16 mol%), significantly decrease MG-63 viability after 

30 days of incubation.  This final portion of the study successfully characterized this 

composite series, and demonstrated their potential for anti-cancerous applications, further 

suggesting their potential for bone void-filling applications. 
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IVA. Introduction 

Bone is an extremely complex, dynamic, composite tissue, in which defects can occur 

due to trauma, infection, or tumor resection which are too large for the body to repair 

without assistance198, and in order to correct these flaws, complex materials must also be 

synthesized to perform in a dynamic manner. One such class of materials is known as 

bioactive glasses (BG), which were first formulated by Hench et al.201, possess a low 

glass network-former and high glass network-modifier content , which upon implantation 

into the body, allows for a series of surface reactions to occur in order for the material to 

form a strong chemical bond with host tissue, and then the subsequent dissolution of the 

material over time. BGs are of interest in defect-filling applications because their 

dissolution products, which are released over time from the eroding glass network, can 

stimulate positive responses in the host tissue, such as bone-promoting properties202, and 

can also provide additional therapeutic effects, such as anti-bacterial203,204, and possibly, 

anti-cancerous abilities. In the current study, a BG series (0.42SiO2-0.10Na2O-0.08CaO-

(0.40 – x)ZnO-(x)Ga2O3) was formulated, in which ZnO was substituted with up to 16 

mol% Ga2O3. This glass composition has been previously shown to allow for dissolution 

of the glasses upon submersion in aqueous media over periods of up to one year, to allow 

for Ca/P-containing depositions to form on the surface, and to promote the survival of 

MC3T3-E1osteoblasts.245 Each constituent of this series has been shown to play a role in 

either bone metabolism, or the establishment of an interfacial bond between implant and 

bone, including: (1) Si, which not only acts as the primary glass network-former, but is 

also a key element in the formation and calcification of bone tissue205,206; (2) Na, which 

acts as the primary glass network-modifier and exchanges with H3O
+ ions in solution, 

beginning the process of forming a chemical bond between implant and host208; (3) Ca, 

which can increase the expression of insulin-like growth factors, which are responsible 

for osteoblast proliferation209; (4) Zn, which was included for its osteostimulative174 and 

anti-bacterial176 properties; and (5) Ga, which was incorporated in an attempt to harness 

some of the bone-promoting120,123,124, anti-bacterial125,126, and anti-cancerous99-101,106 

properties exhibited by the pharmaceutical gallium nitrate (Ga(NO3)3), from the ionic 

form (Ga3+), upon dissolution from the glass network. 
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 Despite the ability of BGs to chemically bond to tissue, and to release therapeutic 

ions into the local environment over time, the challenge of developing a sufficient 

mechanism to deliver these materials to a defect site, and maintain their positioning for 

extended periods of time, is still an area which requires much more work. Some progress 

has been made with the development of glass-ceramic scaffolds210-212 and glass-

ionomer/polyalkenoate cements213-216, however, these methods still suffer major 

drawbacks, such as the requirement for pre-implant machining, extended setting times217, 

and potentially necrosis-inducing exothermic reactions during the setting process.240 

Ideally, one would like to obtain a matrix material which can not only allow for easy 

delivery of BG particles to a bone defect site of any shape without prior shaping, and 

maintain that position for a long period of time, but also act as a scaffold upon which 

bone-forming osteoblast cells can attach and deposit new host tissue, without the risks 

posed by long setting times and exothermic reactions. One class of materials which can 

potentially be manipulated to satisfy each of these requirements is called polymer 

hydrogels, which are defined as three-dimensional networks of hydrophilic polymers 

which can absorb and retain significant amounts of water.238 Polymer hydrogels have 

been used in a wide range of applications, including drug-delivery, cosmetics, contact 

lenses, corneal implants, and in the replacement of tissues such as skin, tendons, 

ligaments, and bone, because of the excellent hydrophilicity, permeability, and 

biocompatibility they have displayed.239-242,246 Of particular interest for biomaterials 

applications in the modern age are hydrogels made from natural polymers because of 

their natural abundance, biocompatibility, and biodegradibility.247-250 Of the many natural 

polymers, cellulose and dextran are of particular interest for several reasons. Cellulose is 

the most abundant polysaccharide available worldwide251, which translates to a relatively 

low cost compared to some other materials, consisting of many β-1,4 linked D-glucose 

units252,253, and has proven effective as a constituent of composite materials, such as 

hydroxyapatite/cellulose composites for enhanced osteoconductivity.223 Dextran (Dex) is 

a homopolysaccharide consisting of straight chains of D-glucose units with α-1,6 

linkages, with branches most commonly stemming from α-1,3 linkages166, and has also 

proven to be an effective component in composite materials like Dex gels seeded with 

bone morphogenic protein (BMP)-loaded polyethylene glycol (PEG) microspheres for 
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BMP-delivery.224 Additionally, prior work has been conducted by Hudson et al., in which 

the water-soluble cellulose derivative sodium carboxymethyl cellulose (CMC) was 

functionalized with hydrazine groups and cross-linked via hydrazone bond formation to 

conjugates of Dex, which was first modified with aldehyde groups, and the anti-fungal 

Amphotericin B (AmB), to obtain hydrogel composites which were shown not to cause 

tissue toxicity in mice, and also exhibited anti-fungal efficacy against C. albicans.162 

 Currently, composites have been synthesized consisting of degradable CMC/Dex 

hydrogels impregnated with various loadings of Ga-BG particles, which have been 

previously characterized by the authors to determine their swelling and solubility 

characteristics, their compatibility with fibroblasts and osteoblasts, and their potential as 

anti-bacterial and anti-fungal agents. This study aims to structurally characterize these 

composites through the use of transmission electron microscopy (TEM), differential 

thermal analysis (DTA), and 13C cross-polarization magic angle spinning nuclear 

magnetic resonance (CP/MAS-NMR), and to determine the anti-cancerous potential of 

liquid extracts obtained from these composites against MG-63 osteosarcoma. 
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IVB. Materials & Methods 

1. Glass Synthesis 

See Section IIB. 

2. Polymer Functionalization, Hydrogel Synthesis, & Glass-Hydrogel 

Composite Synthesis 

See Section IIB. 

3. Composite Characterization 

To prepare glass/hydrogel composites for structural characterization, samples 

were first frozen at -80ºC and then lyophilized using a Labconco FreezeTriad Freeze 

Drying System (Labconco, USA). Composites were then thinly sliced and ground to a 

powder (Figure 49). 

 

Figure 49. Grinding of BG-hydrogel composites. 

 

3.1. Transmission Electron Microscopy (TEM) 

TEM specimens were first placed on a copper single tilt holder (FEI) and then 

placed into the instrument. TEM was conducted using a FEI Titan ETEM 80-300 electron 

microscope (FEI Company, Hillsboro, OR, USA), equipped with a Gatan imaging filter 

(GIF), and operated at an accelerating voltage of 300 kV. The Imaging Mode was 

undertaken as energy filtered zero loss images with an energy slit width of 10 eV. This 

was done to ensure that 300±5 eV electrons are used to form each image, and all other 

inelastically scattered electrons were removed. 
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3.2. Thermal Analysis 

A SDT Q600 Simultaneous Thermal Gravimetric Analyser-Differential Scanning 

Calorimetry (TGA-DSC) (TA Instruments, DE, USA) was used to obtain a thermal 

profile of each composite, specifically the glass transition temperature (Tg) and 

crystallization temperatures. A heating rate of 10ºC/min was employed in an air 

atmosphere (100 mL/min) using alumina as a reference in a matched platinum crucible. 

Sample measurements were carried out every 0.5 seconds between 30˚C and 650˚C. TA 

Universal Analysis software (TA Instruments, DW, USA) was used to plot and obtain the 

temperatures of interest. 

3.3. 13C Cross-Polarization Magic Angle Spinning Nuclear 

Magnetic Resonance (13C CP/MAS-NMR) 

13C CP solid state NMR analysis was performed at a frequency of  ~150.96 MHz 

(BF=-150.9581280 with transmitter set to 100ppm) on a Bruker AVIII 600MHz 

widebore spectrometer equipped with a 4mm HXY MAS probe configured with RF 

channels for 1H and 13C temperature regulated to 298K. The spin rate was always kept at 

8 kHz. A pulse width of 1H 2.5us (90 and 100kHz tppm 15-based decoupling during 

detection) was used, with a contact time of 1ms 13C (with a B1 field of 66kHz), and an 

acquisition time of 25 ms. The recycle time was 3s. Spectra were obtained with a width 

of ~414 ppm, and 4096 scans were conducted for each experiment. The proper contact 

time was chosen after several trials with Blank hydrogels. A 20Hz Gaussian apodization 

function was also applied to the time domain prior to Fourier transformation. 

4. Biological Evaluation 

4.1. Obtaining Liquid Extracts 

To obtain BG extracts, powder samples (n = 3), whose particle size information is 

displayed in Table 8, were weighed to contain 1 m2 of glass per incubation sample 

(Keenan et al.245), and were then submerged in 10 ml ultrapure water for periods of 1, 7, 

and 30 days. To obtain BG-hydrogel composite extracts, samples (n = 3) were submerged 

in 1 ml PBS for periods of 1, 7, and 30 days. After the incubation times were complete, 
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the aqueous solution from each sample was removed and filtered using Amicon® Ultra-4 

Centrifugal Filters (Merck KGaA, Darmstadt, Germany). 

4.2. Methyl Tetrazolium (MTT) Assays 

The established cell line MG-63 Osteosarcoma (ATCC®-CRL-1427™) was used 

in this study. MG-63 osteosarcoma were cultured in EMEM (ATCC®-30-2003™), which 

included L-glutamine and was supplemented with 10 vol% FBS. Cells were maintained 

on a regular feeding regime in a cell culture incubator at 37˚C, with a 5% CO2/95% air 

atmosphere. Cells were then seeded into 96 well plates at a density of 10,000 cells per 

well and incubated for 24 hours prior to the addition of liquid extracts. The cytotoxicity 

of BG and BG-hydrogel composite extracts were evaluated using the Methyl Tetrazolium 

(MTT) assay. 10 μl aliquots of undiluted extract were added into wells containing cells in 

culture medium (100 μl), and incubated for an additional 24 hours. 10 μl of the MTT 

assay was then added to each well and incubated for an additional 4 hours. After 4 hours, 

the cultures were removed from the incubator, and the resultant formazan crystals were 

dissolved by first removing all of the aqueous media from each well, and then adding 100 

μl of MTT Solubilization Solution (10% Triton x-100 in Acidic Isopropanol. (0.1 n 

HCI)). Once the crystals were fully dissolved, the absorbance was measured at a 

wavelength of 570 nm using a µQuant Plate Reader (Bio-Tek Insturments, Inc., VT, 

USA). 10 μl aliquots of ultrapure water and PBS were used as control additions for BG 

and BG-hydrogel composite assays, respectively, and cells were assumed to have 

metabolic activities of 100%. BG, Blank hydrogel, and BG-hydrogel composite extracts 

in media without cells were also tested, and were found not to interfere with the MTT 

assay. 

5. Statistical Analysis 

Cell viability data are presented as means ± standard deviations, and represent 

data from 3 individual extract replicates per BG or BG/hydrogel composite, per 

incubation interval. One-way analysis of variance (ANOVA) was used to compare the 

cytotoxicity of the composite extracts against MG-63 osteosarcoma in relation to 1) 

incubation time, and 2) Ga-content. Comparison of relevant means was performed using 
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the post hoc Bonferroni test. Differences between groups were deemed significant when 

p < 0.05. 
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IVC. Results & Discussion 

1. Structural Characterization 

1.1. TEM Analysis 

TEM was utilized to observe the dispersion of the glass particles in the glass-

hydrogel composites, and the resulting micrographs can be seen in Figure 50. Figure 50a 

shows that the non-Ga-containing Control glass is more evenly distributed within the 

hydrogel network, while Figures 50b and 50c suggest that the particles of the Ga-

containing TGa-1 and TGa-2 glasses agglomerated slightly more than Control. 

 

 

Figure 50. TEM micrographs of BG-hydrogel composites containing 0.10 m2 a.) 

Control, b.) TGa-1, and c.) TGa-2. 

 

1.2. Thermal Analysis 

Analysis by DTA was conducted to provide insight to structural differences which 

may exist between the Blank CMC/Dex hydrogel, and the various BG-hydrogel 

composites, based upon the behavior of the samples as a function of temperature, and 

these results are presented in Figure 51. As can be seen for the Blank hydrogel, there are 

transitions which occur at 192ºC and 322ºC, followed by a large exothermic peak at 

452ºC, and then a broad exothermic shoulder at 458ºC.  For each of the composite 

samples, the initial transition can also be observed between 190-197ºC, and this transition 

likely corresponds to the occurrence of some complex reactions involving Dex, such as 
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melting, isomerization, and transglycosylation.254 The composite samples also exhibit the 

second transition that was observed in the Blank gel, and these transitions can be seen in 

the range of 322-339ºC. This transition is likely indicative of the decomposition of CMC, 

which has been observed near 290ºC in prior work240, however, in the current study we 

have reported the midpoint temperature of the transitions, and not the temperatures where 

the transition initiated, which ranged from 285-295ºC. Most of the composites then 

exhibit an intense exothermic peak between 437-455ºC, followed closely by a broad 

exothermic shoulder between 453-464ºC. It can be seen in Figures 51k-n, which display 

the residual weight fraction (%) as a function of time, that the intense exothermic peaks 

correlate with sharp increases in the rate of weight loss, while the broad exothermic 

shoulders correlate with a temporary halt in weight loss, which is again followed by rapid 

weight loss. These figures also show that for all samples, weight loss does not occur 

above ~480ºC, and composites containing larger amounts of glass retain higher residual 

weight fractions. These factors combine to suggest that the exothermic peak and shoulder 

are indicative of decomposition reactions due to oxidation, and at temperatures above the 

maximum heighth of the shoulder, any remaining organic components are converted to 

CO2 (g) until only the glass particles remain beyond ~480ºC. Figures 51k-n also display 

clear increases in the rate of weight loss after the first two transitions for all samples other 

than the composite containing 0.25 m2 Control glass, which also displays only a single 

broad exotherm in Figure 51d. This sample displays a very slight increase in the rate of 

weight loss after the transition temperature associated with Dex, but still displays an 

increase in the rate of weight loss after the transition associated with CMC which is 

comparable to other composite samples, which combined with the single broad 

exothermic peak, may suggest that perhaps this sample contains a higher CMC-content 

than the others, resulting in the disappearance of the distinct exothermic shoulder, and 

thermal properties more characteristic of CMC than a hydrogel consisting of both CMC 

and Dex. The weight loss information presented in Figures 51k-n also shows that 

composites containing 0.05 m2 glass lost weight in a manner nearly identical to the Blank 

hydrogel, while composites containing 0.25 m2 glass displayed more distinct decreases in 

the rate of weight loss at temperatures immediately above those at which intense 

exothermic features were observed. Additionally, composites containing 0.10 or 0.25 m2 
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TGa-1 or TGa-2 exhibited increases in the rate of weight loss immediately prior to the 

temperatures at which their intense exothermic peaks occurred, while composites 

containing 0.10 or 0.25 m2 Control did not. This suggests that there may be an interaction 

occurring between the Ga-containing glass particles and the polymer matrix, which 

translates to more rapid degradation of a specific group of organic components during the 

first intense exothermic reaction. Prior work with this glass series has demonstrated that 

the Ga-containing glasses exhibit more rapid dissolution in aqueous media than the 

Control glass245, suggesting that these glass particles possess more reactive surfaces, 

which may have resulted in the interaction of polar groups present on these surfaces with 

charged or unreacted moieties within the polymer matrix.  
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Figure 51. DTA thermograms of composites displaying a.-j.) Temperature Difference 

(µV) and k.-n.) Residual Weight Fraction (%) as a function of temperature 

(ºC). 
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1.3. 13C CP/MAS-NMR  

13C CP/MAS-NMR spectroscopy is considered one of the most powerful tools for 

characterizing the composition and sequence of polysaccharide units.255,256 For several 

years, the application of solid-state NMR techniques was restricted due to poor 

resolution, which was caused by line broadening due to chemical shift anisotropy and the 

direct dipolar interaction of polar molecules.256 This problem was addressed through the 

development of magic angle spinning (MAS)257,258, and the combination of MAS with 

cross-polarization was then found to enable the narrowing of spectral lines and the 

enhancement of signal.259 Although 13C CP/MAS-NMR can be conducted with an 

absolute standard intensity reference, which represents a known number of nuclei in an 

NMR spectrum, and thus can be used for quantitative analysis260, this method can be 

extremely difficult and is complicated for the analysis of a single polysaccharide sample, 

let alone composite samples consisting of multiple functionalized polysaccharides. As a 

result, 13C CP/MAS-NMR was used in this study strictly as a qualitative technique, to 

help determine if the polymers were successfully functionalized, to identify the presence 

of cross-links in the CMC/Dex hydrogels, and to investigate whether glass content or 

composition affected the chemical states present within the materials. 

 Prior to studying the functionalization and subsequent cross-linking of the 

polysaccharides, CMC was first analyzed as-received from the supplier. In Figure 52c, 

the spectrum obtained for CMC (sodium salt) is shown, with several distinct peaks 

present. As was previously determined by de Nooy et al., the resonance of the substituent 

carboxylate carbon (C-8) is observed at 178 ppm, while the resonance due to the 

anomeric C-1 carbon atom of the glucosyl unit is observed at 104 ppm.261 The other 

substituent carbon (C-7) expresses several resonances, which can be observed in 

combination with resonances due to C-2 at 125 and 20 ppm, and in the very intense 

resonance peak observed at 74 ppm, which is due to the overlap of C-2, C-3, C-4, C-5, 

and C-7 resonances.262 Additionally, a resonance due to C-4 is also observed at 82 ppm, 

while the resonance due to C-6 can be seen at 62 ppm.261 Figure 52d exhibits the 

spectrum obtained for CMC which had been functionalized with AAD to obtain CMC-

ADH, and confirms that successful functionalization occurred as new resonance peaks 

were observed at 16, 25, 35, 44, and 161 ppm. The peaks at 25 and 35 ppm are likely 
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attributable to newly introduced methylene carbons261, while the peak at 44 ppm is likely 

characteristic of the hydrazine groups.263 Additionally, a more prominent shoulder can be 

observed in the resonance peak representative of the anomeric C-1 carbon. The presence 

of this shoulder at 98 ppm in the CMC-ADH spectrum suggests that this functionalization 

not only attached new groups to CMC, but as a result, also caused a change in the 

orientation (axial vs. equatorial) and/or chemistry (internal/non-reducing vs. chain 

end/reducing) of the C-1 carbon.264  

 Dex was also analyzed using 13C CP/MAS-NMR in both the as-received form, 

and the functionalized form. Figure 52a displays the spectrum obtained for Dex, where it 

can be seen that there are only two distinct resonance peaks present, and one prominent 

shoulder. As with CMC, the most intense peak at 72 ppm is indicative of overlapping 

resonances of the C-2, C-3, C-4, and C-5 carbons, with the peak at 65 ppm representing 

the resonance of the C-6 carbon.264 However, unlike CMC, Dex is comprised of D-

glucose units with α-1,6 linkages rather than β-1,4 linkages, and this is exhibited by the 

downshift of the anomeric C-1 carbon peak to 98 ppm, which is indicative of α-C-1 

carbons.265 Dex was then oxidized to obtain Dex-CHO, and this functionalization is 

confirmed by Figure 52b, which displays a transition from a well-defined individual peak 

for the C-1 carbon, to a broadened peak representative of several different overlapping 

resonances, ranging from 87-101 ppm. Additionally, a new peak is observed at 80 ppm. 

As with CMC, the divergence of the C-1 peak suggests changes in orientation and/or 

chemistry at that position, while the peak at 80 ppm, along with the shoulder present at 87 

ppm, suggest the introduction of non-anomeric carbons involved in glycosidic 

linkages261, which suggests that some of the newly added aldehyde groups may be acting 

as junctions between chains. 

 After the functionalization of CMC and Dex was completed, these polymers were 

then cross-linked to form a hydrogel via hydrazone bonds. The 13C CP/MAS-NMR 

spectrum for the CMC/Dex hydrogel can be seen in Figure 52e, where features from both 

the CMC-ADH and Dex-CHO spectra can be easily recognized. The diagnostic C-1 peak 

suggests a larger presence of α-glycosidic linkages are present in the gel than β-linkages 

(which is expected, as the Dex-CHO:CMC-ADH ratio is 2.4:1 by weight), although both 

are clearly present, as the broad peak stretches from roughly 87-106 ppm. The 
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broadening of this peak, as well as the broadening of the peak located at 80 ppm, may 

also suggest the participation of these carbon atoms in cross-linking, as the broadening of 

NMR peaks is an indication of a decrease in molecular motion.266 The peaks at 125 and 

179 ppm which are indicative of the substituent C-7 and C-8 carbons of CMC are also 

observed, as well as the multiple peaks ranging from 16-44 ppm, which were identified as 

resonances for methylene carbons and hydrazine groups introduced during CMC-

functionalization. However, these peaks appear broader in the CMC/Dex hydrogel 

spectrum, in part due to the lower concentration of CMC, but this characteristic is also 

likely another indicator of participation in cross-linking, which is expected, as these two 

polymers were functionalized with the intention of cross-linking occurring between the 

introduced functional groups. In addition, one orientation of hydrazone bond has been 

shown to express most of it’s characteristic resonance peaks between 16-47 ppm263, 

which further suggests that these two polymers were successfully cross-linked. 
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Figure 52. 13C CP/MAS-NMR spectra of a.) Dex and the functionalized form b.) Dex-

CHO, c.) CMC and the functionalized form d.) CMC-ADH, and the cross-

linked e.) Blank hydrogel. 
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The focus of this study was to not only functionalize these polymers and cross-

link them to form hydrogels, but to also incorporate BG particles to create glass-hydrogel 

composites, and determine if either BG-content or concentration alters chemical 

environments present within the materials. Figure 53 presents the 13C CP/MAS-NMR 

spectra for several composites containing different amounts of either Control, TGa-1, or 

TGa-2, and it can be seen that these spectra display very little deviation from the 

spectrum generated by the Blank hydrogel, with the main C-1 resonance peak remaining 

centered at 98 ppm for all composites, and that only subtle differences exist between 

different composites. Between the composites containing 0.05 m2 and 0.10 m2 BG, there 

are no significant differences which are clearly evident, however, the composite 

containing 0.25 m2 Control glass does exhibit a shoulder in the C-1 resonance peak at 

103 ppm which is more pronounced than the shoulders displayed by the other 

composites. Although this is not as significant as the appearance of a new resonance 

peak, or the disappearance of a previously observed one, this does suggest that this 

composite contains more C-1 carbons which are a component of β-linkages, which would 

suggest that this composite is slightly more rigid than the others. This may be the result 

of an interaction between polar surface groups present on the surfaces of the BG particles 

and the functional groups present on the polysaccharide chains, however, since no new 

resonance peaks are observed between the Blank hydrogel and composite spectra, it is 

more likely that a synthesis error occurred, and this sample simply contained a slightly 

higher concentration of CMC-ADH than the other composites. Combined with the TEM 

micrographs, which showed that Control particles were more evenly distributed 

throughout the polymer network while TGa-1 and TGa-2 particles exhibited a slightly 

higher tendency to agglomerate, the information provided by the 13C NMR spectra 

suggests that glass particles are physically trapped within the BG-hydrogel composite 

network, and that future work should be conducted to determine whether there are 

different interactions occurring between the surfaces of Control particles than the 

surfaces of TGa-1 and TGa-2 particles, thus resulting in slight differences in their 

respective dispersions throughout the network.  
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Figure 53. 13C CP/MAS-NMR spectra of BG-hydrogel composites containing 0.05 m2 a.) 

Control and b.) TGa-1, 0.10 m2 c.) TGa-2, and 0.25 m2 d.) Control, e.) TGa-

1, and f.) TGa-2. 

 

1.4. Biological Evaluation 

Cell viability analysis was conducted using liquid extracts which were obtained 

by incubating BG powder samples in ultrapure water, and by incubating Blank hydrogels 

and BG-hydrogel composites in PBS. Figure 54 presents the in vitro cytotoxic capability 

of the BG extracts towards MG-63 osteosarcoma after incubation periods of 1, 7, and 30 

days, and illustrates that TGa-2 extracts obtained after 30 days decrease MG-63 viability 

to 79%, which is a significant decrease in comparison to the control cells (p = 0.048). 

Similar results are observed in Figure 55, which presents cell viability data for the BG-

hydrogel composites. As with the BG extracts, extracts obtained from composites which 

contained the largest amount of the TGa-2 glass exhibited the greatest decrease in MG-63 

viability, decreasing cell survival to 69% after 30 days. This decrease induced by 

composites containing 0.25 m2 TGa-2 after 30 days of incubation was significant in 

comparison to the control cells (p = 0.003), Blank hydrogels (p = 0.032), 0.25 m2 Control 

composites (p = 0.000), and 0.25 m2 TGa-1 composites (p = 0.000). These results are 
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particularly encouraging as not only does this study show that TGa-2 extracts from BG 

and from BG-hydrogel composites both have the ability to reduce MG-63 osteosarcoma 

viability, but prior work by the authors also demonstrated that none of these BG extracts, 

nor BG-composite extracts, decrease MC3T3-E1 osteoblast viability over a period of 30 

days, suggesting that these ionic dissolution products may be able to deter the growth of 

cancerous bone cells without negatively affecting the growth of healthy bone cells. This 

phenomenon may be explained by the similarities between Ga and ferric iron (Fe(III)), 

including ionic radii and electronegativity, which allow Ga to be incorporated into cells 

both dependently137, and independently132,133 of the transferrin receptor-facilitated 

pathway. This is important because it is well known that rapidly dividing cancer cells 

display increased Fe metabolism compared to normal healthy cells129,267, and Ga presence 

interrupts Fe metabolism in two ways. First, if the external sites where cells process Fe-

transferrin complexes are already occupied by Ga-containing complexes, then the cell 

physically does not have the ability to process as much Fe as when Ga-complexes are not 

present.138 Secondly, it has been shown that Ga presence within the cell disrupts the 

recognition of Fe-transferrin complexes by endosomes, resulting in a decreased amount 

of Fe being dissociated from the transferrin complexes, and therefore, decreased Fe 

metabolism.138 Together, these two factors act to inhibit the Fe-dependent function of the 

enzyme ribonucleotide reductase111, which ultimately results in the inhibition of DNA 

synthesis140. Since cancer cells uptake larger amounts of Fe than normal cells, and Ga has 

been shown to be taken up in similar fashion, this may be the reason why normal 

osteoblasts were not negatively affected by Ga-containing extracts, while the viability of 

cancerous osteosarcoma cells decreased. Further work will be conducted in which the 

MTT assay of MG-63 osteosarcoma will be carried out in the presence of BG particles, 

and BG-hydrogel composites, to determine if contact with these surfaces induces further 

cytotoxicity through increased local pH and ionic concentration, as has been seen with 

different strains of bacteria.234,235 
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Figure 54. MG-63 osteosarcoma viability for extracts obtained from Control, TGa-1, and 

TGa-2 glasses after incubation periods of 1, 7, and 30 days. 
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Figure 55. MG-63 osteosarcoma viability for extracts obtained from Blank hydrogels and 

BG-hydrogel composites after incubation periods of 1, 7, and 30 days. 
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IVE. Conclusion 

In this fourth and final section, we successfully: 

 Confirmed the presence of glass particles within the polymer network 

using TEM, with some agglomeration observed 

 Conducted thermal analysis which suggested that both Ga-inclusion and 

increased glass content (> 0.05 m2/batch), resulted in more rapid 

degradation of the polymer network at high temperatures 

 Utilized 13C CP/MAS-NMR to confirm the functionalization of the 

polymers, confirm the formation of cross-links via hydrazone bonds, and 

to suggest that glass particles are physically entrapped within the polymer 

network 

 Evaluated the cytotoxicity of liquid extracts towards MG-63 

osteosarcoma, and determined that the TGa-2 glasses and glass-hydrogel 

composites containing TGa-2 exhibited the greatest efficacy 

 

In the final portion of this study, we confirmed the ability to load Ga-containing BG 

particles into CMC/Dex hydrogels, although some agglomeration of glass particles did 

occur. Thermal analysis suggested that glass content and composition did slightly 

influence the rate of decomposition reactions, which may be indicative of interactions 

occurring between the BG surfaces and the polymer matrix. However, the 

functionalization and subsequent cross-linking of the polymers was confirmed using 13C 

CP/MAS-NMR spectroscopy, which also suggested that glass content and composition 

may have a slight influence on the structure of the composites, although it is more 

plausible to infer that BG particles are entrapped within pores of the matrix, rather than 

chemically reacting with the hydrogel. Additionally, liquid extracts obtained after 30 

days of incubation from both BG particles and BG-hydrogel composites containing TGa-

2, which possessed the highest Ga-content, demonstrated in vitro efficacy towards MG-

63 osteosarcoma. This final segment demonstrated that we had indeed successfully 

functionalized CMC and Dex, and synthesized hydrogel composites impregnated with 

Ga-containing BG particles, while also demonstrating that extracts from these composites 



149 

 

did possess anti-cancerous potential, further suggesting the possibility of using these 

materials in bone void-filling applications. 
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CONCLUSION 

 This project was designed to be a comprehensive study which centered around a 

Ga-containing bioactive glass series which possessed, as suggested by prior 

characterization work, potential in bone void-filling applications. To fully evaluate the in 

vitro characteristics of this glass series, and to develop and characterize a delivery 

mechanism for these glasses, this study was divided into 4 segments. In the first, the 

glasses exhibited bioactivity through the appearance of Ca/P deposits on their surfaces 

after incubation in SBF, as well as long-term solubility of the glasses in ultrapure water, 

from which liquid extracts proved harmful towards L-929 fibroblasts beyond 30 days, but 

produced no inhibitory effects against MC3T3-E1 osteoblasts after incubation periods of 

up to 365 days. Next, the polysaccharides CMC and Dex were functionalized to obtain 

CMC-ADH and Dex-CHO, and these functionalized polymers were cross-linked in the 

presence of particles of the Ga-glass series to obtain glass-hydrogel composites. At this 

point the physical properties of the composites were characterized, solubility analysis 

showed that the composites effectively released the desired glass dissolution products 

into PBS, and liquid extracts from these solubility studies proved to be harmless towards 

fibroblasts and osteoblasts. In the third segment, the in vitro efficacies of both the glass 

and the glass-gel composites towards E. coli, S. aureus, and C. albicans were evaluated, 

with liquid extracts from both the glasses and gels proving somewhat effective in 

inhibiting E. coli and C. albicans, and composites cross-linked in situ into agar plates 

proving slightly effective against both S. aureus and E. coli, and extremely effective 

against C. albicans. Finally, to confirm the functionalization of the polymers and to gain 

insight into the structural configuration of the composites, thermal analysis and 13C 

CP/MAS-NMR were conducted, revealing that the polymers had been successfully 

functionalized, that Ga-inclusion and increased glass content lead to an increased rate of 

degradation of the polymer network at high temperatures, and that the glass particles 

were most likely physically entrapped within the network, rather than chemically 

conjugated. The final test was to evaluate the in vitro anti-cancerous abilities of these 

materials, and both the TGa-2 glass, and the composites containing the TGa-2 glass, 

exhibited potential inhibitory properties towards MG-63 osteosarcoma cells. Overall, this 
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study proved that incorporating Ga2O3 into bioactive glass formulations does allow for 

the elicitation of some of the same therapeutic effects as the pharmaceutical Ga(NO3)3 

upon dissolution of Ga3+ from the glass network, and that these glasses can be combined 

with polymer hydrogels to form composites, which also demonstrate the ability to elicit 

these therapeutic effects. The success exhibited throughout these in vitro studies suggests 

that these materials have potential in bone void-filling applications, and offers ample 

evidence suggesting that these composites are worthy candidates for future in vivo 

studies. 
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FUTURE WORK 

 As was previously stated, these materials have been thoroughly characterized in 

the in vitro setting, and the bulk of the future work should be conducted in vivo, primarily 

involving rat models to determine if these composites actually provide some of the 

therapeutic effects that were observed in this study, once they are placed inside a living 

host. However, at this time, in vivo work of this magnitude cannot be conducted at Alfred 

University, but there are a few in vitro studies which could be carried out. In the current 

study, the cytotoxicity of these materials towards MG-63 osteosarcoma was discussed, 

however, there are other forms of bone cancer against which these materials have 

potential. Included in the appendix are the results for cytotoxicity tests conducted using 

NCI-H929 myeloma cells, which also suggested that TGa-2 liquid extracts were most 

effective for the glass samples, while composites containing 0.25 m2 TGa-1 were the 

most effective inhibitors out of the composites examined, but these cells are grown and 

used in suspension as they are cancerous blood plasma cells, which makes accurate data 

collection much more difficult than when using cells which attach to material surfaces. 

Myeloma cytotoxicity results from the current study are included in the appendix and not 

in the published studies because they contain large errors, so future work could focus on 

altering experimental parameters and re-conducting this work in order to obtain data with 

less error. Additionally, the anti-bacterial and anti-fungal work conducted in the current 

study strictly utilized liquid extracts for evaluation of the glass series, and although some 

inhibition was exhibited by these extracts, the literature suggests that the incubation of 

bacteria in physical contact with bioactive glass surfaces yields much greater inhibition, 

making it desirable for further anti-bacterial and anti-fungal evaluation to be conducted 

by incubating particles of this Ga-containing glass series in contact with E. coli, S. 

aureus, and C. albicans. 
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APPENDIX 

AI. Nuclear Magnetic Resonance (NMR) Fundamentals 

AI1. NMR Background 

Magnetic resonance is based on the interaction between an external magnetic field 

and a magnetically active nucleus that possesses spin. As a result of possessing spin, 

these nuclei have an angular momentum and a magnetic  moment.163 When a nucleus is 

placed in a magnetic field, there are two phenomena which are observed known as 

Zeeman splitting and nuclear precession. Zeeman splitting results in the creation of 2I + 1 

magnetic energy states, where I = the spin quantum number. When the atomic mass and 

number are even numbers, I = 0, and as a result, these nuclei do not express multiple 

energy levels when exposed to a magnetic field. This is why 12C nuclei are NMR-

inactive, while 13C nuclei are NMR-active. The angular momentum in the static external 

magnetic field (B0) undergoes the Larmor precession about the field direction. Equation 2 

describes this procession, which occurs with a frequency of: 

ω0 = γB0 ,      (2) 

where γ = the magnetogyric ratio (which is the ratio of the properties angular momentum 

and the magnetic moment) . This spinning angular momentum allows for magnetization 

of the nucleus. This can be envisioned as rotating system of coordinates, with x- and y-

axes which rotate with the frequency (ω0) about a z-axis, which is the field direction of 

the static magnetic field (B0).  A second magnetic field (B1) is then introduced, which can 

be set to oscillate at a specific radio frequency (RF). These specific RFs or “resonances” 

are used to observe magnetic characteristics of particular nuclei (1H, 13C, 29Si, etc.) in a 

material. After a 90º pulse of B1, the magnetization (µi) of the magnetic nuclei becomes 

fixed in the xy plane, and this transverse magnetization induces a signal decay or “free 

induction decay (FID)”. A Fourier transformation can then be conducted on the FID, 

yielding a spectrum.266 

AI2. Spin-Lattice and Spin-Spin Relaxation 

In an external magnetic field (B0), the equilibrium magnetization of a sample is 

aligned along the z-axis. If an RF pulse excites the spin system, this alignment is 
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disturbed and subsequently, the z-component of the sample’s magnetization (Mz)  

decreases. In order for the system to return to equilibrium, excess energy must be 

dissipated. Bloch’s equation (Equation 3) can be used to describe the rate at which a 

system returns to equilibrium268, and it is written as: 

𝑑𝑀𝑧

𝑑𝑡
=  − 

(𝑀𝑧−𝑀0)

𝑇1
 ,          (3) 

where M0 = the equilibrium magnetization of a sample, and T1 = the spin-lattice 

relaxation time. Once equilibrium has been disrupted, the magnetization of a sample may 

have components in the xy plane, and these components will also eventually return to 

equilibrium. Bloch’s equation can also be used to describe this phenomenon268, as seen in 

Equation 4: 

𝑑𝑀𝑥𝑦

𝑑𝑡
=  − 

𝑀𝑥𝑦

𝑇2
 ,    (4) 

where T2 = the spin-spin relaxation time, and is a characteristic time of specific molecular 

motions. The rate of xy relaxation may be larger than the rate of relaxation in the z-

direction, but it may never be smaller. If the FID decays at a rapid pace, that means the 

xy relaxation rate is high, and this will be reflected as a broadening in the spectrum. 

AI3. Chemical Shift and Anisotropy 

In molecules, the electrons which surround nuclei provide a magnetic shielding 

effect, and differences in the number and orientation of electrons surrounding nuclei will 

result in chemical groups possessing characteristic resonance frequencies. This magnetic 

shielding by electrons is called the chemical shift (δ), and is given in ppm in comparison 

to a reference. These chemical shifts occur because electrons are set in motion by the 

application of the z-axis magnetic field (B0), and these electrons also produce secondary 

magnetic fields, which can either enhance or oppose B0. It is important to realize that 

anisotropic electronic charge distribution exists within most molecules, and the shielding 

of a nucleus can be described by a nuclear shielding tensor with principal components of 

σxx, σyy, and σzz. With that in mind, the local magnetic field can be summarized in an 

expression269, which is written as seen in Equation 5: 

Bloc = (1 – σkk)B0 .     (5) 
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In an isotropic liquid, molecules are rapidly reoriented, so the shielding tensor is simply 

averaged. However, in complex materials such as hydrogels or glass-hydrogel 

composites, anisotropy is present and the tensor cannot be simply averaged to accurately 

describe the shielding effect. Instead, the chemical shift anisotropy, which is expressed 

by Equation 6, can be defined as: 

Δσ = σzz - 
(𝜎𝑥𝑥+ 𝜎𝑦𝑦)

2
 .     (6) 

AI4. Sources of NMR Signal Broadening in Hydrogel Samples 

The line width of an NMR signal is dependent on the internal mobility of specific 

chemical groups, and the overall tumbling of polymer molecules. The collisions which 

occur in isotropic liquids lead to the averaging of dipolar couplings of nuclear spins 

(interactions between polar molecules) and the shielding tensor, resulting in narrow lines 

appearing in the spectra. However, in systems such as hydrogels or glass-hydrogel 

composites, the motion of some chemical groups are extremely hindered, which means 

their dipolar interactions cannot be averaged, and broadening of the lines are observed in 

the spectra.270 Luckily, with modern solid-state NMR, we can remove much of the 

broadening introduced by dipolar couplings and chemical shift anisotropies by the magic 

angle (54.7º) spinning (MAS) of a sample, with typical rotational frequencies between 2-

35 kHz.271 In a heterogeneous gel or gel composite, a spectrum will be obtained which 

reveals narrow lines for mobile components of the material, and broader lines for the 

more rigid components, allowing for assignment of the chemical constituents, and a 

general sense of the rigidity of different chemical groups present. 

AI5. 1H-13C CP/MAS-NMR 

In the cross-polarization (CP) method, a characteristic 90º RF pulse on 1H nuclei 

is immediately followed by simultaneous RF irradiation of 1H and 13C nuclei. In order for 

this to occur, the Hartmann-Hahn match condition must be fulfilled272, which is given by 

Equation 7: 

ω1C = (γC𝐵1) = (γHB1) =  ω1H ,    (7) 

where 𝜔1 = the rotating precession frequencies, and γ = the magnetogyric ratios for 

protons and carbon. The 1H magnetization is larger than the 13C magnetization, and as a 
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result, cross-relaxation from protons to carbon will result in the increase of 13C 

magnetization by a factor of (γH/γC). This strong polarization of 13C nuclei that can 

interact with 1H spins results in improved NMR sensitivity, and in typical 13C CP/MAS-

NMR experiments using contact pulse times (tCP) of 50-2000 µs, this increase in 

sensitivity is observed through an increase in signal intensity of carbons directly bound to 

hydrogen, and in more complex/rigid systems, stronger dipole-dipole coupling resulting 

in narrower spectral lines. After reviewing the benefits of using 13C CP/MAS-NMR to 

probe the molecular structure of complex polymer materials, we elected to utilize this 

technique to analyze our materials to confirm that we had successfully functionalized our 

polymers, obtained cross-linking within the hydrogels, and also to investigate whether the 

introduction of glass particles into the system produced any dramatic effects in the 

molecular structure of the gels. 

 

 

AII. NCI-H929 Myeloma Viability 

AII1. Obtaining Liquid Extracts 

To obtain BG extracts, powder samples (n = 3), whose particle size information is 

displayed in Table 8, were weighed to contain 1 m2 of glass per incubation sample 

(Keenan et al.245), and were then submerged in 10 ml ultrapure water for periods of 1, 7, 

and 30 days. To obtain BG-hydrogel composite extracts, samples (n = 3) were submerged 

in 1 ml PBS for periods of 1, 7, and 30 days. After the incubation times were complete, 

the aqueous solution from each sample was removed and filtered using Amicon® Ultra-4 

Centrifugal Filters (Merck KGaA, Darmstadt, Germany). 

AII2. Methyl Tetrazolium (MTT) Assays 

The established cell line NCI-H929 Myeloma (ATCC®-CRL-9068™) was used in 

this study. NCI-H929 myeloma cells were cultured in HyClone® RPMI-1640 Medium 

(Thermo Scientific, MA, USA), which included 25 mM HEPES, L-glutamine, and 0.05 

mM mercaptoethanol, and was supplemented with 10 vol% FBS. Cells were maintained 

on a regular feeding regime in a cell culture incubator at 37˚C, with a 5% CO2/95% air 
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atmosphere. Cells were then seeded into 96 well plates at a density of 10,000 cells per 

well and incubated for 24 hours prior to the addition of extracts. The cytotoxicity of glass 

and glass-hydrogel composite extracts were evaluated using the Methyl Tetrazolium 

(MTT) assay. 10 μl aliquots of undiluted extract were then added into wells containing 

cells in culture medium (100 μl), and incubated for an additional 24 hours. 10 μl of the 

MTT assay was then added to each well and incubated for an additional 4 hours. After 4 

hours, the cultures were removed from the incubator, and the resultant formazan crystals 

were dissolved by first removing all of the aqueous media from each well, and then 

adding 100 μl of MTT Solubilization Solution (10% Triton x-100 in Acidic Isopropanol. 

(0.1 n HCI)). Once the crystals were fully dissolved, the absorbance was measured at a 

wavelength of 570 nm using a µQuant Plate Reader (Bio-Tek Insturments, Inc., VT, 

USA). 10 μl aliquots of PBS were used as control additions, and cells were assumed to 

have metabolic activities of 100%. Glass and glass-hydrogel composite extracts in media 

without cells were also tested, and were found not to interfere with the MTT assay. 

AII3. NCI-H929 Myeloma Results 

 Cell viability analysis was conducted using liquid extracts which were obtained 

after incubation of glass powder samples in ultrapure water, and glass-hydrogel 

composites in PBS, for periods of 1, 7, and 30 days. Figure 56 presents the in vitro 

cytotoxicity of the glass extracts towards NCI-H929 Myeloma, and as was seen for the 

other cancerous cells, MG-63 osteosarcoma, TGa-2 extracts that were obtained after 30 

days of incubation exhibited the largest decrease in NCI-H929 viability, decreasing to 

61% viability. The in vitro cytotoxicity of extracts obtained from the glass-hydrogel 

composites was also evaluated, and these results are presented in Figure 57. These results 

cannot be considered extremely reliable due to the extremely large errors that are present, 

however, from this data, it appears that composites containing 0.25 m2 TGa-1 produced 

the extracts which were most effective in inhibiting NCI-H929 myeloma viability, 

decreasing viability to 65% after 30 days of composite incubation. Although the results 

for the composites do not directly correlate with the results observed for MG-63 

osteoblasts, NCI-H929 myeloma viability analysis suggested that for both the glasses and 

glass-hydrogel composites, the Ga-containing samples were capable of reducing viability 
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after 30 days of incubation, suggesting that perhaps the Ga3+ ions present in these extracts 

was able to interfere with the Fe-transferrin pathway in both cancer cell lines. Further 

work should be conducted in order to reduce error, and produce more reliable results 

which can be statistically analyzed for more accurate determination of extract effects. 

 

 

Figure 56. NCI-H929 myeloma viability for extracts obtained from Control, TGa-1, and 

TGa-2 glasses after incubation periods of 1, 7, and 30 days. 
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Figure 57. NCI-H929 myeloma viability for extracts obtained from Blank hydrogels and 

glass-hydrogel composites after incubation periods of 1, 7, and 30 days. 
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