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Functionally Graded Bioactive Coatings: from Fabrication to testing

By Silvia Foppiano

Abstract

Every year about half a million Americans undergo total joint replacement surgery of some

kind. This number is expected to steadily increase in the future. About 20% of these patients

will need a revision surgery because of implant failure, with a significant increase in health

Care COSt.

Current implant materials for load bearing applications must be strong enough to support the

loads involved in daily activities, and bioinert, to limit reactivity in the body that may cause

inflammatory and other adverse reactions. Metal alloys are typically used as materials for

load bearing implants and rely on mechanical interlocking to achieve fixation which can be

improved by using bone cements.

To improve implant osteointegration, metal implants have been coated with a bone-like

mineral: hydroxyapatite (HA). The plasma spray technique is commonly used to apply the

HA coating. Such implants do not require the use of bone cement. Plasma sprayed HA

coated implants are FDA approved and currently on the market, but their properties are not

reproducible or reliable. Thus, coating delamination can occur.

Our research group developed a novel family of bioactive glasses which were enameled

onto titanium alloy using a functionally graded approach. We stratified the coating with

different glass compositions to fulfill different functions. We coupled a first glass layer,

with a good CTE match to the alloy, with a second layer of bioactive glass obtaining a

functionally graded bioactive coating (FGC).
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In this thesis for the first time the cytocompatibility of novel bioactive glasses, and their

functionally graded coatings on TióAl4V, was studied with an in vitro bone model

(MC3T3-E1.4 mouse preosteblast cells). The novel bioactive glasses are cytocompatible

and no compositional change is required. The fabrication process is reproducible,

introduces a small (average 6 vol%) amount of crystallization, which does not

significantly affect bioactivity in SBF as tested. The coatings are cytocompatible, but

should be preconditioned in SBF prior to their use. Preconditioning stabilizes the

coatings, eliminates possible contaminants introduced during processing and handling,

and yields dissolution products capable of inducing specific gene expression (e.g. Runx

2). Future research will involve identification of such dissolution products as well as in

vivo testing.

^*. ºv. /6--&
Dr. Grayson W. Marshall (Dissertation Committee Chair)
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Chapter 1

Introduction



Preface

This introductory chapter provides an overview of common problems related to the

failure of load bearing implants for both orthopedics and dental applications.

It illustrates what characteristics guide the choice of materials for implants, and attempts

that have been made to improve the bone-bonding interface and provide bioactivity. One

such attempt resulted in the fabrication of novel functionally graded coatings of bioactive

glasses on titanium alloy (TióAl4V) which are the center of this thesis.

The hypothesis and goal of this research are then illustrated together with an outline of

the rationale behind the tests conducted and reported in each following chapter. Last, a

general background is provided and an historical perspective.

Introduction

In this work different aspects of the fabrication process and in vitro osteoblastic response

to novel composite materials are investigated. These novel materials are functionally

graded enameled coatings (FGC) of bioactive glasses on titanium alloy (TióAl4V) and

their ultimate use may be as implant materials for orthopedic or dental applications. A

cross-disciplinary approach is key to understanding and improving the relationship

between materials and tissues. Critical input from materials scientists, biomechanics

engineers, cell and molecular biologists, orthopedic and oral Surgeons is required to

design, develop and study biomaterials for these particular applications. Effective

communication between these areas of science is necessary but complicated by the fact

that the language and methodology of one is very different from the others. Success in

this field cannot be obtained without a constant dialogue communicating methods and



results. Only when these different disciplines crossed paths, mostly in the last century,

substantial progress was achieved.

Success rate of load bearing implants

How to design implants to replace teeth and bone damaged or lost because of trauma or

disease is an important scientific and clinical question. From 1994 to 1999 the number of

hip and knee joint replacement performed in the U.S. steadily increased to reach a

combined total of about 500,000 surgeries." Because of the extended life expectancy of

the Western world population and the increasingly younger age of patients, we can

predict that this number is destined to increase in the future. An estimated 20% of

implants fail within 15 years, and will require a second, usually less successful, revision

surgery.” The success rate of dental implants is higher but also more difficult to estimate

because of lack of standardized implant placement techniques, and success criteria. In

general, the quality of bone is a crucial factor. Implants in bone classified as type IV,

with low density trabecular bone and a thin layer of cortical bone, fail at a much higher

rate than those in bone of type III, II and I, that have increasingly higher density and

amount of cortical bone.”. Location is another variable, for example dental implants of

the Branemark type are more successful in the mandible (90%) than in the maxilla

(80%)." A number of factors can contribute to implant failure including: infection, poor

quality of the bone (e.g. osteoporotic bone), stress shielding due to modulus of elasticity

mismatch, and operator error.’ Bioinert materials with inappropriate tribological

properties can result in loosening of the implant, and release of particulate debris in the

surrounding tissue, often with cytotoxic effects.” Furthermore, if the implant is not

well-fitting and/or is loaded at an inappropriate time it will be encapsulated by fibrous



tissue. Bone is highly responsive to mechanical stress such as gravity,” when improper

transfer of stresses across the bone-biomaterial interface occurs, (caused by either a too

stiff material or the presence of a fibrous tissue surrounding the implant)," bone

resorption or osteolysis, leading to loosening and ultimately implant failure often

occurs.” The heat developed by the reaming procedure during surgery (as well as the

heat developed by the setting reaction of bone cements)" should be controlled to avoid

formation of necrotic bone, which further complicates the bone remodeling as does

infection.” Among the relevant factors underlying implant success is the formation of

a bond between implant and bone. Failure to establish this “bond” and to maintain it

during implant function is the main cause of failure in dental and orthopedic implants.

Materials for load bearing implants

Similarly to other organs such as liver and kidney, bone has parenchymal and stromal

components. The stroma provides the scaffold that supports the physiologically

competent parenchyma. Remarkably, the ability of an organ to heal, regaining function,

is highly dependent on the preservation of the stroma. Many approaches to bone

regeneration are based on the fabrication of scaffolds that mimic the natural bone stroma

and involve the fabrication of hydroxyapatite frameworks with interconnected porosity of

specific size that attempt to recreate the harvesian system of cortical bone or the

trabecular network of cancellous bone. Such scaffolds have found limited use, and

because of poor biomechanical properties they are unsuitable for load bearing

applications.” The choice of materials suitable for dental and orthopedic implants is

limited by a combination of factors, including biocompatibility and mechanical

properties. Bioinert materials with suitable mechanical properties, such as stainless steel,



titanium and cobalt chromium alloys (i.e. 316L, TióAl4V and Co-Cr-Mo), are commonly

used for making implants. Their retention relies on mechanical interaction due to the

presence of either a synthetic bone cement or a mesh-like modified surface to allow bone

ingrowth.” Several approaches have been used to modify implant surfaces in order to

increase contact with bone, generating true osteointegration, i.e. without intervening

layers of fibrous tissue of anythickness." The most common approach is implant coating

with plasma sprayed hydroxyapatite (HA), a mineral closely related to bone apatite, or a

similar calcium phosphate. In vivo animal models showed that bone bonds readily to

plasma sprayed HA coatings.” A major problem of this coating method is that it

requires high temperatures and yields non-homogeneous coatings with large amounts of

amorphous calcium phosphates.” The unpredictable solubility of the amorphous

phases and the lack of reliable bonding between metal and coating might cause coating

delamination under tensile loads, resulting in unreliable implants.” Other coating

techniques, such as magnetron sputtered deposition,” ion beam assisted deposition,” sol

gel coating," surface induced mineralization" and others” have been investigated. All

these techniques yield coatings with similar drawbacks to the plasma sprayed ones such

as unreliable adhesion, continuous coating dissolution, variability in surface topography

and phase formation.

Bioactive glasses

In 1969 Hench and his colleagues developed glasses termed “bioactive” according to this

definition: “a bioactive material is one that elicits a specific biological response at the

interface of the material which results in the formation of a bond between the tissues and

the material”.” Biomaterials used for bone implants can be classified as bioinert or



bioactive depending on their surface reactivity. Bioinert materials do not form direct

strong “bonds” with bone, while bioactive ones do.” There is some controversy about

the nature of this bond. Transmission electron microscopy (TEM) studies indicated that

collagen fibers are interdigitating with a bioactive material’s surface,” but what

anchors collagen molecules to the implant? Other studies indicated the presence of

mineral in direct apposition to implanted bioactive glass-ceramics.” Is there also a

chemical bond involved, and between what molecules or atoms? These are still

unanswered questions. In the environment of the body a bioactive glass undergoes

surface reactions that lead to the formation of apatite-like mineral, resulting in the “direct

bond” to bone.” The reaction rates should also be appropriate; glasses that react too

slowly can show reduced bioactivity.” Immersion of bioactive glasses in simulated body

fluid, an electrolyte solution similar to blood plasma, is widely accepted as the in vitro

test to predict in vivo bioactivity.” In such solution bioactive glasses show a dynamic

chemical behavior which can be summarized as follows: 1) ion leaching, 2) loss of

soluble silica and alkalinization of the environment, 3) re-polymerization of the Si-rich

surface (formation of silica gel film), 4) migration of calcium and phosphates from the

subsurface through the silica gel layer with concomitant incorporation of soluble calcium

and phosphates from the solution into an amorphous layer and 5) crystallization of a

calcium phosphate layer by incorporation of hydroxyl groups from the solution to form

apatite-like mineral. 18

Leaching of alkali, or alkaline earth elements, occurs rapidly because they are modifiers

and not part of the glass network. Dissolution is due to breaking of the silica network and

release of silica in solution. This leads to the formation of a silica-rich gel layer on the



glass surface whose formation is an inverse function of the initial silica content of the

glass. SiO2 content seems to be the primary limiting factor affecting glass bioactivity.

About 59 wt.% has been reported as the compositional upper limit for bioactivity of melt

derived glasses.” There is almost no limit for sol-gel derived glasses because of their

high-surface areasilica-rich layer formation.” It has been reported that formation of

"" and growth of calciumthe silica gel layer may have a pivotal role in the nucleation

phosphates, and therefore on the bioactivity of the glass.” Other researchers did not

find any direct evidence for this.” In simulated body fluid, precipitation of calcium

phosphates onto sol-gel processed glasses seems to be promoted by" but independent of

the phosphate content of the glass itself.” From these reports it seems that silicon

dissolution is critical for glass bioactivity. Any compositional and microstructural

modification of a bioactive glass and conditioning solution results in alterations of the

reaction steps and silica gel formation.

One particular bioactive glass composition, Bioglass” (also known as 45S5), has found

many non-load bearing applications: as replacement for the bony ossicular chain in the

65,66 44,67middle ear” to augment the orbital volume of the eye, as a ridge maintenance

implant” and bony defect filler in periodontics.” Bioglass” interactions with bone (in

vivo and in vitro) have been extensively studied.” It is known that bioactive

glasses are not strong enough to withstand loads, and attempts to coat metals or ceramics

with Bioglass" resulted in unreliable glass-metal bonding.” Our research group

recently developed a family of bioactive glasses in the SiO2-CaO-MgO-Na2O-K2O-P2Os

system with compositions based on Bioglass", (with the same P2O5 wtº/6, but variable

SiO2 and additional oxides) that were used to develop novel coatings using a functionally



graded approach. Nature is the first “engineer” of functionally graded materials, with

structural and compositional transitions that serve the purpose of resisting breakage due

to environmental forces (e.g bamboo, bone, the layered composition of the Earth itself).”

Our research group (under the leadership of Dr. Antoni P. Tomsia at the Lawrence

Berkeley National Laboratory) applied these principles to the development of bioactive

glass coatings; several glass compositions were designed, and selectively coupled to meet

the specific functions of matching the coefficient of thermal expansion of TióAl4V (for a

reliable bond to the metal) and providing bioactivity (needed for a bond to bone).”

The scope of this work

In this research I conducted the experiments to provide a foundation to understand how to

properly prepare and test cell interactions with functionally graded coatings (FGC) of

novel bioactive glasses on TióAl4V prepared by the enameling technique.

The hypothesis is that the reaction products released from bioactive glasses exposed to

buffered proteinaceous solutions and the resulting surface modifications significantly

alter osteoblast behavior (e.g. adhesion and proliferation) and consequently determine the

osteoconductive properties of the material.

The ultimate goal of this research is the proactive design of bioactive surfaces that elicit

prompt and positive osteoblastic response, leading to faster healing times and true

osteointegration.

In Chapter 2 the hypothesis is tested that two novel bioactive glass compositions in the as

cast form, do not elicit adverse reactions and are cytocompatible. This was done prior to

the fabrication and testing of functionally graded coatings (FCGs) following FDA

recommendations.” Our novel glasses differ significantly from the well known



Bioglass", and it was necessary to assess their cytocompatibility prior to coating

fabrication to determine whether components of the glass needed to be removed or

replaced due to cytotoxic effects. This seemingly trivial step later proved to be crucial:

when the FGCs showed mild cytotoxicity (Chapter 5 “Incompletely Resolved Issues”)

without these data it would have been difficult to determine the source of the problem

(glass composition, or contamination during the fabrication process).

In Chapter 3 the FGC fabrication process was validated by assessing its reproducibility.

Furthermore the effect that the thermal treatment involved in the enameling technique

had on glass microstructure, and bioactivity was assayed. Testing non reproducible

samples has no utility in science.

Chapter 4 assessed the stability of the coatings under cell culture conditions. The

dynamic exposure to protein containing solutions of both in vivo and in vitro cell culture

conditions, can reportedly destabilize the glass silica network.” Bioglass” particles

were hollowed by such conditions, resulting in calcium phosphate shells with complete

dissolution of the internal silica network.” We hypothesized that a similar effect might

have occurred on FGCs (even if the glass compositions were significantly different) with

negative effects on coating stability (i.e. causing delamination). Furthermore we

identified a preconditioning treatment that protects the subsurface silica network from

fast degradation.

Chapter 5 reports negative results that are nevertheless very informative. In the process

of testing osteoblastic proliferation on FGCs, initial sets of experiments yielded

inconsistent results. Increasing the number of replicate experiments showed a transition

to consistent results indicating a mild cytotoxic effect due to the FGCs. This together



with the results of Chapter 2 indicated that contamination occurred during the coating

fabrication process. In this chapter it is illustrated that lower proliferation was due to a

reduced cell viability induced by contaminants that leached into solution. The

identification of the contaminant/s was attempted using inductively coupled plasma spray

mass spectroscopy (ICP-MS) but was not conclusive. We could not determine whether

the contaminant agent was located on the surface of FGCs only or in the bulk of the

coating as well. Nevertheless the same preconditioning treatment that slowed down

subsurface silica network degradation proved also to be effective in the “neutralization”

of contaminant/s that were introduced in the FGC during the fabrication process.

Chapter 6 tested the hypothesis that preconditioned FGCs are cytocompatible and

suitable substrates for osteoblast mineralization. Another objective was to determine

whether FGCs can affect the expression of genes involved in osteogenesis by means of

their dissolution products. This opens the possibility of modifying the composition of a

material in order to induce the expression of a desired gene or set of genes.” We used

real time reverse transcription polymerase chain reaction (real time RT-PCR) to test the

effect on few selected genes. It has been reported that Bioglass" dissolution products

alter human primary osteoblast gene expression. Unfortunately the use of microarray

technology yielded a large amount of data that was difficult to interpret.”

Chapter 7 includes discussion, conclusions and future work.

General background

Osteogenesis

In vivo bone forms mainly through two processes that initiate during embryonic

development: intramembraneous formation for flat bones (e.g. most of the bones of the

*

.
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face, skull, and the pelvis); endochondral formation for long bones (e.g. vertebral

column, limbs). The intramembraneous process requires the formation of an

undifferentiated aggregation of mesenchymal cells into a membrane. This gets invaded

by blood vessels and osteoprogenitor cells. Upon differentiation into osteoblasts these

cells deposit organic bone matrix that will mineralize.” In endochondral ossification a

cartilaginous model formed in embryonic development is replaced by bone in a step-wise

fashion. Mineralization of some regions of the cartilage matrix will occur, followed by

vascular invasion, differentiation of osteoprogenitor cells into osteoblasts, cartilage

resorption and deposition of mature lamellar bone.” These two processes occur

throughout life in bone healing of different types of fractures.”

In vitro it is possible to obtain, from bone fragments, a population of cells expressing

significant levels of osteoblastic phenotypic markers (e.g. alkaline phosphatase,

osteopontin and osteocalcin). Once in culture, these cells can undergo a program of

proliferation, differentiation and mineralization.” These steps are similar to what

happens in vivo and underline the biological relevance of osteoblast culture systems as

models to study osteoblasts. During active proliferation genes associated with cell cycle

and cell growth are up-regulated (e.g. histone, c-myc, c-fos, c-jun). Genes associated

with the formation of the extracellular matrix (ECM) are also up-regualted (e.g. collagen

type I, transforming growth factor■ (TGF-3)). These are then down-regulated and

maintained at a low basal level during the next stages of differentiation. During

differentiation expression of osteoblast markers (e.g. alkaline phosphatase) is increased

and ECM composition is modified. Just before the onset of mineralization alkaline

phosphatase activity increases. It promotes hydrolysis of phosphates producing

11



orthophosphates essential for crystal formation.” When mineralization occurs,

osteoblasts release matrix vesicles containing high concentrations of calcium and

phosphates and calcium – phospholipid complexes, and other genes are up-regulated (e.g.

osteopontin, osteocalcin).”

Bone matrix

Bone is a composite material made of organic (more than 20 wtº/6 wet) and inorganic

(about 65 wtº/6 wet) components plus 10 wt % of water. The organic components, mainly

collagen type I with small amounts of types V and XII, confer the ability to resist tension

to the bone. The inorganic matrix, the mineral phase, allows bone to resist compression

and withstand loading activities. Its other main role is as a reservoir of ions necessary for

physiological functions (e.g. of the nervous system) and biochemical reactions. In fact

about 99% of the body’s calcium, 85% of phosphorus, and 40 to 60% of the total body

sodium and magnesium reside in the bone associated with mineral crystals. Bone crystals

are mainly apatite, partially substituted with carbonated ions (Calo[PO)6CO3) with

incorporation of other ions.” In bone, solid calcium phosphates form from soluble

calcium and phosphates in the extracellular matrix. Upon precipitation, the crystallinity

increases over time, but it is generally less than synthetic hydroxyapatite formed in vitro

in SBF.” Implanting a bioactive material in bone will affect osteoblast metabolism

locally and possibly systemically. A clear understanding of the degree of reactivity of

such a material and its effect on bone is crucial for the selection of better implants.

Osteoblast interactions with biomaterials

It is well known that osteoblasts can discriminate between different surface chemistries

and also between the same chemistries with different microcrystallinity and

12



topography.” Tissue culture experiments often give contradictory results and a sound

comparison of the available data is difficult due to the variety of cell types used. For

example, Bioglass” increased cell proliferation of fetal rat osteoblasts," but had no

effect on mice calvaria osteoblasts.” It is known that significant protein adsorption

occurs on substrata within seconds." Fibronectin was selectively adsorbed on calcium

phosphate coated bioactive glasses and caused enhanced cell adhesion." When different

substrates adsorbed the same amounts of fibronectin, cell adhesion was enhanced only on

calcium phosphate coated bioactive glasses, suggesting a substrate-dependent

conformational change." It is not clear whether an implant surface coated with calcium

phosphates is preferable to a Si-rich 'gelated one to enhance protein adsorption and how

it affects osteoblast adhesion. In vivo, protein adsorption will occur simultaneously with

the reactions leading to the formation of silica-gel, ultimately resulting in a Si-rich matrix

containing a mixture of amorphous phosphates and proteins." The gel matrix could

preserve the embedded proteins (e.g. growth factors) from protease degradation, causing

enhanced bone regeneration." On the other hand the protein rich amorphous phosphate

surface is permeable to fluids and leads to the degradation of the underlying silica

network.” In vitro studies suggested that hydroxyapatite may exert a stimulatory effect

on marrow stromal stem cell differentiation." and osteoblast-like cell mineralization."

The mechanism is unknown: the calcium phosphate’s topography might have an effect,

as well as the adsorbed proteins and the products of dissolution. Some in vivo

experiments indicated that primary calcification during bone healing is significantly

affected by the surface properties of the implant and the effect was apparent also in the

contralateral limb. Bone bonding and non-bone bonding implant materials elicited

ºº£.ºº*
.
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specific enzymatic activity in matrix vesicle-enriched micrososmes (MVEM). Enzymatic

activity in the MVEM isolated from the contralateral limb reproduced those of the treated

limb with less intensity.” This indicates a systemic effect underlying the importance

of products of dissolution on bone metabolism. Few papers addressed the response of

osteoblasts to bioactive glass reaction products at the molecular level. Ionic products of

dissolution of Bioglass” particles altered human osteoblast cell metabolism” and caused

up-regulation of genes involved in cell proliferation and differentiation, identified by

microarray analysis.” It has been reported that the level of mineralization of the

extracellular matrix affects bone-implant bonding." It is clinically desirable for

osteoblasts to readily deposit mineralized matrix on the implant surface, supplying

mechanical stability and minimizing motion-induced damage at the implant site." In

vivo studies of various bioactive glass-ceramics had one result: bone bonded with the

materials through an intervening layer of calcium phosphates.” It is still unclear whether

pre-conditioning of the implant to obtain precipitation of apatite-like calcium phosphates

might be advantageous to osteoblast differentiation and mineralization. A biomaterial

engineered to induce specific gene expression and enhance osteoblastic mineral

deposition could be of significant clinical use.

Historical perspective

Dentistry dealt with replacing missing teeth significantly earlier than orthopedics faced

the issue of replacing a joint. The ancient Egyptians described in the papyrus of Ebes

(3500-1500 B.C.) several treatments for toothache, and wooden artificial teeth have been

found in Egyptian sarcophagi. The Etruscans, or early Italians (~1000-200 B.C.)

attempted to replace missing teeth with artificial ones, from calf or cow, re-shaped and

14



held in place by gold wires and screws. The ancient Chinese (~2700 B.C.) used

acupuncture to relive toothache and believed there were “worms” excavating teeth. The

Law of the Twelve Tables written in Rome in 450 B.C., considers legal the burial or

cremation of corpses without removing the gold that was binding the teeth together, and

specimens of bridgework emerged from the tombs. The Greeks worshipped Aesculapius,

the God of Medicine, but it is to Hippocrates that the title of “father of Medicine” was

granted. Hippocrates was born about 460 years B.C. and devoted his life to the study of

medicine. He wrote about dental extraction, realized that teeth are formed before birth

and invented crude dental instruments. As dentistry evolved certain superstitions

persisted, in fact the ancient Chinese belief of the existence of dental worms survived

throughout the Middle Ages until in 1728 Pierre Fauchard (from Brittany) published Le

Chirurgien Dentiste (The Dentist Surgeon) marking the beginning of modern

dentistry.” Dental root implants were introduced as early as 1807 by Jourdan and

Maggiolo and not extensively used for over 100 years. Detailed report of this technique

was given only in 1912 by Dr. E.J. Greenfield at the Washington meeting of the National

Dental Association."

In orthopedics diseased joints were usually removed without any attempt to replace them

and restore function. Several reports of joint resections can be found between 1536 and

1831; at this latter date the publication of the book “The excision of diseased joints” by

Dr. James Syme from the University of Edinburgh made the general practice of resection

arthroplasty official."

Removal of the affected joint was not followed by any attempt to restore function; total

loss of motion or, ankylosis, was either expected or desired. In 1840 the innovative

º

15



concept of interpositional arthroplasty was introduced by Dr. Carnochan. The New York

surgeon was reported to be the first to attempt to restore motion to a patient’s ankylosed

jaw, by placing a small piece of wood between the raw bony surfaces of the joint. This

opened the field to several creative attempts to restore articular motion by the

interposition of a variety of materials. Between 1878 and 1906, adipose tissue, muscle

and connective tissue, thin platinum plate, pig’s bladder, gold foil and periosteum were

used by different surgeons in various countries." Between 1920 and 1950 extensive

research was conducted in interpositional arthroplasy with materials such as glass and

Pyrex, rubber, plastics (Lucite and plexiglas), cellophane and nylon. In 1923, for the first

time, glass cups were used in hip reconstructive surgery by Dr. Smith-Petersen from

Boston. The glass cup, placed to cover the articulation, proved to be too brittle, and after

attempts with Pyrex, in 1937 Dr. Smith-Petersen experimented more successfully with

cobalt-chromium cups.

The field of prosthetic arthroplasty developed around 1890 when Themistocles Glueck

introduced a new idea involving the fixation of an implant by means of a cement. An

ivory prosthesis was fixed with a cement of colophony, pumice and gypsum.'" Metals

such as iron, platinum and stainless steel, were later used to provide a more lasting

implant. In 1938 Charles Venable and Walter Stuck developed Vitallium, a cobalt

molybdenum-chromium alloy that resisted corrosion and was then used for hip

replacement. In the early 1950s several metal hip prosthesis designs were developed and

attempts were made to match them with a Smith-Petersen acetabular cup. In the 1950s

and 1960s the design of prostheses improved, and the use of dental acrylic for fixation

became more common in orthopedic surgery." " It took a combination of discoveries

16



to remove major roadblocks to the development of modern oral and orthopedic surgery:

the use of surgical anesthesia (1842), the invention of the hypodermic syringe (1853) for

more effective anesthetic delivery, the discovery of Roentgen rays (X-rays) (in 1895 but

l,' * and the importance ofnot used in dentistry until 1920) as a crucial diagnostic too

antisepsis (brought about by Dr. Hunter's speech “The role of sepsis and antisepsis in

medicine” in 1910 Note: surgeons used to operate with bare hands, unmasked face and

wearing street clothes)" to mention just a few. The science of biomechanics together

with an understanding of tissue reactions to materials and materials’ reactions to bodily

fluids is still evolving. The design, choice of material and fixation technique are active

areas of research, prompted by the fact that in spite of exceptional accomplishments a

high percentage of implants still fail.

Many of the dentists and surgeons of the past were excellent craftsmen. Each generation

refined previous ideas and techniques and from their mistakes a true science evolved.

Looking back at materials used in the past you may want to chuckle, but we did advance
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The influence of novel bioactive glasses on in vitro osteoblast behavior
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Abstract

Implant success requires a direct bond between bone and implant surface. Bioinert

implants, such as titanium alloys, are commonly plasma-spray-coated with a bone

bonding, bioactive material such as hydroxyapatite. Such coatings tend to be chemically

and topographically inhomogeneous without reproducible properties. A family of

bioactive glasses that can be enameled and reliably adheres to titanium alloy has been

developed. In this study the cytocompatibility of two of these glass compositions was

tested in the as-cast condition. The effects of these glasses on the early and late events of

osseous tissue formation in vitro were determined with MC3T3-E1.4 mouse osteoblast

like cells. MC3T3-E1.4 cells were cultured on glasses containing 55 and 50 wtº SiO2,

Nºwith titanium alloy (TióAl4V) and tissue culture polystyrene as controls. Cellular

adhesion and proliferation, and alkaline phosphatase activity were studied over 5-15 days

in culture. Qualitative and quantitative assays of mineralization were conducted. The

osteoblast-like cells showed increased proliferation when grown on a bioactive glass

containing 50 wtº/6 silica. However, the adhesion, differentiation and mineralization

behavior were similar on both glass compositions used in this study. These bioactive

glasses proved to be cytocompatible substrata for osteoblast-like cell culture, and yielded

higher cellular proliferation than titanium alloy.

Introduction

The long term success of orthopedic and dental implants depends on osteointegration." A

number of factors affecting osteointegration include: implant material, design, surface

chemistry and topography, quality of the bone, wound healing process, and operator

error.” Bioinert materials with suitable mechanical properties, such as stainless steel,
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titanium and cobalt chromium alloys (i.e. 316L, TióAl4V and Co-Cr-Mo), are commonly

used for making load bearing implants.” Their retention relies mostly on mechanical

interaction. Bioinert implants often become encapsulated in fibrous tissue, which results

in the lack, or improper transfer of stress across the interface, thereby loosening the

implant or fracturing the adjacent bone."

To improve implant-bone bonding, metal alloys are commonly coated with

hydroxyapatite (HA) by plasma spray” or other techniques." Each technique presents

pitfalls that result in partial crystallization and/or poorly controlled macro and micro

porosity that affect the reproducibility, stability and long term performance of the

coatings." Metal alloys also can be coated with some bioactive glasses by the plasma

spray technique,” subject to the same drawbacks. Glasses of bioactive compositions

allow the formation of a biological apatite layer, similar to natural bone, on their surfaces

in vitro when immersed in simulated body fluid (SBF). This is a cell and protein-free

solution reproducing the ionic concentrations of blood plasma.” The formation of this

layer is thought to be responsible for the bone-bonding characteristics of bioactive

glasses.” Bioglass", has found many non-load bearing applications and its interactions

with bone in vivo, and with osteoblast cultures in vitro, have been extensively studied.”

It is known that bioactive glasses are not strong enough to withstand loads, and attempts

to use Bioglass” as an implant coating resulted in unreliable glass-metal bonding.” ,23

A family of bioactive glasses has been developed that can be enameled onto TióAl4V

yielding a reliable coating” while retaining bioactivity.” These glasses have the same

phosphate content as Bioglass", but differ in the amounts of other oxides. They also

contain potassium and magnesium oxides, which are absent in Bioglass”, and allow a
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better match to the coefficient of thermal expansion of TióAl4V. An enameled bioactive

coating may provide the desired interfacial attachment to bone, extending implant life.

More uniform surface texture, better adhesion and controlled chemical composition of

bioactive glass coatings may make them more reproducible and reliable than plasma

sprayed HA. To successfully fabricate functionally graded coatings on TióAl4V, the

compositional limit for the top layer is about 53 wtº/6 SiO2. Since the chemical

compositions of the glasses in this study differ significantly from Bioglass”, it is logical

to test their cytocompatibility. As suggested by ASTM F748-98,” we first tested the

glasses as cast without engaging in the coating fabrication process, to determine whether

the glasses contain components that, once leached into solution, may adversely affect

osteoblast-like cell activity. It was hypothesized that these glasses do not have a

detrimental effect on osteoblast-like cellular behavior and are cytocompatible. The

objective of this study was to screen for possible adverse reactions and/or differences in

cellular response to the two glass compositions. We assayed cell adhesion, proliferation,

differentiation and mineralization behavior of the mineralizing subclone of the mouse

osteoblast-like cell line MC3T3-El: MC3T3-E1.4 applied to two bioactive glasses and to

the control substrates, TióAl4V and tissue culture polystyrene.

Materials and methods

Glass preparation

Glasses in the SiO2-Na2O-K2O-CaO-MgO-P2O5 system were prepared by mixing the

reagents in propanol using a high speed stirrer for 1 hour followed by drying at 80°C for

12 hours.” The P2Os content was 6 wtº/6 for both glasses, therefore designated 6P

followed by their SiO2 content in weight percent (Table 1).
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The reagents were SiO2 (99.5% Cerac Inc. Milwaukee, WI), CaCO3 (99.9%, J.T. Baker

Phillipsburg, NJ), MgO (98.6%, J.T. Baker, Phillipsburg, NJ), K2CO3 (99% Allied

Chemical, Minneapolis, MN), NaHCO3 (99.5% J.T. Baker, Phillipsburg, NJ), and

Na2HPO4 (99.7% Allied Chemical, Minneapolis, MN). After drying, the mixture was

fired in air in a Pt crucible for 5 hours at 1400°C. The melt was cast in a pre-heated

(200°C) graphite mold yielding glass bars (~2 x 2 x 8 cm) that were annealed at 500 °C

for 6 hours to relieve internal stresses. The annealed bars were subsequently cut

perpendicularly to the long axis into square samples (~ 2 x 2 x 0.2 cm) with a low speed

diamond saw (Isomet, Buehler, Ltd., Lake Bluff, IL). Each sample was

metallographically polished with diamond suspension to 1 pum (Buehler, Ltd., Lake Bluff,

IL). Samples were then reduced to squares of 1.5 x 1.5 x 0.2 cm by grinding down the

sides. The resulting glass squares fit snugly into the wells of 12 well tissue culture

polystyrene plates (B-D Falcon, Becton Dickinson, Franklin Lakes, NJ), which prevented

the samples from moving and therefore avoided the breakage of the cell layer when the

plates were handled for medium replenishment. Cutting and polishing was done in

isopropyl alcohol due to the reactivity of the glasses in aqueous solutions. Titanium alloy

(TióAl4V Goodfellow Ltd., Huntingdon, UK), similarly cut into squares and polished,

served as control together with tissue culture polystyrene (TCPS) (the bottom of the

wells). Prior to sterilization in dry heat at 250 °C, the samples were cleaned by

Sonication in acetone and isopropyl alcohol for 5 minutes each. Sterile samples were

placed in 12 well tissue culture plates under sterile conditions.

Cell culture
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MC3T3-E1.4 mouse osteoblast-like cells were obtained from Dr. Tamara N. Alliston (Dr.

Rik Derynck’s laboratory, University of California, San Francisco). This is a well

characterized mineralizing subclone of the mouse osteoblast-like MC3T3-El cell line.”

"Cells were grown in an incubator at 37°C and 5% CO2 atmosphere, in o-modified

Eagle's medium (o-MEM) supplemented with 10% fetal bovine serum (FBS) and 1%

antibiotics (penicillin and streptomycin) and passaged every 4-5 days. Cells were used

between passage 10 and 20. In all experiments cells were plated at an initial density of

50,000 cells/cm3; previous studies showed that this cell density results in optimal

expression of osteoblast markers.”

Cell adhesion

Cells (50,000 cells/cm density) were seeded in 30 pull aliquots on the center of each

sample and control material. Cells were allowed to adhere for 10 minutes before the

wells were gently flooded with the medium (1 mL/well). We consistently used 1 mL

medium/well to reduce the variability of glass dissolution which is known to be a

function of the solution volume.” Three hours after flooding, the supernatant containing

non-adhering cells was removed, and replaced with fresh medium. The number of

adhering cells was assayed using a commercial kit (CellTiter 969 Promega Corp.

Madison, WI), based on the metabolic activity of living cells (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide) (MTT) assay). The MTT solution added to each

well was incubated for 4 hours at 37°C. After the formation of the crystal formazan

product the square samples (glasses and TióAl4V) were transferred from the original

tissue culture plate and placed into the wells of a new one. This way only the crystals

formed on the samples were dissolved. To dissolve the formazan product solutions were
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added according to the Promega protocol, keeping the ratio of solution volume to sample

surface area constant at 2 HL/mm”. This was done to compensate for the difference in

surface available to the cells, since the samples did not cover the bottom of the wells

completely. The overnight protocol was chosen to ensure complete solubilization of the

dark blue formazan product. The optical density was measured at 570 nm in a

spectrophotometer (Spectronic Genesys 5, Spectronics Instruments, Rochester, NY). A

calibration curve was determined to convert absorption into number of cells; the

relationship was linear. The data was normalized to the sample surface area (cells/cm3).

Experiments were performed in triplicate with N=3 for each material in each experiment.

Cell proliferation

Cell proliferation was assayed according to the following schedule: on day 1, cells were

seeded as described above; on day 2, cells were synchronized by serum starvation for 48

hours, replacing the medium with a fresh one containing 1% FBS. On day 4, cells were

allowed to re-enter the cell cycle by replacing the medium with a fresh one containing

10% FBS. After 24 hours, the proliferating cells were assessed using the MTT assay as

described above. Experiments were performed in triplicate with N=3 for each material in

each experiment.

Alkaline phosphatase

To determine the effect of the glasses on early events of osseous tissue formation in vitro,

alkaline phosphatase activity, a marker of osteoblast differentiation, in the absence of

ascorbic acid (AA) treatment, was analyzed. Cells were seeded as described above, the

medium was replaced at 2-day intervals throughout the experiment. Alkaline

phosphatase activity was measured in cell layers after 5, 8, 11 and 15 days in culture. At
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each time point the glasses and TióAl4V were transferred to a new tissue culture plate to

avoid lysis of cells not on the materials. Cell layers were rinsed twice with phosphate

buffer solution (PBS) without calcium or magnesium, incubated with 100 pull sodium

dodecyl sulfate solution (0.05% in PBS). Alkaline phosphatase activity was measured,

from 10 pull of cell lysate, as released p-nitrophenol from a p-nitrophenyl phosphate

substrate after 15 min of incubation at 37 °C (Sigma Diagnostics procedure No 104,

Sigma Diagnostics Inc., St. Louis, MO). A Sigma Unit of phosphatase activity is the

amount of enzyme that will release 1 pumol p-nitrophenol per hour. The optical density

was measured at 410 nm in a spectrophotometer. The enzyme activity was expressed as

units per mg of total proteins. Estimation of protein content was carried out using a Bio

Rad Protein assay (BioFad Laboratories, Hercules, CA); optical density was measured at

595 nm in the same spectrophotometer. To determine the effect of the materials on

cellular response to AA, experiments at day 3 and 8 were repeated in presence of AA (50

pig■ mL medium) and alkaline phosphatase was measured as described above.

Experiments were done at least twice with N=3 per material per experiment.

Mineralization

Alizarin S staining

Cells were seeded as described above. Cells were treated with AA (50 pg/mL medium)

for 10 days and then with AA and inorganic phosphate (NaH2PO4) (10 mM) for an

additional 5 days. Medium was replaced at 2 day intervals throughout the experiment.

Cells were washed 3 times with PBS without calcium or magnesium prior to fixation with

100% ethanol for 15 minutes. Cell layers were stained with alizarin S solution for 30

minutes, rinsed and photographed under an optical microscope (Olympus BX50 Olympus
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America Inc., Melville, NY) with a ccd camera (DVC 1300C camera RGB color, DVC

Company, Austin, TX). Experiments were performed in triplicate with N=3 for each

material in each experiment. To ensure that no artifact staining occurred due to the

presence of phosphate in the glass compositions the following control experiments were

carried out: 1) samples were prepared as described above, and half the cell layer covering

the glass was removed prior to staining. 2) glass as cast was stained with alizarin S.

Quantitative measurement of inorganic phosphate

To quantify the amount of mineralized matrix produced by the cells on the different

materials, cells were seeded and treated with ascorbic acid and inorganic phosphate to

induce mineralization as described above. After 15 days in culture, cells were washed 3

times with PBS without calcium or magnesium and the cell layer grown on glasses and

TióAl4V was scraped off the sample with a rubber policeman and transferred to a new

tissue culture plate. This was done to avoid measuring phosphate released from the

glasses themselves or from the tissue grown on the tissue culture wells adjacent to the test

substrates, since the glass and TióAl4V substrates did not cover the bottom of the wells

entirely. The mineralized tissue was incubated for 24 hours in 15% trichloroacetic acid

(TCA). The amount of TCA added was kept constant at 2 pl/mm of sample surface. 50

pull of supernatant was then assayed. Inorganic phosphate concentration was determined

by spectrophotometry (355 nm) using the method of Heinonen and Lahti.” The

absorbance value in Klett units (KU) (1 KU corresponds to the absorbance of 0.005) was

converted into concentration using a calibration curve made using the same method.

Experiments were performed in triplicate with N=3 for each material in each experiment.

Scanning electron microscopy (SEM) analysis
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Cell layers cultured and treated for mineralization were prepared for SEM analysis

(Topcon ISI SX40A scanning electron microscope, Milpitas, CA) as follows. Cell layers

were dehydrated with a series of graded ethanol solutions, then treated with

hexamethyldisilazane (HMDS) and sputter-coated with Au-Pd (200 nm).

Results:

Cell adhesion

Figure 1 shows the results from a representative experiment (N=3): the number of viable

adhering cells was significantly lower on TCPS with respect to TióAl4V and the glasses

(ANOVA, Student Newman Keuls (SNK) p-0.05).

Cell proliferation

As shown in Figure 2, proliferation was significantly different on each material

(ANOVA, SNK p-0.05). Cells proliferated on the materials in the following order from

lowest to highest: TCPS, TióAl4V, 5P55, and 6P50.

Alkaline phosphatase

At days 5, 8, 11 and 15 alkaline phosphatase activity was low or undetectable for all

samples and controls with no significant differences. This result was not surprising since

the alkaline phosphatase production of this cell line is known to be extremely low in the

absence of ascorbic acid (AA) treatment.” Thus exposure of the cell line to the test and

control materials had no effect on alkaline phosphatase expression in the absence of AA.

To determine whether the cell culture was being handled correctly and retained its ability

to respond to AA treatment in the presence of the materials we repeated some

experiments, on the same substrates, but treated with 50 pug/ml AA. Alkaline

phosphatase activity increased significantly after ascorbic acid treatment (with respect to
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no AA treatment) on each material, but no significant difference between samples and

controls was found (data not shown).

Mineralization

Alizarin S staining

Fresh samples were prepared and treated with alizarin S to assess the level of background

staining. No staining was found on samples and controls (data not shown). Figure 3

shows alizarin S staining for control samples where part of the cell layer was removed

prior to staining. The area of the sample not covered by the cell layer had a pale pink

staining. Figure 4 shows alizarin S staining of the mineralizing cell layer on glasses and

control materials. Distinct nodular colonies can be distinguished and a morphological

difference in the mineral distribution is apparent. Tissue culture polystyrene (Figure 4 A)

and TióAl4V (Figure 4 B) showed well localized areas of mineralization with intense

staining. Areas clearly devoid of calcium and unstained, also are present. Glasses 6P50

(Figure 4 C) and 6P55 (Figure 4 D) appear to be mineralizing differently, as indicated by

the more extensive and less intense staining patterns. Scanning electron microscopy

analysis (Figure 5) revealed areas with the morphology of mineral nodules and abundant

collagen-like fibers. Three-dimensional structures attributed to bone nodules are

indicated by the black arrowheads in Figure 5 (A: tissue culture polystyrene, B: TióAl4V,

C: 6P55, D: 6P50). On all materials a collagen-like extracellular matrix was present, but

it appeared more evident on the glasses (Figure 5C, D and E, large black arrows).
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Quantitative measurement of inorganic phosphate

Figure 6 shows the concentration of inorganic phosphate released from the mineralizing

cell layer. Significantly higher concentration of inorganic phosphate was released from

the cell layer grown onto TCPS (ANOVA, SNK p-0.05).

Discussion

The ultimate goal is to fabricate a functionally graded coating on titanium alloy implants,

yielding a reproducible and reliable bioactive surface. The characterization of bioactive

glasses for this purpose has important implications in the development of such new

implants and possibly in skeletal reconstruction. This is the first time that the in vitro

biocompatibility of these bioactive glasses has been evaluated with osteoblast-like cells.

The MC3T3-El cell line is known to be phenotypically heterogeneous due to its

mesenchymal origin and multiple passaging.” For this reason we chose its subclone, the

MC3T3-E.1.4, which is well characterized and has the ability to form a mineralized bone

matrix in vitro.” Bioactive glasses should support osteoblast proliferation and

differentiation. Lack of cellular adhesion on these materials indicates cytotoxicity since

these cells require adhesion for survival. Three hours after seeding, mouse osteoblast

like cells adhered on all samples and controls. Bioactive glasses, by means of their

reactivity in aqueous solutions, produce a silica gel layer on their surfaces" which could

affect cell adhesion. Cells could be passively stuck on the glass surface but not be viable.

To measure cell adhesion we chose the MTT assay, which accounts only for viable cells.

The data indicate that MC3T3-E1.4 osteoblast-like cells adhered on tissue culture

polystyrene in lower numbers compared to bioactive glasses containing 50 and 55 wtº/6

silica and to titanium alloy. At day 5 proliferation was significantly different on each
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material. The lowest proliferation on TCPS, could be due to the lower initial number of

adhering cells. Differences in proliferation on the other materials are probably due to the

intrinsic properties of the materials since there was no initial difference in the number of

adhering cells. MC3T3-E1.4 cells are known to respond to AA treatment by increasing

alkaline phosphatase activity. To identify possible changes in alkaline phosphatase

activity due exclusively to the bioactive glasses, alkaline phosphatase activity was

measured without AA treatment. The natural low alkaline phosphatase activity was not

significantly altered by any of the materials. Control experiments were conducted to

determine whether the glasses impaired cellular response to AA treatment. Alkaline

phosphatase increased in response to AA treatment in the presence of the materials but no

significant difference between materials was observed. Thus bioactive glasses in this

study did not appear to perturb osteoblast-like cell alkaline phosphatase activity.

Cultures maintained for 15 days in oMEM under mineralizing conditions differentiated,

forming three-dimensional nodular colonies. Alizarin S staining and microscopic

analysis indicated that these three dimensional nodules consisted of aggregated cells

embedded in the mineralizing extracellular matrix. Bioactive glasses allowed a more

diffuse mineralization pattern, while titanium alloy and tissue culture polystyrene

presented localized mineralized areas. Microscopic analysis revealed the presence of

abundant extracellular matrix (fibrous in nature), probably collagen that is necessary for

mineralization.” The collagen organization in the osteoblastic extracellular matrix can

be affected by different calcium-phosphate based bioactive substrates.” The surface

reactivity of the bioactive glasses may play a role in the way collagen is distributed,

yielding a uniform and less intense mineralization pattern. Alizarin S, which binds to



calcium,” could have yielded false positive results for two main reasons: 1) the glasses

contain calcium and 2) in aqueous solutions, these glasses react to form a superficial

layer of calcium-containing mineral. We eliminated these possibilities by testing for

background staining of the glass alone, prior to immersion in any fluid, which yielded no

staining. Secondly, mineralizing tissue grown on samples was partially removed prior to

staining. After Alizarin Streatment the exposed glass did not stain significantly.

Therefore the stain seen on the glasses was a result of mineralization and not a result of

false staining of calcium components of the glasses. We then quantified the mineral

formation since the Alizarin S staining could not be quantified due to different optical

properties of the glasses compared to the alloy.

The quantity of mineralized tissue grown on the glasses and titanium alloy contained

similar amounts of inorganic phosphate, while mineralization was significantly higher on

TCPS. The results of this work suggest that these bioactive glasses have significant

potential for use as coatings, and have no deleterious effects on an osteoblast-like cell

function as studied here. Further quantitative analysis of markers of osteoblast

differentiation may reveal subtle differences in the effect of bioactive glass coatings on

cellular behavior. Future research will involve the fabrication of functionally graded

enameled coatings with a bioactive surface containing about 55 wtº/6 silica and their

detailed analysis.

Conclusions

The cytocompatibility of bioactive glasses, as cast, containing 50 and 55 wtº/6 SiO2 was

tested using the mouse MC3T3-E1.4 osteoblastic cell line as an in vitro bone-model. We

found significantly higher cell adhesion onto bioactive glasses and TióAl4V with respect
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to tissue culture polystyrene. Proliferation was significantly different on all materials:

highest on the glass containing 50 wtº/6 silica, followed by the glass containing 55 wtº/6

silica, TióAl4V and lowest on TCPS. Alkaline phosphatase activity was not affected by

the glasses or control materials. Mineralization occurred on all materials with

morphological differences. The mineralizing tissue grown onto bioactive glasses and

titanium alloy contained similar amounts of inorganic phosphate. The results suggest that

the bioactive glasses studied here do not have any significant negative effect on

osteoblast-like cell function and are cytocompatible.
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Tables

Table 1. Glass compositions in weight 9%

SiO2 Na2O K2O CaO MgO P2Os

6P50 49.8 15.5 4.2 15.6 8.9 6.0

6P55 54.5 12.0 4.0 15.0 8.5 6.0
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Figure 3. Mineralization, control experiment: tissue grown onto glass 6P50 was cut
(black arrow) prior to staining with alizarin S. The tissue stained for alizarin S (area
below the arrow, area devoid of tissue shows pale pink staining (area above the arrow).
Similar results were obtained with glass 6P55.
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Figure 4. Mineralization by alizarin S staining: Mineralizing bone nodules showed a dark
red staining (black arrowheads). The nodules appeared to be round in shape on tissue
culture polystyrene (A) and on the glasses 6P55 (C) and 6P50 (D). On TióAl4V (B)
mineralizing nodules had a more irregular shape. The staining was overall more intense
and well defined on tissue culture polystyrene (A) and TióAl4V (B), where non
mineralizing, unstained, areas are also clearly visible. Note that TióAl4V is not
transparent and the reflected light confers a yellowish color to the unstained areas. On
glasses 6P55 (C) and 6P50 (D) mineralization appeared to be more diffuse and less
intense; non-mineralizing areas are not well defined.
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Figure 5. SEM analysis of mineralized areas: bone nodules of different size were
observed on all materials (black arrowheads). The nodules appeared rounded on tissue
culture polystyrene (A), and on glasses 6P55 and 6P50 (C and D respectively), while on
TióAl4V (B) had a more irregular shape. The bone-like matrix contained collagen-like
fibers which was detectable on all materials, but on the glasses was more evident even at
low magnification (large black arrows). Representative collagen matrix on glass 6P50 is
shown in (E).
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Figure 6

2.5
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Figure 6. Quantitative mineralization: mineralizing tissue grown onto TCPS released a
significantly higher concentration on inorganic phosphate respect to mineralizing tissue
grown onto TióAl4V and bioactive glasses (*) (ANOVA, SNK p-0.05).
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Abstract

The structure of functionally graded coatings (FGC) of bioactive glasses on titanium

alloy (TióAl4V) prepared by the enameling technique, was compared to that of the as

cast glass used for the reactive surface layer of the FGC. X-ray diffraction (XRD) and

scanning electron microscopy (SEM) analyses showed that the fabrication process caused

5.9 + 3.0 vol% crystallization of the coating while the glass as cast was amorphous. Two

crystalline phases were identified by XRD: sodium calcium phosphate and calcium

magnesium silicate. Immersion in simulated body fluid (SBF) caused the surface of the

coating to react and form an amorphous layer rich in phosphate which, over 4 weeks,

crystallized into apatite-like mineral identified by Fourier Transform Infrared

Spectroscopy (FTIR), XRD and SEM. Similar reactions occurred on the surface of the

glass as cast. Despite partial crystallization of the coatings’ surface, there was no

apparent difference in in vitro bioactivity in SBF due to the presence of crystalline

phases.

Introduction

Current techniques for coating implants with hydroxyapatite, such as plasma spraying

and others, have drawbacks that render the coatings inhomogeneous, not reliable and

prone to delamination." Functionally graded coatings (FGC) of bioactive glasses that

reliably adhere to titanium alloy when enameled have been developed. These glasses

differ significantly from Bioglass”. The properties and composition of the glass coating

are graded to fulfill different functions. The glass composition in contact with TióAl4V

offers a better coefficient of thermal expansion match and is more resistant to corrosion

because of its higher silica content, while the glass on the surface provides a dynamic (i.e.

º

,
D.
-

–

º
-r-
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reactive) bioactive surface.” Bioactive glasses bond directly to bone in vivo through the

formation of a carbonate-containing hydroxyapatite layer that forms on the material’s

surface.” To predict in vivo bioactivity, in vitro assays have been widely applied using

simulated body fluid (SBF), a solution closely matching the ion concentrations and pH to

those of human plasma." In this study functionally graded coatings of titanium alloy

were fabricated using a glass containing 61 wtº/6 silica in contact with the alloy and a

bioactive glass containing 55 wtº/6 silica as surface coating. A recent in vitro study

showed good cytocompatibility of the latter glass." The objective of this work was to

determine the effect of the coating fabrication process on the microstructure and on

bioactivity, in vitro, in SBF of the top surface glass.

Materials and Methods

Glass and coating fabrication

Glasses in the SiO2-Na2O-K2O-CaO-MgO-P2Os system were prepared by mixing the

reagents in propanol using a high speed stirrer for 1 hour and drying at 80°C for 12 hours.

Both glasses contain 6 wtº/6 P2Os and are designated 6P followed by their SiO2 content in

weight percent (Table 1). The reagents were: SiO2 (99.5% Cerac Inc., Milwakee, WI),

CaCO3 (99.9%, J.T. Baker, Phillipsburg, NJ), MgO (98.6%, J.T. Baker, Phillipsburg, NJ),

K2CO3 (99.4% Mallinkratt, Paris, KY), NaHCO3 (99.5% J.T. Baker, Phillipsburg, NJ),

and Na2HPO4 (99% Sigma, St. Louis, MO). The mixture was dried and fired in air in a

Pt crucible for 5 hours at 1400 °C (glass 6P55) or 1450 °C (glass 6P61). The melt was

cast in a pre-heated (200 °C) graphite mold yielding glass bars (~2 x 2 x 8 cm). Glass

6P55, when used as cast, was annealed at 500 °C for 6 hours to relieve internal stresses.

The annealed bar was cut with a low speed diamond saw (Isomet, Buehler Ltd., Lake
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Bluff, IL) perpendicularly to the long axis, resulting in square specimens (~ 2 x 2 x 0.2

cm). Each specimen was metallographically polished with diamond suspension to 1 pum

(Buehler Ltd., Lake Bluff, IL). The size of the specimens’ was reduced to 1.5 x 1.5 x 0.2

cm by grinding the sides. Cutting and polishing was done in isopropyl alcohol due to the

reactivity of the glass in aqueous solutions. Titanium alloy (TióAl4V, Goodfellow Ltd.,

Huntingdon, UK) was similarly cut and finished to 1 pum with diamond suspension

(Buehler, Ltd., Lake Bluff, IL). TióAl4V was cleaned by ultrasonication with ethanol

and acetone for 10 minutes each. Functionally graded coatings were prepared as

previously described.” Briefly, the glasses (6P61 and 6P55) were separately milled in a

planetary agate mill. A suspension of 6P61 glass powder (particle size ~ 37 pum) in 100%

ethanol was deposited on TióAl4V (1.5 x 1.5 x 0.1 cm) prepared as described above.

Glass particles were allowed to settle and the process was carefully repeated using glass

6P55 (particle size ~ 37 pum) without disturbing the first powder layer. After drying in air

at 80 °C for 48 hours the green coatings were fired in air in a dental furnace (Unitek Ultra

Mat II, 3M, Maplewood, MN). The furnace was pre-heated at 640 °C; the firing

temperature of 800 °C was reached with heating ramp of 40 °C/min while the furnace

was evacuated to 0.1 atm. At 800 °C air was let into the firing chamber. Samples were

fired for 10 sec in air at 1 atm and quenched.

SEM and XRD analyses

Glass 6P55 as cast and the FGC were etched with a solution of HNO3:HF:H2O (5:5:90

vol%) for 10 seconds, sputter-coated with Au-Pd (200 nm) and analyzed by scanning

electron microscopy (SEM) (Topcon ISI SX40A scanning electron microscope, Milpitas,

CA) to visualize the microstructure. The amount of surface crystallization was assessed
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by image analysis (Sigma AIA2 Analysis, Noran, Madison, WI). Twenty seven images

were analyzed from 3 separate samples (9 images per sample). The percentage of surface

area occupied by crystalline phases relative to the total surface area of the image was

calculated. Samples were analyzed by glancing angle X-ray diffraction (XRD) (Siemens

D5000, Siemens, Munich, Germany) to identify the crystalline phases. Peaks were

identified by comparison to published material.”

Assessment of in vitro bioactivity in simulated body fluid (SBF)

In vitro bioactivity in SBF of the FGC and of glass 6P55 as cast was studied by Fourier

Transform Infrared Spectroscopy (FTIR) (Laser Precision Analytical, Laser Precision

Corp., Irvine, CA), XRD and SEM. Samples were prepared as described above, placed in

6 well tissue culture plates and immersed in SBF (Table 2) for 1, 2, 3, and 4 weeks at 37

°C, replenishing the solution every week. The surface area to volume ratio (SA/V of SBF

solution) was fixed at 0.56 cm". The SA/V relevant to in vivo conditions is difficult to

estimate. The 0.56 cm" ratio was arbitrarily chosen to completely cover each sample and

prevent significant SBF evaporation over the course of seven days. Samples were

analyzed at weekly intervals by FTIR and after 4 weeks by XRD. Samples were sputter

coated and analyzed by SEM as described above.

Results

SEM and XRD analyses

The etched FGC microstructure contained separated phases that were round in shape with

diameters in the order of 5-6 p.m. (Figure 1A). Image analysis indicated that the

separated phases occupied 5.9 + 3.0 vol%. Glass as cast (Figure 1B) had some surface
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defects such as porosity but no visible phase separation. Figure 2 compares the glancing

angle x-ray diffraction patterns of glass 6P55 as cast and of the FGC, where crystalline

peaks are present only in the FGC pattern. The absence of peaks in the pattern of glass

6P55 as cast indicated that the glass was amorphous. Thus the coating fabrication

process caused partial crystallization of the glass. The crystalline peaks in the XRD

pattern of the FGC were consistent with sodium calcium phosphate (2.4 CaO 0.6Na2O

P2O5), and calcium magnesium silicate (CaMg(SiO3)2).

Assessment of in vitro bioactivity in simulated body fluid (SBF)

FTIR analysis showed that the FGC and glass as cast behaved similarly in SBF. The

FTIR spectra of the FGC (Figure 3A (a)) and the glass as cast (Figure 3B (d) contained

reflection peaks of Si-O-Si bending mode (~450 cm"), the Si-O-alkali ion bond (~910

cm") and the Si-O-Si network stretch (~1040 cm").” After 1 week in SBF (Figures 3

(b) and (e)) the Si-O-alkali ion bond (~910 cm") was much less prominent, indicating

that the alkali ions were partially leached out of the glass.” The P=O stretching mode

was present at ~1100 cm". The absence of the peaks of P-O bending mode at ~520, ~

555, and ~605 cm" indicated that this is an amorphous phosphate." After 4 weeks in

SBF (Figures 3 (c) and (f)) three bands of P-O bend (at ~520 cm" that appears as a

shoulder of the peak at ~555 cm", -555 cm" and ~600 cm") and of P-O stretch (~1050

and ~1100 cm") indicated the presence of a crystalline phosphate consistent with

apatite." In Figures 3 (c) and (f) the very small peaks at ~840 cm' could be from the

C-O stretching mode of a carbonated group as in carbonated apatite." SEM analysis of

the FGC and glass 6P55 as cast after 4 weeks in SBF showed the morphology typical of

HA (Figures 4A and B respectively). Glancing angle XRD confirmed the presence of
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HA on FGC (Figure 5).” The broad peaks indicate small crystallite size." The XRD

pattern of 6P55 as cast was similar (data not shown)

Discussion

The use of functionally graded bioactive coatings on titanium alloy may offer a more

reproducible and reliable alternative to other coating techniques. In previous work the

cytocompatibility of glass 6P55 was tested with an established in vitro bone model."

The results prompted the fabrication and study of functionally graded coatings using the

same glass as the surface coating. In this work the effect of the fabrication process on the

microstructure and in vitro bioactivity in simulated body fluid was evaluated.

Functionally graded coatings with different compositions have been studied previously,

and, in each case, partial crystallization of the coating was reported.” SEM

microstructural analysis and X-ray diffraction of glass 6P55 as cast indicated that the

glass was amorphous prior to the coating fabrication process. The enameling process

caused the glass to partially crystallize, as expected. XRD analysis identified the

crystalline phases as being mainly sodium calcium phosphate and calcium magnesium

silicate. The amount of crystallinity in the coatings was previously reported as being

about 5 vol%. In this study we fabricated FGC with different compositions and we

found that on average 6% of the coatings’ surface was crystalline. This finding confirms

that the fabrication process consistently causes limited crystallization. There was no

major difference in reactivity in SBF over a one month period between the amorphous

glass and the partially crystalline coating. After one week in SBF amorphous calcium

phosphate formed on the surface of all samples and over the following 3 weeks it

crystallized into an apatite-like mineral identified by XRD and SEM. The presence of
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crystalline phases tends to slow the reactions in SBF.” We studied the reactivity of the

glasses using an arbitrarily fixed surface area/volume ratio (0.56 cm") and exchanged the

fluid at weekly intervals. Both factors are known to affect the rate of reaction” and may

not have allowed discrimination of differences in reactivity between the amorphous glass

and the partially crystalline one in this study.

Conclusions

The coatings prepared for this study were reproducible and remained bioactive. These

bioactive coatings could potentially be used as implant materials. The current results

suggest that the FGC approach shows considerable promise and that further evaluations

of the cytocompatibility of the coatings should be undertaken as the next logical step in

their development.
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Tables

Table 1. Glass compositions in weight 9%

SiO2 Na2O K2O CaO MgO P2Os

6P61 61.1 10.3 2.8 12.6 8.9 6.0

6P55 54.5 12.0 4.0 15.0 8.5 6.0
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Table 2. Ion concentration (in di H,0) of SBF (mM)

Ion concentration (mM)

Na" K" Ca” Mg” CI" HCO3 HPO,”

SBF 142 5 2.05 1.5 148 4.2 1
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Figures and captions

Figure 1: SEM image of the functionally graded coating after etching (A). Round
separated phases are present (black arrows). Glass as cast shows intrinsic irregularities
but no phase separation (B).
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i
FGC as made

* 24CaO 0.6Na,O P.O.

• CaMg(SiO,),

20

Figure 2: Glancing angle x-ray diffraction pattern of FGC as fabricated and glass 6P55 as
cast. Partial crystallization occurred only on the surface of the coating, glass as cast is
amorphous.
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Figure 3
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Figure 3: FTIR of FGC (A) and glass 6P55 as cast (B) as made (a and d), after 1 week in
SBF (b and e), and after 4 weeks in SBF (c and f). Peaks associated with hydroxyapatite
are indicated by *.

wavenumber (1/cm)
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Figure 4: SEM images of the surface of FGC (A) and glass 6P55 as cast (B) after
immersion for 4 weeks in SBF. Both surfaces present the typical morphology of
hydroxyapatite.
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Figure 5
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Figure 5: Glancing angle x-ray diffraction pattern of FGC after immersion for 4 weeks in
SBF. The marked peaks correspond to hydroxyapatite. The peaks are broad, indicating
small crystallite size.
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Chapter 4

Functionally graded bioactive coatings: Reproducibility of fabrication process and

stability of the coating under cell culture conditions
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Abstract

We recently developed functionally graded bioactive glass coatings (FGC) that reliably

adhere to titanium alloy (TióAl4V). TióAl4V coated in such way could potentially be

used as a load bearing implant material. This paper had two goals: assessing the

reproducibility of functionally graded coatings (FGC) fabricated by the enameling

process and determining whether cell culture conditions undermine the integrity of the

coating. Bioactive glasses react differently in protein containing simulated body fluid

(SBF) than in SBF alone. Furthermore, studies using dynamic immersion in protein

containing solutions have shown that bioactive glass particles are undermined and this

may correspond to delamination of coatings. Thus studying these materials under cell

culture conditions is important.

The reproducibility of the fabrication process was assessed by measuring the thickness

and crystallinity of coatings from three different batches using glancing angle x-ray

diffraction (XRD) and scanning electron microscopy (SEM). MC3T3-E1.4 mouse pre

osteoblast cells were cultured and induced to mineralize, on FGCs, either as made or pre

conditioned in simulated body fluid (SBF). Sample surfaces were analyzed by XRD,

Fourier Transform Infrared Spectroscopy (FTIR), and SEM prior to cell culture. FGCs as

made were glassy with partial crystallization (average 6 vol%). The coating fabrication

process yielded reproducible samples. Pre-conditioning caused formation of a crystalline

phosphate on the surface. After cell culture, Samples were exposed to low vacuum to

verify the integrity of the coating. FGCs as made were suitable substrata for cell culture,

but the glass silica network below the reacted surface was compromised. Pre

conditioning in SBF prevented sub surface silica network dissolution and stabilized the

º -

:

*
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*:
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coatings. Incubation in SBF is recommended prior to in vitro and in vivo testing to

provide a stable coating.

Introduction

Implants for load bearing orthopedic or dental applications, face the dual challenge of

osteointegration while withstanding complex forces. Bioinert metal alloys (TióAl4V,

Co-Cr and others) have been used as implant materials because they can support loads

while provoking only minor reactions in the body.” The degree of the reactions can

vary depending not only on intrinsic properties of bioinert materials but also on the site of

implantation, degree of trauma and implant fit.” Bioactive materials, that elicit

formation of normal tissue and form a direct bond with bone, have been extensively

investigated to improve osteointegration." Glasses of specific compositions such as

Bioglass”, and calcium phosphate-containing materials such as hydroxyapatite (HA) can

provide the desired bioactivity but cannot withstand loads.” A bioactive material coating

on a bioinert metal alloy may allow osteointegration and load-bearing capabilities.

Several different techniques have been developed and/or applied to yield such coatings,

with plasma sprayed HA being the most common and currently used to fabricate

commercially available implants.”" Plasma sprayed HA does not retain its original

characteristics and yields non reliable coatings prone to delamination." Bioglass” can

not be used to fabricate FGCs because of its coefficient of thermal expansion (CTE)

mismatch with TióAl4V and high crystallization upon firing.” Functionally graded

coatings (FGC) of bioactive glasses on titanium alloy that retain bioactivity after the

fabrication process” have the potential for use as load bearing implants. The surface

reactions occurring on bioactive glasses have been studied extensively.” An important
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property of Bioglass” and other bioactive glasses is the reactivity when exposed to

simulated body fluid. Initial reactions involve the exchange of alkali ion with hydronium

ion (H3O' or H'). This causes a rise in pH in the immediate environment.’ Frequently

bioactive glasses are preconditioned in SBF or other solutions to initiate the surface

reactions and avoid the rise in pH during the assessment of cytocompatibility and

osteogenic potential.” There is a significant difference in the reaction kinetics leading

to the formation of apatite, depending on the presence or absence of proteins in the

“conditioning” solution. In vivo and in vitro the presence of proteins, combined with

periodic solution exchange, appears to cause a delay in apatite formation prolonging the **

dissolution of Si species.* A proposed mechanism involves the absorption of proteins

within the surface silica-gel reaction layer, and its consequent increased permeability. º

This would allow further release of Si and delay apatite formation.” When bioactive º

glass powder was used this resulted in excavation of the particles, yielding hollow Ca P- 3.

rich shells.” The sub-surface silica network degradation that occurred in the excavated º
particles suggests that bioactive glass coatings may undergo a similar degradation that :

sº

could result in delamination. Evidence indicates that glass silica network dissolution

occurs also in absence of proteins.” In vitro experiments showed that in the absence of

proteins the subsurface silica dissolution is significantly slowed down by a calcium

phosphate-rich reaction layer which forms on the surface.” The presence of proteins

always allowed higher rates of silica dissolution regardless of the mode of immersion

(static vs. dynamic).” In this study, the hypothesis that the integrity of the coatings may

be compromised by cell culture conditions was tested using mouse pre-osteoblastic cells

(MC3T3-E1.4) culture on FGC with or without pre-conditioning in SBF. The cell line
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chosen for this study is a well established in vitro bone model.” Cell culture

conditions consist of both the presence of proteins (fetal bovine serum) as well as the

periodic exchange of solution. To evaluate the possible ‘excavation’ below the coating

surface we applied suction (low vacuum) to identify the weakest interface. As a basic

requirement prior to any further investigation we also assessed the reproducibility of the

fabrication process. This was evaluated by determining possible batch to batch coating

thickness and microstructure variability. The objective of this work was to provide a

basic protocol for treatment of functionally graded coatings prior to in vivo evaluation.

Materials and Methods

Glass and coating fabrication

Glasses in the SiO2-Na2O-K2O-CaO-MgO-P2Os system were prepared by mixing the

reagents in propanol using a high speed stirrer for 1 hour and drying at 80°C for 12 hours

as previously described." Table 1 gives the glass compositions by weight 9%. Reagents:

SiO2 (99.5% Cerac Inc., Milwakee, WI), CaCO3 (99.9%, J.T. Baker, Phillipsburg, NJ),

MgO (98.6%, J.T. Baker, Phillipsburg, NJ), K2CO3 (99.4% Mallinkratt, Paris, KY),

NaHCO3 (99.5% J.T. Baker, Phillipsburg, NJ), and Na2HPO4 (99% Sigma, St. Louis,

MO). The mixture was dried and fired in air in a Pt crucible for 5 hours at 1400 °C (glass

6P55) or 1450 °C (glass 6P61). The melt was cast in a pre-heated (200°C) graphite mold

yielding glass bars (~2 x 2 x 8 cm). Functionally graded coatings were prepared as

previously described." Briefly, the glasses (6P61 and 6P55) were separately milled in a

planetary agate mill. Titanium alloy (TióAl4V, Goodfellow Ltd., Huntingdon, UK) was

cut into plates (1.5 x 1.5 x 0.1 cm) with a low speed diamond saw (Isomet, Buehler Ltd.,

Lake Bluff, IL) and metallographically polished to a 1 pum finish with diamond
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Suspension (Buehler Ltd., Lake Bluff, IL). TióAl4V was cleaned by ultrasonication with

ethanol and acetone for 10 minutes each. Glass 6P61 offers a good coefficient of thermal

expansion (CTE) match with TióAl4V (CTEspan=10.2 CTET6Auv=9.1-9.8 (10° "C").”

A suspension of its powders (particle size ~ 37 pum) in 100% ethanol was deposited on

TióAl4V prepared as described above. Glass particles were allowed to settle and the

process was carefully repeated using glass 6P55, avoiding disturbance of the first layer of

glass 6P61 powder. After drying in air at 80 °C for 48 hours the green coatings were

fired in air in a dental furnace (Unitek Ultra Mat II, 3M, Maplewood, MN). The furnace

was pre-heated at 640 °C; the firing temperature of 800 °C was reached (heating ramp of

40 °C/min) while the furnace was evacuated to 0.1 atm. At 800 °C air was let into the

firing chamber. Samples were fired for 10 sec in air at 1 atm and quenched.

Reproducibility of the fabrication process: microstructure and thickness of coatings

The crystallinity of the coating was assessed by glancing angle x-ray diffraction (XRD)

(Siemens D5000, Siemens, Munich, Germany). The surfaces of the FGCs were etched

with a solution of HNO3:HF:H2O (5:5:90 vol%) for 10 seconds, sputter-coated and

analyzed by scanning electron microscopy (SEM) (TOPCON ISI SX40A scanning

electron microscope, Milpitas, CA U.S.A. and S-4300SE/N Schottky Hitachi emission

scanning electron microscopy High-Technologies America, Inc. Pleasanton, CA), to

visualize the underlying structure. To quantify the amount of crystallinity the crystallized

surface area was measured from 3 different samples (9 pictures /sample) using image

analysis software (Sigma AIA2 Analysis, Noran, Madison, WI). FGCs as made and not

etched were analyzed by SEM for comparison to etched samples. To measure the coating

thickness FGCs were embedded in epoxy resin, cross Sectioned and metallographically
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polished to 1 pum. Embedded samples were cleaned by Sonication in acetone, and

analyzed by SEM. The coating thickness was measured by image analysis (N=3) (Sigma

AIA2 Analysis, Noran, Madison, WI). All experiments were performed on one sample

from each of three separate batches made on different days to assess the reproducibility

of the fabrication process.

Coating stability in the presence of MC3T3-E1.4 mouse pre-osteoblastic cells

FGCs were either pre-conditioned in SBF or used as made. Prior to cell culture the

surfaces were analyzed by Fourier Transform Infrared Spectroscopy (FTIR) (Laser

Precision Analytical, Laser Precision Corp., Irvine, CA), glancing angle XRD and SEM

to assess differences in surface composition and crystallinity. SBF was prepared by

adding the appropriate amounts of salts to deionized water to reach the concentrations

reported in Table 2. Preconditioning was carried out for 2 weeks at 37 °C, exchanging

the solution after the first week to provide an apatite-like surface. The surface area to

volume of SBF solution ratio, was fixed at 0.56 cm". FGCs were sterilized at 250 °C for

1 hour and placed in 12 well tissue culture plates under sterile conditions. MC3T3-E1.4

mouse pre-osteoblast cells were cultured in an incubator at 37°C and 5% CO2

atmosphere, in o-modified Eagle's medium (O-MEM), supplemented with 10% fetal

bovine serum (FBS) and 1% antibiotics (penicillin and streptomycin) and passaged every

4-5 days. In all experiments cells were plated at an initial density of 50,000 cells/cm and

the media was replaced at 2 day intervals. Experiments were carried out for 20 days,

providing cells with ascorbic acid (AA) treatment (50 pig■ mL medium) for 10 days, and

then with AA and inorganic phosphate (NaH2PO4) (10 mM) for an additional 10 days to

induce mineralization. Cells were rinsed with phosphate buffered saline (PBS), fixed
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with 4% paraformaldehyde (20 min) and exposed to low vacuum (<80 millitorr) in a

vacuum chamber (Hummer VII, Anatech Ltd., Alexandria, VA). Samples were sputter

coated for SEM analysis.

Results

Reproducibility of the fabrication process: Coating microstructure and thickness

SEM analysis of the coating surfaces (Figure 1A) shows the presence of microcracks.

Otherwise the samples were smooth. Etching (Figure 1B), clearly revealed round

separated phases. XRD analysis showed that the fabrication process caused partial

crystallization as previously reported (manuscript in preparation)." The crystalline

phases were consistent from batch to batch and were identified as being sodium calcium

phosphate (2.4 CaO 0.6 Na2O P2 Os) and calcium magnesium silicate(CaMg(SiO3)2)

(Figure 2). The average crystallization from the three samples was 5.9+3.0 vol%. Figure

3 is an SEM image of the cross section of a coating. The average coating thickness

measured from 3 different samples was 86.0+11.5 pum. The coating was devoid of

internal porosity, and the Superficial microcracks did not propagate to the surface of

TióAl4V.

Coating surface analysis before and after pre-conditioning in SBF

Results from FTIR analysis of FGC before and after immersion in SBF are in Figure 4.

FTIR analysis of FGC as made shows the reflection peaks of the Si-O-Si bending mode

(~450 cm"), the Si-O-alkali ion bond (~910 cm") and the Si-O-Si network stretch

(~1040 cm')” typical of the unreacted glass (A in Figure 4). After the immersion

sequence in SBF (B in Figure 4) Si-O-Si network stretch (~1040 cm") is no longer

visible and the Si-O-alkali ion bond (~910 cm") is much less prominent, indicating that
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the alkali ions were partially leached out of the glass surface. The P=O stretching mode

is present at ~1100 cm". The presence of the peaks of P-O bending mode at ~520 cm",

and ~555 cm" (which appears as a shoulder of the peak at 520 cm") indicates the

presence of a crystalline phosphate.” Other small unidentified peaks are present.

XRD analysis of the FGCs before immersion in SBF indicates the presence of crystalline

phases as described above (and Figure 5(1)). After pre-conditioning the peaks

corresponding to the crystalline phases are lower in intensity (Figure 5(2)) but no HA

peaks are yet clearly visible. SEM analysis indicates changes in surface morphology due

to the reactions after pre-conditioning (Figure 6 and Figure 1A).

Coating stability in the presence of MC3T3-E1.4 mouse pre-osteoblastic cells

MC3T3-E1.4 osteoblast-like cells cultured on FGCs not pre-conditioned in SBF and

induced to mineralize reached confluence and mineralized as assayed by alizarin S

staining (data not shown). Under vacuum treatment the cell layer and a superficial layer

of reacted glass peeled off the surface (Figure 7). In Figure 7A the SEM image shows the

detached cell layer/reacted glass; the plane of focus (*) shows the confluent cells. In

Figure 7B the light globular features are the crystalline phases that were formed during

the coating fabrication process. The interface between crystalline phases and matrix

reacted, and during vacuum treatment, the round crystals were subsequently loosened

from the glassy matrix. The side view of the peeled layer (Figure 7C) clearly shows the

thickness of the reacted glass (black double arrow), the original FGC-cells interface

(white dotted line) and the thickness of the cultured tissue (white double arrow). Refer to

Figure 7A for orientation. In Figure 7D in which the plane of focus (*) indicates the

surface of the coating below the reacted glass, the separated phases are clearly visible. In
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Figure 7E a gap between the crystalline phases and the surrounding matrix (black arrow)

is visible; this is probably due to corrosion in the tissue culture fluids. The black

arrowheads indicate the voids left by the crystalline phases that were loosened from the

matrix during the sub-surface reaction as in Figure 7B. Figure 7F (2) is the EDS analysis

of the area below the reacted glass shown in Figure 7E. It indicates the presence of

abundant Si, low amounts of Ca and P relative to silicon, and amounts of K, Na and Mg,

consistent with the glass components. Figure 7F (1) shows the SEM-EDS analysis of the

glass involved in reactions just below the cell layer shown in Figure 7C. It shows that the

reacted layer contained mainly P and Ca and little Si. This is consistent with the ongoing

transformation of the surface into a calcium phosphate layer in the presence of proteins

found under cell culture conditions. Figure 8 shows SEM images of MC3T3-E1.4

osteoblast-like cells cultured on the FGC pre-conditioned in SBF. Cells were confluent

and bone nodule-like three dimensional features were present (Figure 8 black

arrowheads). Some areas of the tissue layer cracked, on applying vacuum, but there was

no separation of the layer.

Discussion

The functionally graded bioactive glass coatings evaluated in this study have been shown

to reliably adhere on titanium alloy.” It is important to assess the reproducibility of the

fabrication process and determine what surface treatment should be performed to

promote the stability of the coatings prior to their further assessment. We found that the

fabrication process was reproducible and yielded coating thickness values in agreement

with a previous report.” The fabrication process resulted in a small amount of

crystallization, which averaged 5.9+3.0 vol%. The crystalline phases were consistent
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from batch to batch, and the coatings thickness was within a narrow range (75-97 pum).

The amount of crystallization did not hinder in vitro bioactivity in SBF. The microcracks

present on the coating surfaces were probably due to thermal stresses on the glass 6P55

surface which is expected to be under tension. The cracks never crossed through the

glass coating to reach the titanium substrate and did not cause delamination. It is possible

that the presence of crystalline phases slows or arrests crack propagation.” Bioactive

glasses offer a dynamic surface that reacts in the presence of fluids. These materials are

often pre-conditioned in SBF or protein containing solutions before cytocompatibility

assays to avoid the initial pH increase occurring at the initial stages of glass reactions.”

The parameters of the conditioning solution significantly affect the surface reactions

leading to the formation of a Ca P-rich layer and ultimately HA. Both the presence of

proteins and dynamic immersion better simulate in vivo conditions.” We chose cell

culture conditions because they encompass both presence of proteins and solution

exchange. Proteins slow down apatite formation and their presence in the Ca P-rich layer

makes it permeable to fluids, resulting in prolonged leaching of Si (silicic acid).” This

leaching results in excavation of bioactive glass powders. Conversely, the Ca P-rich

layer formed in the absence of proteins (e.g. in SBF) had different permeability properties

which subsequently protected the structure of the underlying glass network from

complete dissolution.”

To determine whether preconditioning in SBF is a necessary step to provide a stable

substrata for osteoblast-like cell culture, we compared the behavior of FGC as made,

versus FGC preconditioned in SBF. We expected the surface of the not-conditioned FGC

to react similarly to Bioglass” in the presence of proteins under dynamic conditions and
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to show prolonged subsurface silica network degradation. For Bioglass” powder this can

be identified as the glass particles are easily fractured and result in hollow shells. In this

study a similar subsurface silica network degradation for the coatings became obvious

when a low vacuum was applied. The Ca Prich surface layer separated from the

underlying glass at the weak interface created by the degradation of the silica network.

Again, similarly to Bioglass”, the preconditioned samples did not show this effect. After

preconditioning all the interfaces present in the sample were strong enough to resist

applied vacuum. This suggests that the initial crystalline phosphate layer formed in the

absence of proteins was not as permeable and protected the inner layers of the coating

from fast reaction. Thus, the reactions in the coatings were similar to those in other

studies,” with minor differences due to the geometry of the samples. The FGCs

examined in this study appeared to react more slowly than Bioglass” powders, possibly

due to the following reasons: 1) lower ratio surface/volume for the FGC’s flat surface

compared to particles, 2) higher silica content of the FGC (about 10 wtº/6 more than in

Bioglass”) and 3) partial crystallization of the coating. Preconditioning in SBF caused

surface modifications that provided a protective layer, slowing down the degradation of

the sub-surface silica network. Silica network dissolution occurs at a slower rate in SBF

than in protein containing solutions.” We can predict that if the reaction front was to

reach glass 6P61, silica dissolution rate would be further slowed down because of the

high silica content of this glass. Preconditioning in SBF may have additional beneficial

effects such as: 1) removal of potential contaminants introduced by the fabrication

process and 2) formation of an apatite-like biomimetic surface, improving

biocompatibility. MC3T3-E1.4 mouse pre-osteoblastic cells reached confluence and
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mineralized on both preconditioned and unconditioned FGCs but in the latter case cell

culture conditions undermined the structure of the coating. More detailed cellular

response to functionally graded coatings of the same composition used for this study is

the focus of current investigation.

Conclusions

Functionally graded bioactive glass coatings on TióAl4V alloy fabricated by the

enameling technique were reproducible. The FGCs were suitable substrata for cell

culture without any prior surface modification. Nevertheless, the surface reactions

occurring under cell culture conditions allowed prolonged sub-surface fluid exchange that

could compromise the coating integrity. Preconditioning of the FGCs in SBF is

recommended in order to make the surface Ca P-rich, with a somewhat protective effect

on the underlying glass and ultimately preserving the integrity of the coating. This may

be particularly important when the glass is partially crystalline, where the differential

dissolution rate between glassy matrix and crystalline phases may widen that interface

providing a preferential route for fluid exchange. Cytocompatibility assessment of pre

conditioned FGCs is currently under investigation.
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Tables

Table 1. Glass compositions in weight 9%

SiO2 Na2O K2O CaO MgO P2Os

6P61 61.1 10.3 2.8 12.6 8.9 6.0

6P55 54.5 12.0 4.0 15.0 8.5 6.0
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Table 2. Ion concentration of SBF (mM) in deionized water

Ion concentration (mM)

Na" K" Ca” Mg” CT HCO3 HPO,”

SBF 142 5 2.05 1.5 148 4.2 1



Figures and captions

Figure 1

Figure 1. SEM image of FGC’s surface with a microcrack (A). SEM image of FGC after
etching (B). Crystalline phases round in shape (black arrows) are clearly visible.

:
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Figure 2

i

Figure 2. Thin film XRD patterns of FGCs from three different batches ((1), (2), (3)).
Crystalline phases were consistently present and identified as being sodium calcium
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Figure 3

TiSAAW Sºº GP55 esin

Figure 3. SEM image of FGC cross section.
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Figure 4

i
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Figure 4. FTIR spectra of FGC as made (A); the labeled peaks indicate a glassy surface.
FTIR spectra of FGC after conditioning in SBF (B); the labeled peaks indicate the
presence of a crystalline phosphate on the surface.
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Figure 5
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Figure 5. Thin film XRD patterns of FGC as made (1) and FGC after conditioning in
SBF (2). FGC as made (1) showed the peaks of crystalline sodium calcium phosphate
and magnesium calcium silicate. FGC pre-conditioned (2) had poorly defined peaks.

90



ºr."

Figure 6. SEM image of FGC after conditioning in SBF. The morphology of the
precipitate is similar to hydroxyapatite. The crystalline size is smaller than 1 pum.
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Figure 7. SEM of MC3T3-E1.4 cells cultured on FGC as made, after exposure to
vacuum (< 80 millitorr) (A to E). MC3T3-E1.4 osteoblast-like cells reached confluence
but were detached from the sample by suction (A, = plane of focus).
The surface reactions involved crystalline phases present in the original glass coating (B,
scale bar:2 pum). B is the magnification of an area corresponding to the solid line box
from A.). The crystalline phases are visible as round three dimensional features (B black
arrowheads).
Side view of the cell layer and reacted surface (C, scale bar:2 pum). C is the
magnification of an area corresponding to the white dotted line box from A) and shows
the original cells-FGC interface (white dotted line). The thickness of the reacted layer is
indicated by the black double headed arrow, the tissue grown over 20 days is indicated by
the white double headed arrow.

Glass below the reacted surface (D, scale bar 50 pum, = plane of focus) appears partially
corroded.

E (scale bar:5 pum) is the magnification of an area corresponding to the white dotted line
box from D. The empty concavities (black arrowheads) resulted from the loosening of
the crystalline phases from the glassy matrix. A noticeable space around the crystalline
phases (black arrows), due to the differential dissolution rate between the matrix and the
crystals, provides a preferential route for fluid movement.
F(1): EDS analysis of an area corresponding to the reacted FGC surface in Figure 7C
showed presence of Ca and P with trace amounts of Si. F(2): EDS analysis of an area
corresponding to the unreacted FGC in Figure 7E indicated the presence of all the
elements in the original glass composition.
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Figure 8. SEM image of MC3T3-E1.4 cells cultured on FGC pre-conditioned in SBF.
Three dimensional structures associated with bone nodules are visible. The FGC’s sub

surface was not disrupted by the applied suction. Scale bar: 100 pum.
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Chapter 5

Incompletely Resolved Issues
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Preface

This chapter will not be submitted for publication. It reports somewhat negative results

which are informative from the standpoint of a researcher bridging the fields of materials

Science and biology. The findings indicate the importance of fabricating the functionally

graded coatings (FGC) keeping in mind their possible ultimate application as implant

materials. Careful handling of each component of the coatings (i.e. glass powders, and

titanium alloy) as well as maintaining clean furnaces used for their fabrication is

important to avoid contamination during the fabrication process. In the previous chapter

MC3T3-E1.4 mouse pre-osteoblasts were cultured on FGCs that were not preconditioned,

reaching confluence and subsequently mineralizing. The following cell proliferation

assays on the FGCs yielded contradictory results. In the attempt to clarify these

inconsistencies several repeat experiments were performed. Numerous coatings' batches

and replicate experiments later, the results were consistent and indicated poor cell

proliferation. There seemed to be an unknown and unavoidable contaminant that leached

out of the coatings and was mildly cytotoxic. This chapter elucidates how we came to

that conclusion, what was attempted to identify the possible contaminant and what was

done to overcome this problem.
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Abstract

In this study we determined that MC3T3-E1.4 osteoblast-like cell proliferation was

significantly reduced on functionally graded coatings of bioactive glasses onto titanium

alloy (FGC) in comparison to uncoated titanium alloy (TióAl4V) and tissue culture

polystyrene (TCPS). This effect was also observed when the cells were never in direct

contact with the materials and were cultured using the materials’ extracts. FGCs

prolonged the cells lag phase as demonstrated by proliferation curves. The viability of

cells cultured onto FGCs was reduced to 70% by the 5" day in culture, indicating that

the prolonged lag phase was probably due to a lower number of viable cells. Pre

incubation of the FGCs in simulated body fluid (SBF) released ions in solution, among

which were unexpectedly: vanadium, iron and nickel, as determined by inductively

coupled plasma mass spectroscopy (ICP-MS). The toxicity of these ions had been

previously reported,' but in concentrations higher than found in this study. MC3T3-E1.4

mouse pre-osteoblasts proliferated significantly more on preconditioned FGCs than on

control materials, indicating that the preconditioning treatment in SBF had the effect of

removing and/or preventing the leaching of the toxic agent.

Introduction

We are now able to fabricate functionally graded bioactive coatings (FGC) on titanium

alloy (TióAl4V) that may be used as load bearing implants.” Previously we

demonstrated that the fabrication process is reproducible and that cell culture conditions

may compromise the stability of the coatings (Chapters 3 and 4). Preconditioning in SBF

modified the FGC, resulting in a more stable coating (Chapter 4). This study investigated

the effect of the FGCs not preconditioned, or preconditioned for 2 weeks in simulated
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body fluid (SBF), on cell proliferation using the subclone 4 of the MC3T3-E1 mouse pre

osteoblastic cell line: MC3T3-E1.4. Proliferation of cells seeded directly on the materials

was measured after 5 days in culture. Tissue culture polystyrene (TCPS) and TióAl4V

served as controls. To uncouple possible topographical effects from chemical ones,

proliferation of cells treated with FGC (not preconditioned) extract in full medium was

measured. Proliferation curves were determined to establish the effect of the materials on

proliferation over time. To determine whether cell proliferation was diminished because

of a lower number of viable cells or a slower cellular metabolism, a viability assay was

also conducted. Inductively coupled plasma-mass spectroscopy (ICP-MS) was used to

identify ions released from the FGC. º
Materials and Methods .

Bioactive glasses were prepared by mixing the oxide powders (Table 1) in isopropyl

alcohol. The solvent was evaporated and the glasses were fired in air at 1450 °C (glass ****

6P61) and 1400 °C (glass 6P55). The details of glass preparation can be found in º
previously published work.” Functionally graded coatings were prepared as previously º

• *

described.” Briefly, the glasses (6P61 and 6P55) were separately milled in a planetary

agate mill. Titanium alloy (TióAl4V Goodfellow Ltd., Huntingdon, UK) was cut (1.5 x

1.5 x 0.1 cm) with a low speed diamond saw (Isomet, Buehler, Ltd., Lake Bluff, IL) and

polished to 1 pum with diamond suspension (Buehler, Ltd., Lake Bluff, IL). TióAl4V was

cleaned by ultrasonication with ethanol and acetone for 10 minutes each. A suspension

of glass 6P61 powders (particle size ~ 37 pum) in 100% ethanol was deposited on

TióAl4V prepared as described above. Glass particles were allowed to settle and the

process was carefully repeated using glass 6P55, without disturbing the first layer of glass
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6P61 powder. After drying in air at 80 °C for 48 hours the green coatings were fired in

air in a dental furnace (Unitek Ultra Mat II, 3M, Maplewood, MN). The furnace was pre

heated at 640 °C, the firing temperature of 800 °C was reached (heating ramp: 40

°C/min) while the furnace was evacuated to 0.1 atm. At 800 °C air was let into the firing

chamber. Samples were fired for 10 sec in air at 1 atm and quenched. TióAl4V prepared

as described above but uncoated was used as a control together with TCPS.

Cell culture

MC3T3-E1.4 mouse osteoblast-like cells were grown in an incubator at 37 °C and 5%

CO2 atmosphere, in O-modified Eagle's medium (O-MEM) supplemented with 10% fetal

bovine serum (FBS) and 1% antibiotics (penicillin and streptomycin) (full medium) and

passaged every 4-5 days. This is a well characterized mineralizing subclone of the mouse

osteoblast-like MC3T3-El cell line.” In all experiments cells were plated at an initial

density of 50,000 cells/cm3. Experiments were performed three times with three samples

for each material (N=3).

The effect of preconditioning in SBF on cell proliferation

Cell proliferation was assessed on FGCs without preconditioning and on FGCs

preconditioned for 2 weeks in SBF at 37 °C, exchanging the solution weekly. Cells

(50,000 cells/cm density) were seeded in 30 pull aliquots on the center of each sample

and control material. Cells were allowed to adhere for 10 minutes before the wells were

gently flooded with the medium (1 mL/well). We consistently used 1 mL medium/well

to reduce the variability of glass dissolution, which is known to be a function of the

solution volume.” Cell proliferation was assayed according to the following schedule: on

day 1, cells were seeded as described above; on day 2, cells were synchronized by serum
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starvation for 48 hours, replacing the medium with a fresh one containing 1% FBS. On

day 4, cells were allowed to re-enter the cell cycle by replacing the medium with a fresh

one containing 10% FBS. After 24 hours, the number of proliferating cells was assayed

using a commercial kit (CellTiter 969 Promega Corp. Madison, WI), based on the

metabolic activity of living cells (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide) (MTT) assay). The MTT solution added to each well was incubated for 4 hours

at 37°C. After the formation of the crystal formazan product the square samples (glasses

and TióAl4V) were transferred from the original tissue culture plate and placed into the

wells of a new one. This way only the crystals formed on the samples were dissolved.

To dissolve the formazan product solutions were added according to the Promega

protocol; the overnight protocol was chosen to ensure complete solubilization of the dark

blue formazan product. The optical density was measured at 570 nm in a

spectrophotometer (Spectronic Genesys 5, Spectronics Instruments, Rochester, NY). A

calibration curve was determined to convert absorption into number of cells; the

relationship was linear. The number of cells was subsequently divided by the available

surface to obtain cell density as number of cells/cm3.

Proliferation rate

Proliferation curves were obtained by seeding and growing the cells on sample and

control materials as previously described. Proliferation was measured by the MTT assay

at days 5, 7 and 9. Cultures were synchronized 48 hours prior to the experiment endpoint

by serum starvation. 24 hours prior to the experiment endpoint cells were allowed to re

enter the cell cycle by supplying the medium with 10% FBS. MTT assay was carried out

as described above.

*

º
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Proliferation in response to materials’ extract

We used materials’ extracts to uncouple the effect of surface topography from chemistry.

An “incubation plate” was prepared with sterile FGC and TióAl4V placed in a 12 well

tissue culture plate and, together with TCPS (the bottom of the wells), incubated with 1

mL of full medium for 24 hours at 37 °C. On day 1 cells were seeded on a new plate and

treated with the extract. The incubation plate was replenished with medium containing

1% FBS. On day 2 cells were treated with the materials’ extract containing 1% FBS.

The incubation plate was replenished with full medium. On day 4 cells were treated with

the materials extract and on day 5 proliferation was measured by the MTT assay as

described above.

Cell viability

Cells were seeded on samples and controls and cultured with full medium for 6 days. At

day 6 cells were trypsinized and pelleted. The pellet was resuspended to yield a 10°

cells/mL dilution. One drop (0.01 mL) of cell suspension was mixed with one drop of

0.4% Trypan Blue stain (Gibco"Invitrogen Corp., Carlsbad, CA) and left for 5 min at

room temperature. The number of non-viable, stained cells and the total number of cells

were counted in an hemocytometer and the percentage of viable, unstained cells was

calculated.

ICP-MS

To identify ions leached from the FGCs when immersed in solution a FGC extract in

simulated body fluid (SBF) was prepared. Simulated body fluid was obtained by mixing

the components in deionized water to reach the concentrations reported in Table 2. FGC

extract was prepared by immersing 1 sample in 4 mL SBF for 2 weeks at 37°C, in a 45
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mL volume sterile tube. A blank sample containing 4 mL of SBF was similarly prepared

and stored. The ionic content of the extract was compared to the blank sample by

inductively coupled plasma-mass spectroscopy (ICP-MS) (Chemi■ race, (Freemont, CA).

Results

Cell proliferation on unconditioned materials

Cell density was significantly lower on FGCs after 5 days in culture (Figure 1) (ANOVA,

SNK p-0.05). No significant difference was found between TióAl4V and TCPS.

Cell proliferation rate

The number of metabolically active cells on TióAl4V and TCPS increased throughout the

experiment (Figure 2 pink and blue lines, respectively). The number of cells cultured on

FGCs did not increase as much as cells seeded on TCPS and TióAl4V and appeared to be

in the lag phase even after 9 days in culture (Figure 2 green line).

Viability

Figure 3 shows that after 5 days in culture, the average percentage of viable cells on

FGCs was 66%. On TCPS and TióAl4V the percentage of viable cells was significantly

higher (100%) (ANOVA, SNK p-0.05).

Proliferation in response to materials’ extract

Cells cultured for 5 days with FGC extract proliferated significantly less than cells

cultured with control extracts (Figure 4) (ANOVA, SNK p-0.05). This indicated that a

component of the FGCs was released in solution that had the effect of slowing

proliferation.

Proliferation on FGCs pre-conditioned in SBF for 2 weeks
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Cells proliferated significantly more on FGC’s pre-conditioned in SBF for 2 weeks

(Figure 5) (ANOVA, SNK p-0.05) than on control materials, indicating that pre

conditioning removed the component or components responsible for the decreased cell

viability.

ICP-MS

The trace metals released in SBF over the course of 2 weeks are reported in Table 3. The

analysis indicates that the FGCs released significant amounts of calcium, iron,

magnesium, nickel, potassium, Sodium, and vanadium.

Discussion and conclusion

Initial experiments on non-preconditioned FGCs showed that cells were proliferating,

reaching confluence and subsequently mineralizing, but proliferation experiments yielded

inconsistent results. We increased the number of repeat experiments; after some FGCs

batches proliferation at day 5 was reproducible and indicated that on FGCs cells were not

proliferating as much as on control materials. This transition in the results suggests that

some form of contamination occurred (most likely furnace contamination) that did not

improve over time. Proliferation curves demonstrated that osteoblast proliferation on

FGCs did not increase over time as much as on control materials, and after 9 days in

culture cells were still in the lag phase. To determine whether cells were viable but

metabolically slow, viability assay by trypan blue exclusion was performed. The results

showed that about 30% of the cells seeded on FGC were not viable. Treating the cells

with materials’ extract indicated that the FGC’s extract contained some agent that caused

reduced proliferation and possibly cell death. Preconditioning FGCs in SBF for two

weeks had the effect of reversing this trend and significantly promoting osteoblast
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proliferation. It is not clear whether the toxic agent was located exclusively on the FGC

surface or also in the bulk of the coating. Preconditioning in SBF might have had the

following effects: 1) the toxic component/s was/were completely leached out; which

could be the case if it■ they was/were located on the surface only 2) the surface of the

FGC had reacted to form an apatite-like layer that created a barrier for the toxic

component/s or 3) the presence of the surface apatite-like layer slows down the leaching

process, reducing the concentration of the toxic agent to a non-toxic level. Among the

ions released from FGCs, vanadium, iron and nickel (in decreasing order of toxicity) had

been previously reported as being toxic above a specific concentration.'" We found that

the concentration of vanadium in the extract was 0.01 mM (to convert mM into ppb: mM

x molecular weight x 1000 = ng/mL or ppb). Hallab et al.' reported that vanadium in

such concentration was not toxic to MG63 cells, but doubling that concentration to 0.02

mM caused a drop in MG63 human osteosarcoma viability of about 30%. MG63 is an

osteosarcoma-derived cell line, more “robust” in nature compared to the spontaneously

immortalized MC3T3-E1.4 cell line, which may explain the higher concentration at

which the toxic effect could be noticed. In this study iron and nickel were present in the

extract in concentrations of 0.0003 and 0.0004 mM respectively; these concentrations are

not toxic.' It seems surprising that vanadium in the extract may be the cause of cell

death, since cells were about 100% viable when cultured onto TióAl4V (uncoated) which

also contains vanadium. The differences between the FGC and TióAl4V are the presence

of the glass and the additional heat treatment that the enameling process requires. We

exposed TióAl4V uncoated to the same thermal treatment of FGC but in the absence of

any glass and then tested MC3T3-E1.4 proliferation on such substratum. The results
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showed no difference in proliferation between TióAl4V and thermally treated TióAl4V

(data not shown). We reasoned that some contaminant might have been included in the

glass and we attempted to prepare FGCs on Pt sheet instead of TióAl4V. The resulting

coatings showed poor adhesion but could be used as substrates for MC3T3-E1.4 culture.

We tested for cellular proliferation as described above and found that cells proliferated

significantly more on FGC-Pt samples than on FGC-TióAl4V (data not shown). The

source and identity of the toxic component remains uncertain. To positively identify the

toxic agent, preparation and analysis of extracts at various time points (to determine the

rate of release), followed by cytotoxicity assays testing each agent singularly or in

combination, would be recommended. This was outside the scope of this thesis, but the

occurrence of contamination underscores the importance of carrying out each step of

coating fabrication process with care and cleanliness as if it were a biological assay. The

data reported in this and the previous chapter show that pre-conditioning in SBF is

strongly recommended to provide a stable coating and to remove possible contaminants

introduced during the glass fabrication and/or enameling process.
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Tables

Table 1. Glass compositions in weight 9%

SiO2 Na2O K2O CaO MgO P2O5

6P61 61.1 10.3 2.8 12.6 8.9 6.0

6P55 54.5 12.0 4.0 15.0 8.5 6.0
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Table 2. Ion concentration of SBF (mM) in deionized water

Ion concentration (mM)

Na" K" Ca” Mg” CT HCO3 HPO,”

SBF 142 5 2.05 1.5 148 4.2

- :
: 2
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Table 3. ICP-MS analysis concentrations in parts per billion (ppb)

Detection Limit (ppb) Blank Sample (FGC)

Aluminum (Al) 5 160 <5

Antimony (Sb) 5 <5 <5

Arsenic (As) 10 <10 <10

Barium (Ba) 1 2.3 1.0

Beryllium (Be) 5 <5 <5

Bismuth (Bi) 5 <5 <5

Boron (B) 10 140 164

Cadmium (Cd) 1 <1 <1

Calcium (Ca) 10 51,000 77,000

Chromium (Cr) 5 <5 <5

Cobalt (Co) 1 <1 <1

Copper (Cu) 5 <5 <5

Gallium (Ga) 1 <1 <1

Germanium (Ge) 5 <5 <5

Gold (Au) 10 <10 <10

Iron (Fe) 10 <10 17

Lead (Pb) 5 <5 <5

Lithium (Li) 5 <5 <5

Magnesium (Mg) 5 38,000 63,000

Manganese (Mn) 5 <5 <5

Molybdenum (Mo) 5 <5 <5

º *

º
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Nickel (Ni) 5 6.9 23 º:

Niobium (Nb) 5 <5 <5

Potassium (K) 10 200,000 220,000

Silver (Ag) 5 <5 <5

Sodium (Na) 10 2,200,000 2,300,000

Strontium (Sr.) 1 34 39

Tantalum (Ta) 5 <5 <5

Thallium (TI) 1 <1 <1 º:
Tin (Sn) 5 <5 <5 º

Titanium (Ti) 5 <5 <5 ..

Vanadium (V) 5 14 510 º
Zinc (Zn) 5 <5 <5 i

Zirconium (Zr) 1 2.0 <1
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Figure 1. Cell proliferation: MC3T3-E1.4 mouse pre-osteoblast like cells proliferated º
significantly differently on all materials in the following order from higher to lower: *
TCPS-TióAl4V-FGC (*=significantly different ANOVA, SNK p-0.05) --
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Figure 2

proliferation rate
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Figure 2. Proliferation rate: over 9 days in culture the number of cells on TCPS and
TióAl4V increased (pink and blue line respectively). Cells cultured on FGC remained in
the lag phase throughout the duration of the experiments (green line).
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Figure 3
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Figure 3. Cell viability: trypan blue exclusion indicated that after 5 days in culture about
100% of the cells were viable on TCPS and TióAl4V whereas on FGC only 70% of the
cells survived (*=significantly different ANOVA, SNK p-0.05).
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Figure 4
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Figure 4. Cell proliferation in response to materials’ extract: after 5 days in culture
MC3T3-E1.4 cells proliferated similarly when treated with either TCPS or TióAl4V
extract. Proliferation of cells treated with FGC extract was significantly lower
(*=significantly different ANOVA, SNK p-0.05).
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Figure 5
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Figure 5. Cell proliferation on preconditioned materials: after 5 days in culture MC3T3
E1.4 mouse osteoblast-like cells proliferated significantly differently on all materials.
Lowest proliferation occurred on TióAl4V followed by TCPS, and FGC (ANOVA, SNK
p-0.05).
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Chapter 6

Bioactive glass coatings affect osteoblast-like cells behavior
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Abstract

Functionally graded coatings (FGC) of bioactive glass on titanium alloy (TióAl4V) were

fabricated by the enameling technique. These innovative coatings may be an alternative

to plasma sprayed hydroxylapatite coated implants. Previously (Chapter 4) we

determined that a preconditioning treatment in simulated body fluid (SBF) was necessary

to stabilize the coatings. This work had the primary goal of assessing the preconditioned

FGCs’ cytocompatibility, in vitro with MC3T3-E1.4 mouse pre-osteoblastic cells. We

evaluated cell adhesion, proliferation, and mineralization on FGCs in comparison to

uncoated TióAl4V and tissue culture polystyrene (TCPS). No difference in cell adhesion

was identified, whereas proliferation was significantly different on all materials, highest

on FGCs followed by TCPS and TióAl4V. Qualitative and quantitative mineralization

assays indicated that mineralization occurred on all materials. The amount of inorganic

phosphate released by the mineralizing layers was significantly different, highest on

TCPS, followed by FGC and uncoated TióAl4V. The secondary objective of this work

was to assess the ability of the FGCs to affect gene expression, indirectly, by means of

their dissolution products, which was assessed by real time RT-PCR. FGCs dissolution

products induced a two fold increase in the expression of Runx-2, and a 20% decrease in

the expression of collagen type 1 with respect to TCPS extract. These genes are

regulators of osteoblast differentiation and mineralization, respectively. The findings of

this study indicate that preconditioned FGCs are cytocompatible and suggest that future

work may allow composition changes to induce preferred gene expression.
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Introduction

An enameling technique, combined with a functionally graded approach, was used to

produce bioactive glass coatings on titanium alloy (TióAl4V) that resist delamination.”

The glass in contact with TióAl4V contained 61 wtº Si, and small amounts of Mg and K

oxides to provide an adequate match in coefficient of thermal expansion (CTE) with the

alloy. The second layer of the coating was a glass containing 55 wtº Si, that is bioactive

(Chapter 3)." Similar to findings with bioactive glass particles we found that the glass

silica network of the coatings could be undermined unless the coatings were pretreated in

SBF.” The preconditioning treatment partially transformed the coatings' surfaces into a

crystalline apatite-like form (Chapter 4).

The mechanisms by which bioactive glasses, and their coatings, affect osteoblast

behavior and metabolism are unclear. There is evidence indicating that bioactive glasses

can control gene transcription through glass dissolution products.” The objective of this

work was twofold: 1) to assess the in vitro biocompatibility of functionally graded

bioactive glass coatings (FGC) after preconditioning treatment and 2) to test the

hypothesis that FGCs so treated can affect the expression of genes involved in the early

stages of osteogenesis by means of their dissolution products. To pursue our objectives

cell adhesion, proliferation, and mineralization were assessed using the mineralizing

subclone of the mouse pre-osteoblastic cell line MC3T3-E1; MC3T3-E1.4.” FGCs were

pre-conditioned in SBF to provide a stable surface. Titanium alloy (TióAl4V) and tissue

culture polystyrene (TCPS), pre-conditioned in the same way, served as controls. The

second part of this study was investigated by preparing materials extracts and

determining their effect on the expression of genes involved in the early stages of
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osteoblast differentiation (Runx-2, oz chain of collagen type I (Col 1), and alkaline

phosphatase)" by quantitative real time reverse transcription polymerase chain reaction

(real time RT-PCR).

Materials and Methods

Sample preparation

To fabricate FGCs, two bioactive glasses were prepared by mixing the reagents in

propanol using a high speed stirrer as previously described.' The P:Os content was 6

wtº/6 for both glasses, designated 6P followed by their SiO2 content in weight percent

(Table 1). The reagents were SiO2 (99.5% Cerac Inc., Milwaukee, WI), CaCO3 (99.9%,

J.T. Baker, Phillipsburg, NJ), MgO (98.6%, J.T. Baker, Phillipsburg, NJ), K2CO3 (99.4%,

Mallinkrodt, Paris, KY), NaHCO3 (99.5%, J.T. Baker, Phillipsburg, NJ), and Na2HPO4

(99%, Sigma, St.Louis, MO). The mixture was dried and then fired in air in a Pt crucible

for 5 hours at 1400°C (glass 6P55) and 1450°C (glass 6P61). Functionally graded glass

enameled coatings were prepared as previously described." Glasses 6P61 and 6P55 were

separately milled in a planetary agate mill. 6P61 glass powder (particle size ~ 37 pum)

was suspended in 100% ethanol and deposited on polished (1 pum diamond suspension

(Buehler, Ltd., Lake Bluff, IL)) TióAl4V squares (1.5 x 1.5 x 0.1 cm) (TióAl4V

Goodfellow Ltd., Huntingdon, UK). Glass particles were allowed to settle and the

process was carefully repeated using glass 6P55, without disturbing the first powder

layer. The green coatings were dried in air at 80°C for 48 hours and then fired in air in a

dental furnace (Unitek Ultra Mat II, 3M, Maplewood, MN). The furnace was pre-heated

at 640°C, and the firing temperature of 800°C was reached at a rate of 40°C/min while

evacuating the furnace to 0.1 atm. At 800°C air was let into the firing chamber, samples
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were fired for 10 sec in air at 1 atm and quenched. TióAl4V of the same size and

polished through 1 pum served as control together with tissue culture polystyrene (the

bottom of the wells). Samples were cleaned by sonication in acetone and isopropyl

alcohol for 5 minutes each, and sterilized in dry heat at 250°C. Sterile samples were

placed in 12 well tissue culture plates under sterile conditions.

Samples and controls were preconditioned in 4 mL offilter sterilized (filter: 0.22 pum, GE

Osmonics, Inc., Minnetoka, MN) SBF (Table 2). Preconditioning lasted for two weeks at

37°C, changing the solution at one week. Specimens were rinsed with phosphate

buffered saline (PBS) prior to cell seeding. Experiments were performed in triplicate

with N=3 for each material in each experiment.

Cell culture

MC3T3-E1.4 mouse osteoblast-like cells were grown in an incubator at 37°C and 5%

CO2 atmosphere, in O-modified Eagle's medium (O-MEM) supplemented with 10% fetal

calf serum (FCS) and 1% antibiotics (penicillin and streptomycin) (full medium) and

passaged every 4-5 days. In all experiments cells were plated at an initial density of

50,000 cells/cm”.'

Cell adhesion

Cells were seeded in 30 pull aliquots on the center of sample and control materials. After

10 minutes the wells were gently flooded with the medium (1 mL/well). 1 mL

medium/well was consistently used throughout the experiments. Three hours after

flooding, the supernatant containing non-adhering cells was removed, and replaced with

fresh medium. The number of adhering cells was assayed using a commercial kit

(CellTiter 969 Promega Corp., Madison, WI), based on the metabolic activity of living
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cells (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) assay). The

MTT solution added to each well was incubated for 4 hours at 37°C. After the formation

of the crystal formazan product the square samples (FGC and TióAl4V) were transferred

to new tissue culture plates. This way only the crystals formed on the samples were

dissolved. To dissolve the formazan product, solutions were added according to the

manufacturer’s protocol, keeping volume of solution to sample surface area ratio

constant at 2 pl/mm3. This was done to compensate for the difference in surface

available to the cells. The overnight protocol was chosen to ensure complete

solubilization of the dark blue formazan product. Optical density was measured at 570

nm in a spectrophotometer (Spectronic Genesys 5, Spectronics Instruments, Rochester,

NY). A calibration curve allowed conversion of absorption to number of cells. The

number of cells was then normalized to the sample surface area (cells/cm3).

Cell proliferation

Cell proliferation was assayed after 5 days in culture. On day 1, cells were seeded as

described above (see cell adhesion). On day 2, cells were synchronized by serum

starvation (1% FBS) for 48 hours. On day 4, cells were allowed to re-enter the cell cycle

(10% FBS). After 24 hours the proliferating cells were assessed using the MTT assay as

described above.

Mineralization

Cells were seeded as described above. Cells were treated with ascorbic acid (AA) (50

pig■ mL medium) for 10 days and then with AA and inorganic phosphate (NaH2PO4) (10

mM) for an additional 5 days. Medium was replaced at 2 day intervals throughout the

experiment. Cells were washed 3 times with PBS without Ca” or Mg” and then fixed
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for 15 min in 100% ethanol. Cell layers were stained with alizarin S solution for 30

minutes, rinsed and photographed under an optical microscope (Olympus BX50 Olympus

America Inc., Melville, NY) with a ccd camera (DVC 1300C camera RGB color, DVC

Company, Austin, TX) connected to it.

Quantitative measurement of inorganic phosphate

Cells were seeded and treated with AA and NaH2PO4 as described above to induce

mineralization. NaH2PO4 treatment was carried out for a total of 10 days. This was done

to try to increase the amount of mineral in the tissue. After 20 days in culture, cells were

washed 3 times with PBS without Ca" or Mg” and the cell layer grown on FGCs and

TióAl4V was gently removed from the materials with a rubber policeman and transferred

to a new tissue culture plate. This was done to avoid measuring phosphate possibly

released from FGCs or from the tissue grown on the tissue culture wells adjacent to the

test substrates. The mineralized tissue was incubated for 48 hours in 15% trichloroacetic

acid (TCA). The volume of TCA added was kept constant at 2 pl/mm of sample

surface. 50 pull of Supernatant were then assayed. Inorganic phosphate concentration was

determined by spectrophotometry (355 nm) using the method of Heinonen and Lahti."

The absorbance value in Klett units (KU) (1 KU = 0.005 absorbance) was converted into

concentration using a calibration curve made using the same method.

Quantitative real time RT-PCR

Cell culture

All samples and controls were preconditioned in SBF for 2 weeks as described above.

Incubation plates: Materials extracts were prepared by immersing samples and materials

in full media for 48 hours with a volume of solution to surface area ratio of 4.5 mL/mm”.
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Cells were seeded in six well tissue culture plates as described above, and treated with

materials extract and AA (50 pig■ mL medium) every 48 hours for 7 days. The incubation

plates were replenished with the proper amount of full medium after each cell feeding.

RNA extraction and reverse transcription

At day 7 total RNA was extracted using the RNeasy extraction kit (Qiagen, Valencia,

CA). The concentration and purity of the total RNA was determined by measuring the

light absorbance at 260 nm and by calculating the A260/A280 ratio, respectively. Two step

RT-PCR was carried out in which reverse transcription was performed in a different tube

than real time PCR. Reverse transcription was conducted using the Ericomp Powerblock

II System (Long Island Scientific, East Setauket, NY). The same amount of total RNA

from each sample within an experiment was used in a total volume of 20 pull containing 1

pull of oligo dT primer, 4 pil first strand buffer, 2 HL of 0.1 M DTT, 1 pull of 10 mM

dNTP and 100 U of SuperScript"II RNase H reverse transcriptase (Invitrogen,

Carlsbad, CA). RT reaction was incubated at 42 °C for 60 min and terminated by heat

inactivating the reverse transcriptase at 70 °C for 15 min.

Primers and probes

Primers and probes were Assays on Demand (Applied Biosystems, Foster City, CA)

selected using the NCBIRefSeq sequences for glycerol-3 phosphatase dehydrogenase

(Gapd) (accession number NM_008084), O2 chain of collagen type 1 (Col 1) (accession

number NM_007743), alkaline phosphatase (Akp2) (accession number NM_007431),

and core binding factor 1 (Runx-2) (accession number NM_009820). The Applied

Biosystems patented fluorogenic probes incorporated reporter dye on the 5’ end and
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quencher dye on the 3’ end, and spanned an exon/intron boundary to avoid genomic

DNA amplification.

Real time PCR

Quantitative real time PCR was conducted with TaqMan” instrument (TaqMan-PCR ABI

Prism 7900HT sequence detection system, Perkin Elmer Applied Biosystems, Foster

City, CA) that detects accumulation of PCR product, and allows quantification in the

exponential phase of PCR reactions. Serial dilutions of cDNA from cells cultured with

the TCPS extract (control) were analyzed for the internal control and target genes

(Gapdh, Col I, Runx-2 and Alk Phos). A standard curve was determined by plotting

threshold cycle (CT) versus the log of initial amount of cDNA and ensured comparable

efficiency within the dynamic range. Alk Phos efficiency was not linear in the dynamic

range so its real time RT-PCR data was discarded. Equal amounts of reaction mixture

were amplified by PCR in a 1x TaqMan” Universal Master mix containing Amperase.8

UNG polymerase (Applied Biosystems, Foster City, CA). cDNA was amplified as

follows: enzyme activation at 50°C for 2 min, 40 cycles of amplification associated with

denaturation at 95 °C for 15 sec and extension at 60 °C for 1 min. A control without

template and one without polymerase were used to exclude unspecific signals. Each

sample was run in triplicate to test the consistency of the ABI Prism reading. Three

replicate experiments were conducted to check for reproducibility.

Results

Cell adhesion and proliferation

Figure 1 shows the results from a representative experiment (N=3): the number of

adhering cells per cm was not significantly different among materials (ANOVA, Student
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Newman Keuls (SNK) p-0.05). As shown in Figure 2, proliferation was significantly

different on each material. Cells proliferated on the materials in the following order from

lowest to highest: TióAl4V, TCPS, FGC (ANOVA, SNK p-0.05).

Qualitative mineralization: Alizarin S staining

Figure 3 shows alizarin S staining of the mineralizing cell layer on FGC and control

materials. Distinct nodular colonies staining red can be distinguished.

Quantitative measurement of inorganic phosphate

Figure 4 shows the concentration of inorganic phosphate released from the mineralizing

cell layer from each material in one representative experiment (N=3). Significantly

different concentrations of inorganic phosphate were released from the cell layers

cultured on each substratum in the following order from the lowest to the highest:

TióAl4V, FGC, TCPS (ANOVA, SNK p-0.05).

Real time RT-PCR

Repeat runs of the same samples yielded consistent readings. Figure 5 shows the mean

expression level, from three experiments, as percentage of the TCPS control. Real time

RT-PCR showed that the Runx-2 expression level was 216% of TCPS control in cultures

treated with FGC extract, which was statistically significant (ANOVA, SNK p-0.05).

TióAl4V did not elicit a significant change in Runx-2 expression with respect to TCPS

(ANOVA, SNK p>0.05). Cultures treated with either TióAl4V or FGC extract expressed

Col 1 at a significantly lower level, about 80% of the TCPS control (ANOVA, SNK

p-0.05).

Discussion
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Functionally graded coatings of bioactive glasses on titanium alloy may be a potential

alternative to plasma sprayed hydroxyapatite implant coatings, which have been shown to

be unreliable." We previously determined that a preconditioning treatment in SBF

stabilizes FGCs prior to exposure to a protein containing environment. After

preconditioning in SBF, SEM, FTIR and XRD analyses indicated the presence of a

crystalline apatite-like mineral on the FGCs surface (Chapter 3). In this study, no

significant change could be identified by SEM and FTIR on the surface of the control

materials (data not shown). After preconditioning in SBF the FGCs were cytocompatible

as shown by cell adhesion similar to controls, increased cell proliferation, and allowed

cell differentiation and mineralization. An interesting finding was the significantly

greater inorganic phosphate apparently included in the mineralizing cell layer cultured on

the FGCs, as compared to the Ti414V control. This suggests that the FGCs may offer

more rapid mineralization. However we can not exclude the possibility that some of the

apatite mineral coating on the FGCs was removed along with cells prior to these

measurements. Mineralization onto TCPS was significantly higher than onto TióAl4V

and FGC. The quantitative mineralization data together with qualitative alizarin S

staining indicates that TióAl4V and FGC may delay but do not inhibit MC3T3-E1.4

mineralization, compared to TCPS. These differences could be due to the combined

effect of surface chemistry and topography of the substrates. Microarray gene analysis

indicated that Bioglass” extract affects gene expression in human primary osteoblastic

cultures,” which suggests the possibility of designing materials capable of inducing the

expression of specific genes.” Thus, in the second part of this study we conducted

preliminary experiments to determine if FGCs also are able to induce gene expression.
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We chose genes involved in the early stages of osteoblast differentiation, Runx-2, and

Col 1, as target genes. Runx-2 is an osteoblast-specific transcription factor required for

the differentiation of mesenchymal progenitor cells towards the osteoblastic lineage; in

fact -/- Runx-2 mice do not have functional osteoblasts and show an exclusively

cartilaginous skeleton.” Additionally Runx-2 is necessary to maintain a functional

osteoblastic phenotype.” Collagen type 1 is the major collagenous extracellular matrix

protein present in bone, and plays a central role in bone mineralization." Using real-time

RT-PCR we found that FGCs extract induced a two fold increase in the expression of

Runx-2 compared to uncoated TióAl4V and TCPS, while Col 1 expression by the

extracts of either FGCs or TióAl4V, was about 80% of the expression induced by TCPS

extract. Thus FGCs dissolution products can induce selective gene expression important

to osteoblast differentiation in a simplified in vitro model. The twofold induction of

Runx-2 expression by FGCs extract could have important clinical implications. In vivo

implants are in contact with a variety of cells present in bone including mesenchymal

stem cells." These innovative coatings may promote the differentiation of mesenchymal

stem cells towards the osteoblastic lineage by stimulating Runx-2 expression, thereby

favorably affecting osteointegration. The coating composition may be modified to

simultaneously promote mineralization by the induction of genes involved in the process

such as Col 1. This intriguing result will be the subject of future research.

Conclusions

FGCs preconditioned in SBF were cytocompatible and promoted osteoblast proliferation

compared to uncoated titanium alloy and tissue culture polystyrene. Mineralization

levels for FGC were higher than TióAl4V but less than TCPS. FGCs and TióAl4V are
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able to affect osteoblast gene expression indirectly through their dissolution products into

tissue culture media. Specifically FGCs extract induced a two fold expression of Runx-2,

a key marker of osteoblast differentiation, compared to TióAl4V and TCPS. Future

investigation will address the identification of the specific chemical cues behind the

induction of gene expression, and the tailoring of materials composition to control such

effect.
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Tables

Table l. Glass compositions in weight 9%

SiO2 Na2O K2O CaO MgO P2Os

6P61 61.1 10.3 2.8 12.6 8.9 6.0

6P55 54.5 12.0 4.0 15.0 8.5 6.0
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Table 2. Ion concentration of SBF (mM) in deionized water

Ion concentration (mM)

Na" K" Ca” Mg” CI" HCO, HPO,”

SBF 142 5 2.05 1.5 148 4.2 1
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Figure 1. Cell adhesion: the number of adhering cells was not significantly different on
all materials (ANOVA, SNK p-0.05).
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Figure 2
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Figure 2. Cell proliferation: after 5 days in culture MC3T3-E1.4 mouse osteoblast-like
cells proliferated significantly differently on all materials. Lowest proliferation occurred
on TióAl4V followed by TCPS, and FGC (ANOVA, SNK p-0.05).
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Figure 3

Figure 3. Mineralization by alizarin S staining; MC3T3-E1.4 mouse osteoblast-like cells
mineralized on each substratum (A: TCPS, B: FGC, C: TióAl4V). Mineralizing areas
showed a dark red staining. Scale bar: 100 pum.
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Figure 4. Quantitative mineralization: mineralizing tissue grown onto each material
released a significantly different concentration of inorganic phosphate in the following
order from the highest to the lowest: TCPS-FGC-TióAl4V (ANOVA, SNK p-0.05).
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Figure 5
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Figure 5. Real Time RT-PCR; FGCs extract induced a twofold increase in the expression
of Runx-2 with respect to TCPS extract (control). FGC and TióAl4V extracts induced a
20% decrease in the expression of Col 1 respect to TCPS extract (control)(*=significantly
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Chapter 7

Summary, Discussion, Conclusions and Future Work
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Sumrmary and discussion

Close to half a million Americans undergo either total knee or total hip joint replacement

surgery yearly.' About 20% of these patients will need a second, revision, surgery which is

usually not as successful, may cause additional damage to the surrounding tissues, and

constitutes a significant increase in health care cost.*

Current implant materials for load bearing applications are typically metal alloys, strong

enough to support the loads involved in daily activities, and bioinert to limit reactivity in the

body that may cause inflammatory and other adverse reactions. Joint implants comprise

articular surfaces made of alumina, ultra high molecular weight polyethylene (UHMWPE) or

other materials to optimize tribology design, minimizing wear particles and adverse tissue

reactions. This is an active area of research along with methods to obtain implant fixation

into the surrounding bone.” Implants made of bioinert metal alloys rely on mechanical

interlocking to achieve fixation which often can be improved by using bone cements.

Common bone cements are polymers, such as polymethylmethacrylate (PMMA), and require

the presence of monomers and an initiator to start radical polymerization. A radiopaque

medium and occasionally an antibiotic also are present in the mix. Shrinkage of the polymer

and heat of polymerization causing bone necrosis are common problems related to the use of

bone cements. The ratios between the different components can be altered to minimize

shrinkage. Polymerization heat has led to pre-cooling or pre-heating of the prosthesis to

avoid bone necrosis. When the prosthesis is pre-cooled heat transfer occurs from cement to

prosthesis and shrinkage of the polymer occurs at the same interface, increasing the risk of

early loosening of the implant. Pre-heating of the prosthesis leads to higher transfer of heat

to the bone increasing heat necrotic defects, again leading to loosening."
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To improve implant osteointegration, metal implants have been coated with hydroxyapatite

(HA) by plasma spray. Such implants do not require the use of bone cement. Plasma

sprayed HA coated implants are FDA approved and currently on the market, but coating

delamination can occur because of the unreliable coating properties (HA re-crystallizes into

different phases during plasma spray).”

Our research group developed a family of glasses, some bioactive and some with a

coefficient of thermal expansion (CTE) compatible with TióAl4V, that can be enameled onto

the alloy. Unfortunately these latter glasses are not bioactive because of their high silica

content (above 60 wº)." To overcome this, a functionally graded approach was pursued.

We stratified the enameled coating with different glass compositions that fulfill different

functions. We were able to couple a first glass layer, with a good CTE match to the alloy,

with a second layer of bioactive glass, obtaining a functionally graded bioactive coating

(FGC).”

In this thesis, for the first time some of these novel glasses in the as cast form, and their

FGCs were tested for cytocompatibility with an in vitro bone model. We tested the glass as

cast to determine whether any compositional change was needed to avoid negative cellular

response (Chapter 2). In order to conduct cytocompatibility assays we first sterilized the

glasses by gamma irradiation using an emission of 600 Curies of radiation per minute for a

total of 12 hours. This procedure is commonly followed in our lab to sterilize biological

samples, typically freshly extracted human teeth. After sterilization the glasses had acquired
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a dark brown color because the gamma radiation created color centers. Color centers are

formed when a high energy radiation bombards a material and an anion (or an electron) is

ejected which causes loss of neutrality. A free electron can occupy the vacancy created by

the loss of the anion (or electron) and fall into a trapping energy level. Within the energy

trap there are discreet levels which can absorb light. Depending on the energy level onto

which the electron falls different light is absorbed, conferring different color. Gemstones

derive their color from color centers.”" Thus, gamma irradiation changed the physical

properties of our glasses and was not considered a suitable sterilization method. Sterilization

and cleaning procedures have been shown to affect implant wear properties," corrosion

resistance,” and cellular response.” These reports indicate the importance of sterilization

method, which should be assessed prior to in vitro and in vivo studies. Exposure of the

samples to dry heat at 250 °C for 1 hour was the sterilization method of choice. The absence

of vapor (which is present in autoclave) prevents initiation of surface reactions, and this

temperature is sufficiently high to burn off any residue of cleaning solvent (ethanol and

acetone) without reaching the transformation temperature of the glass (which is above 500 °C

for each glass studied).

Glasses containing 50 and 55 wt.% silica showed no cytotoxic response and were suitable

substrates for osteoblast-like adhesion, proliferation and mineralization. MC3T3-E1.4 mouse

pre-osteoblast cells adhered in significantly higher numbers onto bioactive glasses and

TióAl4V with respect to tissue culture polystyrene (TCPS). Proliferation was significantly

different on all materials: highest on the glass containing 50 wtº/6 silica, followed by the glass

containing 55 wtº/6 silica, TióAl4V and lowest on TCPS. Alkaline phosphatase activity was

not affected by the different substrates. Morphological differences were observed in the
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mineralization pattern on the different materials: more diffuse on bioactive glasses and more

localized on TióAl4V and TCPS. Distinct three dimensional structures of aggregated cells

embedded in extracellular matrix, the latter with the morphology of collagen fibers, were

present on all substrates. These structures stained with alizarin red and were identified as

bone nodules. It is possible that the different mineralization pattern was due to diverse

collagen organization on the bioactive substrates.” Quantification of inorganic phosphate

released by the mineralized tissue indicated similar amounts of mineralization occurring on

the glasses and TióAl4V and significantly higher on TCPS. No cytotoxic effect was

encountered and no glass compositional change was required.

The ultimate application of our novel glasses is in the form of functionally graded coatings

applied by the enameling technique. It is important to determine the effect of the fabrication

process on glass microstructure and reactivity. The compositional limit for the top coating is

about 53 wtº/6 silica; FGCs of lower silica content cracked during cooling." Glass 6P55,

(containing 55 wtº/6 silica) was coupled with glass 6P61 (containing 61 wtº/6 silica) to

fabricate a functionally graded coating on TióAl4V. Glass 6P61 has a coefficient of thermal

expansion (CTE) compatible with TióAl4V (CTEspºil0.2 CTET6Aav-9.1-9.8 (10°“C”))

and was enameled in direct contact with the metal. Glass 6P55 (CTE 11.0 (10°“C”)) is

bioactive and was used as the top coating." A diffuse interface is formed between the two

glasses during the enameling procedure. Powder particles of 6P61 are in intimate contact

with powder particles of glass 6P55 and the enameling temperature allows the particles to

sinter. Smoother gradients can be obtained by interposition of a glass layer with silica

content between 61 and 55 wt %.' The thermal treatment involved in the enameling

procedure caused partial crystallization of the coating. X-ray diffraction (XRD) indicated
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that two crystalline phases were formed: sodium calcium phosphate and sodium calcium

silicate. Glass 6P55 as cast was entirely amorphous. Since there were structural and

morphological differences between glass as cast and the coating, we tested for bioactivity in

simulated body fluid (SBF). Serial immersion in SBF induced precipitation of HA on both

6P55 as cast and as a coating. It was expected that the coatings, being partially crystalline,

would have slower reaction kinetics than glass as cast. The surface reactions were followed

weekly by Fourier Transform Infrared Spectroscopy (FTIR) and no significant differences

were found (Chapter 3). It is possible that differences could have been detected by

performing FTIR analysis daily, but the amount of crystalline phases was very small

(averaged 5.9 + 3.0 vol%), and its effect may be minimal.

From the clinical point of view it is highly desirable that the implant characteristics be

reproducible. This allows more predictable outcome in cellular response. We tested three

different batches of coatings and the fabrication process yielded reproducible results: the

amount and type of crystalline phases, as well as coating thickness, were consistent between

batches (Chapter 4).

Several reports showed that the glass silica network continuously dissolves in solution, either

SBF" or protein containing solutions." Particular importance was paid to making in vitro

testing conditions correspond closely to in vivo conditions.” In fact the glass

transformations (i.e. complete silica dissolution and consequent excavation of particles)

occurring in vivo could be reproduced in vitro, only in the presence of proteins and when

solutions were replenished.” The presence of proteins always increased the rate of silica

dissolution,” allowed the formation of a Ca P-rich surface but precluded its crystallization.”

In the absence of proteins the reactions leading to silica dissolution were significantly
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slowed.” In Chapter 4 we determined the effect of protein containing solutions on the

stability of FGCs by using cell culture conditions, which comprise both the presence of

proteins and exchange of solutions. We cultured MC3T3-E1.4 osteoblast-like cells on

functionally graded coatings either as made or preconditioned in SBF. The preconditioning

treatment produced a crystalline apatite-like surface on the coating identified by FTIR and

scanning electron microscopy (SEM) (Chapter 4). After 20 days in culture under

mineralizing conditions, the stability of the coating was assessed by applying vacuum (<80

millitorr). Vacuum had the effect of separating a superficial layer from the unconditioned

(as made) coating. This layer comprised cells grown on the surface and a 4 pum thick layer of

reacted glass containing Ca P and little Si immediately underneath them. Thus, under cell

culture conditions the silica network kept on dissolving below the surface of the coating,

creating a shifting pseudo-interface, which after 20 days was located about 4 pum below the

original cell-coating interface. It is possible that continuing the experiment for longer times

may shift this pseudo-interface further inwards. The pseudo-interface was the weakest link

within the coating and pulled apart under the vacuum force, but in vivo other physical forces

may have similar effects. Conversely, the same vacuum applied to samples preconditioned

in SBF prior to cell culture had no apparent effect on the coating. Silica dissolution probably

also was occurring in this case but the reactions may have been severely slowed because of

the presence of the apatite-like layer on the surface induced by the preconditioning treatment,

similar to previously reported results.” Delamination of the coating may occur if the

pseudo-interface reaches the underlying alloy. It is difficult to calculate how much fluid

exchange occurs in vivo at the implant surface, consequently it is difficult to predict how long

silica dissolution must occur before the implant is compromised. Once the pseudo-interface
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reaches glass 6P61 the reactions are likely to be slowed because of the high silica content of

this glass. In vivo, by the time bone mineralization occurs, fluid motion at the implant

surface may be reduced to the minimum required for bone remodeling. Thus,

preconditioning in SBF is advantageous because it provides a more stable coating (Chapter

4), and removes possible contaminants (Chapter 5).

In the process of determining the cytocompatibility of the coatings we encountered some

inconsistencies. Some mineralization experiments indicated that the cells reached

confluence and mineralized, while in others, cells were not even confluent. Similar

inconsistencies were observed in proliferation experiments. Increasing the number of

repeat experiments required the fabrication of more samples, and with the new batches a

clear shift in the results was observed. The results became consistently negative, with

poor proliferation of MC3T3-E1.4 osteoblasts on FGCs. It was determined that reduced

proliferation was not due to slower cellular metabolism but to the leaching of some

chemical species from the FGCs which had the effect of decreasing cell viability from

about 100% to about 70%. The noxious agent may completely leach out by immersion in

SBF, or alternatively may be prevented from leaching out by the formation of apatite-like

mineral on the glass surface. Indeed preconditioning of the coatings in SBF (similar to

what was done in Chapter 4) had the effect of eliminating the problem. Coating extracts

in SBF were prepared and analyzed by Inductively Coupled Plasma Mass Spectroscopy

(ICP-MS) to identify the noxious agent. We screened for 34 different elements and

compared the results to the analysis of a blank solution of SBF. We identified candidate

elements which had been reported as being toxic that could have possibly caused reduced

cell viability: V, Fe and Ni, in decreasing order of toxicity.” Iron and nickel were
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found in very low concentrations (0.0003 and 0.0004 mM respectively), concentrations

reported as not toxic.” The concentration of vanadium was about half of what had been

reported as toxic to MG63 human osteoblast-like cells. The “robust” nature of this

osteosarcoma-derived cell line compared to the spontaneously immortalized MC3T3

E1.4 mouse pre-osteoblast cell line used in our work may partly explain the difference in

concentration at which a toxic effect was noticeable. The source of vanadium may have

been the TióAl4V substratum for the coatings, but it seems strange that no cytotoxic

behavior was found when TióAl4V uncoated was used. Exposing TióAl4V to the

thermal treatment required for enameling, but in the absence of glass, had no noticeable

effect on cell proliferation either. To exclude the possibility that some contaminant might

have been included in the glass, an attempt to coat Pt sheet by the same technique was

made. The coatings we obtained had poor adhesion but could still be used to test for

cellular proliferation, and showed no cytotoxic effect. We are still uncertain about the

source and identity of the toxic agent. Further experiments involving the preparation and

analysis of extracts in various solutions, and at different time points, followed by testing

of each agent at different concentrations, singularly or in combination, may help clarify

this point. This was outside the scope of this thesis, but the occurrence of contamination

underscores the importance of carrying out each step of the coating fabrication process

with extreme cleanliness and care. The implant status may vary because of fabrication

and handling, and can affect in vitro and in vivo performance. Thus characterization to

ensure standardized and controlled properties is important (Chapters 2 and 3).” * The

data reported in Chapters 4 and 5 indicate that preconditioning in SBF is necessary to
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provide a stable coating and to remove possible contaminants introduced during the glass

fabrication and/or enameling process.

Chapter 6 tested the cytocompatibility of coatings preconditioned in SBF compared to

similarly treated TCPS and uncoated TióAl4V. MC3T3-E1.4 osteoblasts adhered

similarly to all materials but proliferated significantly more on preconditioned coatings.

Cells mineralized on all substrata and higher inorganic phosphate was apparently

incorporated in the mineralizing cell layer cultured on the coatings, as compared to the

TióAl4V control. This suggests that the coatings may favorably affect mineralization

with respect to uncoated TióAl4V. Mineralization onto TCPS was significantly higher

than onto TióAl4V and FGCs. Quantitative mineralization data and qualitative alizarin

red staining indicated that TióAl4V and FGC may slow but do not prevent MC3T3-E1.4

mineralization compared to TCPS. These differences may be due to the combined effect

of surface chemistry and topography of the substrates which could possibly affect the

extracellular matrix organization.”

There is evidence that Bioglass” extract affects gene expression in human primary

osteoblastic cultures.” This exciting finding suggests the possibility of designing

materials capable of inducing the expression of specific genes.” In the second part of

Chapter 6 we conducted preliminary experiments to determine if preconditioned coatings

also are able to alter gene expression by means of their dissolution products. Genes

involved in the early stages of osteoblast differentiation, Runx-2 and Col 1, were chosen

as target genes, and their expression was quantified by real time RT-PCR. Runx-2 is an

osteoblast-specific transcription factor required for the differentiation of mesenchymal

progenitor cells towards the osteoblastic lineage” and is necessary to maintain a
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functional osteoblastic phenotype.” Collagen type 1, the principal collagenous

extracellular matrix protein present in bone, plays a central role in bone mineralization.”

Using real-time RT-PCR we were able to reproducibly quantify the expression of these

genes induced in response to extracts of coatings (preconditioned in SBF) and of control

materials. We found that coating extracts induced a two fold increase in the expression

of Runx-2 compared to uncoated TióAl4V and TCPS. Col 1 expression induced by the

extracts of either coating or TióAl4V, was about 80% of the expression induced by TCPS

extract. Thus, in our simplified in vitro model, preconditioned coatings dissolution

products did alter expression of selected genes important to osteoblast differentiation and

function. The twofold induction of Runx-2 expression could be of clinical importance.

In vivo implants are in contact with a variety of cells present in bone including

mesenchymal stem cells." These innovative coatings may promote the differentiation of

mesenchymal stem cells towards the osteoblastic lineage by stimulating Runx-2

expression, thereby favorably affecting osteointegration. The coating composition may

be modified to simultaneously promote mineralization by the induction of genes involved

in the process such as Col 1.

Conclusions

In this thesis for the first time novel bioactive glasses and their functionally graded

coatings on TióAl4V were studied with an in vitro bone model. The results indicated that

the novel bioactive glasses are cytocompatible and no compositional change is required.

The fabrication process is reproducible, introduces a small (average 6 vol%) amount of

crystallization, which does not significantly affect bioactivity in SBF as tested. The

coatings were cytocompatible, but should be preconditioned in SBF prior to their use.
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Preconditioning stabilizes the coatings, eliminates possible contaminants introduced

during processing and handling, and yields dissolution products capable of inducing

specific gene expression (e.g. Runx-2). Future research will involve identification of

such dissolution products as well as in vivo testing.

Future Research

The general hypothesis tested in this thesis is that the reaction products released from

bioactive glasses exposed to buffered proteinaceous solutions and the resulting surface

modifications significantly alter osteoblast behavior (e.g. adhesion and proliferation) and

consequently determine the osteoconductive properties of the material.

The following aims tap into the same general hypothesis and address specific basic

Science questions.

Aim 1 To identify the ions released from bioactive glasses in tissue culture medium

and their role on osteoblast gene expression.

Rationale: Few papers addressed the response of osteoblasts to bioactive glass reaction

products at the molecular level. Ionic products from dissolution of Bioglass” particles

altered human osteoblast cell metabolism” and caused up-regulation of genes involved

in cell proliferation and differentiation, identified by microarray analysis. * The effect

of singular ionic species, possible dose responses and synergies have not been

investigated. This information may be necessary for the development of implant surfaces

that have a pharmacological effect on bone before transforming into calcium phosphate.

Preconditioning the implant coating stabilized it (Chapter 6) but it is still unclear whether

the same treatment might be advantageous to osteoblast differentiation and
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mineralization. The results of Chapter 6 indicated that specific gene expression can be

induced by the dissolution products of preconditioned bioactive glass coatings.

Aim 2 To determine the role of preconditioned bioactive glasses’ products of

dissolution, in modulating expression of genes involved in osteoblastic

differentiation.

It is clinically desirable to minimize motion-induced damage at the implant site, which

may be obtained by the rapid deposition of mineralized matrix on the implant surface by

osteoblasts, supplying mechanical stability.” In vivo studies of various bioactive glass

ceramics reached one common result: bone bonded with the materials through an

intervening layer of calcium phosphates.” It has been reported that the level of

mineralization of the extracellular matrix affects bone-implant bonding.” More recent in

vitro studies suggested that hydroxyapatite may exert a stimulatory effect on marrow

stromal stem cells differentiation” and osteoblast-like cell mineralization.” The

mechanism is unknown: the calcium phosphate's topography might have an effect, as

well as the adsorbed proteins and the products of dissolution. Some in vivo experiments

indicated that primary calcification during bone healing is significantly affected by the

surface properties of the implant and the effect was apparent also in the contralateral

limb.” This indicates a systemic effect, again underlying the importance of products of

dissolution on bone metabolism. A biomaterial engineered to enhance osteoblastic

mineral deposition could be of significant clinical use.

Background

Ions and bone

Silicon
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It has been reported that silicon is required for proper extracellular matrix cross-linking

during bone growth and it acts independently of vitamin D1. In particular, silicon is

required for synthesis of collagen and glycosaminoglycans, and it affects the mechanical

properties of bone and other mineralized tissues." In vivo experiments showed that

silicon ingestion, in the form of silanols, caused increased bone formation in mature

ovariectomized rats when bone loss was expected." Evidence from different animal

models suggested that silicon in trace amounts is involved in bone mineralization.”.

Silicon induced increased proliferation, differentiation, expression of TGF-3 mRNA and

osteocalcin production in human primary osteoblasts.” No cellular silicon receptor has

been identified and the precise effect of bioactive glass-derived silicon on human

osteoblasts remains unclear.

Calcium, magnesium, potassium, and phosphorus

Bone mineral contains about 26-36 wtº/6 Ca, and 11-16 wtº/6 P in the form of apatite with

incorporation of significant amounts of carbonate, sodium, magnesium, potassium and

other ions.” In the body, extracellular free calcium concentration is tightly regulated

and maintained within a narrow physiological range. The integrated actions of hormones

(e.g. parathyroid hormone (PTH), calcitonin (CT), 1,25-dihydroxyvitamin D3

(1,25(OH)2D3)) regulate renal and intestinal absorption of Ca” as well as skeletal Ca"

mobilization to maintain systemic calcium homeostasis.” Osteoblasts sense changes of

extracellular calcium through ion channels and through a recently identified extracellular

calcium receptor (CaR).” The role of CaR, a G protein coupled receptor, in bone is not

clear. During bone resorption the concentration of extracellular calcium can increase

locally as high as 40 mM. Such a high concentration can be a signal affecting osteoblast
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physiological response. In fact, it has been reported that extracellular calcium can induce

DNA synthesis and act as a chemoattractant on mouse osteoblastic cells.” A biomaterial

leaching calcium ions might have a similar effect.

Magnesium acts as an agonist on calcium channels in osteoblasts, and is able to affect

cellular metabolism.” Physiological levels of magnesium, the fourth highest

concentrated cation in the human body, promote bone mineralization influencing

biological apatite crystal formation.” It seems that Mg ions form surface bound ionic

complexes on hydroxyapatite and their incorporation in the lattice is limited.” The

content of Mg in a bioactive glass should be carefully monitored because high

concentrations showed a toxic effect on bone cells." Other ions present in bioactive

glasses, such as potassium and phosphates might have an effect on osteoblast

metabolism. For example it has been reported that potassium and calcium channels are

involved in the regulation of secretion of osteocalcin.” Phosphorus in the form of

organic or inorganic phosphates directly increased osteoblast expression of osteopontin,

while sodium had no effect.”

Experimental

ICP-MS and/or atomic absorption (AA) analysis of extracts will allow the identification and

quantification of glass dissolution products.

Test solutions can be prepared by the addition of single or combination of ions, in various

concentrations, to tissue culture medium.

The effect on the expression of specific genes can be assessed by treating osteoblast-like cells

(or primary human osteoblasts) with test and control solutions (without added ions) followed

by real time RT-PCR analysis.

-
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