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ABSTRACT

THE EFFECT OF GRAIN SIZE, MICROCRACKING AND GRAIN BOUNDARY
GROOVING ON OSTEOBLAST ATTACHMENT IN HYDROXYAPATITE

By

lan Orland Smith

This research examined the effect of particle size, microcracking and
grain-boundary grooving in hydroxyapatite (HA) ceramics on osteoblast (OB)
attachment, with the overall goal of understanding the role of physical
characteristics in optimized scaffolds for bone tissue engineering.

Bimodally porous HA scaffolds were fabricated by foaming and sintering
either micron-scale or nano-scale HA powder, yielding two sets with average
grain diameters of 8.6 + 1.9 um and 588 + 55 nm, respectively. OBs were seeded
onto these scaffolds and counted at 0.5, 1, 2 and 4 hours for attachment and 1, 3
and 5 days for proliferation using a hemacytometer. Results showed that OB
attachment and proliferation was not significantly affected by the change in grain
size and may depend more on the bimodal porosity of the implant. However, as
our attempt to reduce the error in the hemacytometer counts was not fully
successful, a more accurate method of counting the OBs, such as a quantifiable

dye, must be used to verify this trend.



While microcracks occur as a result of thermal processing of HA, these
TEA-induced cracks are not easily controlled. For our studies we used Vickers-
induced microcracks to quantify the effect of microcracking on OB attachment in
HA. OB attachment was not significantly affected at one hour, but increased at
four hours to 61% higher than on non-microcracked control specimens. This
increase indicates that microcracking does have an effect on OB attachment and
should be studied further, to assess its effect on OB proliferation and
differentiation. It is not surprising that microcracks have a positive effect on OB
attachment, as this mimics the natural process of bone remodeling. However,
they are not likely to occur in nano-grained HA as a result of processing, as its
small grain size falls below the known values of critical grain size for
microcracking (Gcr) in HA.

grain boundary grooving in dense HA is also investigated in this dissertation.
OBs were seeded onto grain boundary grooved and control dense HA discs and
counted at one and four hours. At both times, the presence of grain-boundary
grooves did not have a significant effect on OB attachment.

These findings eliminate microcracking and grain boundary grooving as
contributing factors in increased OB attachment on HA substrates with nano-
scale grains. Having ruled out these two phenomena, the observed increase in
OB attachment on nano-grained HA is likely due to either the associated
increase in surface roughness or the presence of nano-scale charge variations at

grain boundaries. The latter is the subject of a current study by our group.
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averaged for each group of 9 specimens (control and microcracked) and the
results shown here, with the error bars indicating standard deviation (as opposed
to SE, used in Figures 3 and 4). At both time intervals there is no significant
difference between groups. Figure taken from Chapter 8.
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This set of four optical micrographs shows attached OBs at one hour on
the surface of a control specimen (Figure 3A) and a grain boundary grooved
specimen (Figure 3B), and also at four hours on the surface of a control
specimen (Figure 3C) and a grain boundary grooved specimen (Figure 3D). OBs
were fixed and stained to highlight actin fibers (red — Rhodamine-Phalloidin) and
nuclei (blue — Hoechst). The lesser degree of OB spread in both groups at 1 hour
is a result of the shorter culture time. Images were taken using an optical
fluorescence microscope. Images taken from Chapter 8.
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A series of four reflection-mode confocal laser scanning microscopy
images taken at a single location on hydroxyapatite (HA) specimen HA-70-AS-1:
(a) an overlay image showing both macropores (B150-300 mm) and micropores
(B60—70 mm), (b) a Phi-Z scan along “cut line” A-B, with pore dimensions
labeled directly on the profile, (c) a “wire mesh” topographic three dimensional
profile highlighting the larger surface features of the specimen while supressing
the fine surface detail, and (d) a contour map that uses a gray scale to indicate
depth relative to a basal plane.

FIQUIE 2. ..o e 194

A series of reflection-mode confocal laser scanning microscopy images of
specimen HA-70-AS-2, taken at a single location on the specimen: (a) an overlay
image, (b) a Phi-Z scan

Figure 3. 195

For a single location on the epoxy-impregnated and stained specimen HA-
70-ES-1, a series of fluorescent-mode confocal laser scanning microscopy
images: (a) an overlay image, (b) a Phi-Z profiles along the cuts “1” and cut “2,”
where the bright regions correspond to the stained epoxy that fluoresces and the
dark regions hydroxyapatite (HA), which does not fluoresce, and (c) a single z
section image taken at a depth of about 40 mm beneath the specimen surface. A
pore throat (opening between two adjacent pores) is labeled on the image.

T U] S 196

A comparison between (a) an overlay confocal laser scanning microscopy
(CLSM) image and (b) a conventional scanning electron microscoope (SEM)
image taken at the same location with identical magnification. Aithough the SEM
image has higher lateral resolution than the CLSM image, the SEM is unable to
simultaneously image the specimen surface and within the pores because of the
limited depth of field of the SEM.

FIQUIE Bt 197
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A series of reflection-mode confocal laser scanning microscopy (CLSM)
images of specimen HA-70-AS-2 taken with a higher lateral and vertical
resolution than the CLSM images in Figs. 1-5, including a: (a) Phi-Z scan and (b)
topographical profile. All images were taken at the same location on the
specimen.
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Four images taken at a single location on cancellous bone specimen,
including (Fig. 1a) a Z-stack overlay image showing macropores and
interconnecting micropores (indicated with arrows), (Fig. 1b) a Phi-Z scan cross-
sectional cut taken along the line shown, with A-B-C shown in the upper portion
indicating the features of a pore (A-B-C on the lower portion), and C-B equal to
1.2 mm, (Fig. 1c) topographical map consisting of a wire mesh of consecutive
Phi-Z cuts and (Fig. 1d) a contour map showing pore morphology and depth.
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Local staining of cancellous bone imaging (a) the interior of a single
macro- and (b) micropores along the surface of a macropore.
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CLSM reflectance images showing a single micropore on the surface of a
macropore for globally stained cancellous bone. Figures 3b and 3c were used in
measuring pore size.
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A comparison between (a) CLSM image and (b) SEM image of the same
section of defatted and deproteinized cancellous bone. Fig. 4a was taken using
reflective CLSM, showing greater detail of pore depth, while Fig. 4b highlights the
limitations of SEM imaging because of lower depth of field.
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X-ray diffraction data of dense sintered hydroxyapatite (Taihei Chemical).
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C-potential as a function of pH for as-received 316L, CoCrMo and Ti6AI4V
vs. whole bone suspended at 1% in PS.
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C-potential as a function of pH for ground whole deer bone suspended at
1% én PS.
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C-potential as a function of pH for NaOH-washed 316L, CoCrMo, Ti6AI4V
and whole bone suspended at 1% in PS with 1% (by volume) bovine serum
albumin.

C-potential as a function of pH for HA (sintered), HA (unsintered), C-TCP,
Osteoblasts and whole bone suspended at 1% in PS.
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-potential as a function of pH for HA (sintered), HA (unsintered) and [3-
TCP in 1% (by volume) bovine serum albumin in comparison to osteoblasts and
whole bone suspended at 1% in PS.
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C-potential for CDA(NaOH), CDA(NH,OH), BCP(NaOH), and
BCP(NH4OH) (2A). ¢-potential for MC3T3-E1 mouse osteoblasts and ground
bone (2B).Both figure 2A and 2B are shown as a function of physiologically
relevant pH at solids loadings of ~1 volume % in 0.154 M NaCl electrolyte.
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Stability calculations for CDA(NaOH), denoted W44, bone (W3;) and the
interaction between CDA(NaOH) and bone (W;3).
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CHAPTER 1

INTRODUCTION TO CALCIUM PHOSPHATE BONE TISSUE ENGINEERING

This research examined the effect of particle size, microcracking and
grain-boundary grooving in hydroxyapatite (HA) ceramics on osteoblast (OB)
attachment, with the overall goal of understanding the role of physical
characteristics in optimized scaffolds for bone tissue engineering. Images in this

dissertation are presented in color.

BONE STRUCTURE

Structurally, bone is composed of two primary types of tissue."? On one
hand there is cortical bone, also known as compact bone, found prominently
around the exterior of the diaphysial regions of long bones. Cortical bone is
composed of a network of osteons, also known as Haversian systems, made up
of thin lamellae of bone tissue surrounding channels called Haversian canals
(Figure 1). These Haversian canals act as a conduit for blood vessels and nerve
fibers and travel parallel to the axis of loading in the bone. Within the lamellae
are cavities called lacuna, which are home to osteocytes (inactive osteoblast
cells). These cells exchange nutrients with the rest of the bone tissue via small
channels called canaliculi, which contain extensions of the osteocytes. Near the
outer region of the bone, lamellae spread out to form a concentric ring around the

entire bone, adjacent to the periosteum.



Figure 1: Schematic of the Haversian systems within cortical bone tissue’

Cancellous, or spongy bone consists of bone-tissue trabeculae and
interconnected pores containing the bone marrow. These trabeculae also consist
of lacunae-containing lamellae, although these lamellae are not oriented as in
cortical bone."

The interconnected porosity of cancellous bone is vital for the transport of
nutrients via the bone marrow vasculature. Blood vessels run from the
periosteum, outside of the cortical bone, through the Haversian canals, through
the trabelcular space and into the medullary canal." In order to create scaffolds
that are able to connect with the surrounding bone tissue, it is important to

reproduce this interconnected porous network. This will be discussed later.



Figure 2: Histological section showing trabeculae within cancellous bone tissue'

Bone remodeling and growth arise as a result of new bone production by
osteoblasts and concurrent resorption of old bone by osteoclasts. These cells are
active as bone is being continually remodeled as a result of normal stresses
applied during everyday use.”*

When an osteoblast is forming new bone, it is deemed an active
osteoblast. These cells act to synthesize type 1 procollagen molecules and
release them into the area of growth, called the osteoid. Within the osteoid,
procollagen molecules align themselves and, over the course of approximately
10 days, calcium phosphate is deposited and eventually matures into bone
apatite. As active osteoblasts are consumed by newly formed bone, the majority
die and a fraction of the remaining living cells become encased within this bone

and become osteocytes."?



There are a variety of approaches for studying osteoblast (OB) function.
Several cell lines are available for use, including rat osteogenic sarcoma (ROC)
cells such as the UMR 106 line and the newborn mouse calveria-derived MC3T3-
E1 line."”® The MC3T3-E1 osteoblast clonal cell line is used in many cell
attachment, proliferation and differentiation experiments, in lieu of primary human
or animal OBs due to their greater availability and well-established bone forming
activity’, as well as its ability to differentiate on hydroxyapatite.! Further, using a
clonal line eliminates the problems that are inherent to primary cell cultures, such
as difficulty in cell isolation.”'® The use of MC3T3-E1 OBs in place of primary
OBs in tissue engineering has been shown to be a suitable substitute.’ We used
OBs rather than osteoclasts (OCs) for all of our studies because we chose to
focus on new bone production, rather than bone resorption that acts as a trigger

for bone production.

NEED FOR BONE REPLACEMENT

Each year in the United States alone there are over 500,000 bone graft
procedures performed as a result of trauma damage and resection as well as
deterioration associated with disease.'>'* Bone tissue graft options include
autograft, allografts and artificial replacement materials.

Autografts require the removal of bone tissue from a donor site within the
patient's body. This technique has inherent complications. Autografts require that
bone be removed at the donor site to replace and repair the damaged or missing

tissue. By causing damage to repair or replace missing or damaged tissue,



autografting is problematic, and therefore cannot involve load-bearing donor
sites. Additionally, retrieval of autograft tissue requires a second surgery at the
donor site, thereby increasing the morbidity/mortality rate.

Allograft tissue on the other hand, originates in a same-species,
predominately cadaveric, donor other than the patient. Cadaveric tissue is in
limited supply and carries the possibility of tissue rejection and disease
transmission.

Artificial bone tissue replacement materials are an option being developed
through an extensive range of research. These bone substitutes fall into three
categories: scaffold-based, cell-based and factor-based. This dissertation
focuses on scaffold-based bone substitutes. An ideal bone replacement scaffold
for filling a critical sized gap in bone tissue would have a bimodal pore structure
similar to that of cancellous bone. This structure allows ingrowth of new tissue
into the larger macropores and nutrient transmission through the micropores.

Interconnected macropores between 200-500 um in diameter have been shown

to promote new tissue ingrowth and vascularization.'>'®

In addition to having a pore structure conducive to bone ingrowth, an ideal
bone replacement scaffold would also be chemically similar to natural bone.
Consequentially, ceramic materials are involved in approximately 60% of
available bone graft substitutes where, the calcium phosphate (CaP) family of
materials is used in the majority of artificial bone grafts.'®> In particular,
hydroxyapatite (HA, Ca1o(PQO4)s(OH),) is frequently used, because of its similarity

to the natural apatite bone mineral %" 6835 12.15.17-20



One way in which bone substitute materials are being designed to better
mimic bone is through the design of nanoscale ceramic/polymer composites.

These composites consist of a nanoscale CaP ceramic, usually HA, and

21-23 24-26

collagen® ", a non-collagen polymer such as polyamide or a combination of
the two®"?%. Some of these composites show improved compressive strength
compared to HA, but the inclusion and eventual degradation of polymers such as
polylactic acid (PLA) has in some cases been shown to have a negative effect on
cell behavior.®® Also, while some of these composite systems contain
components found in living bone, they do not mimic its complex heirarchical
structure, which is compised of apatite crystals, 15 - 200 nm in length and 10 -
80 nm in width with a thickness between 2 and 7 nm.3° These crystals reside
within the collagen fibers, which form lamellar sheets in the concentric rings of
osteons in cortical bone? and the trabeculae of cancellous bone.' Therefore, one

current thrust of research is in the development of a bioceramic whose structure

mimics the nano-scale features of bone.>?

CALCIUM PHOSPHATE BIOMATERIALS
Calcium phosphate (CaP) ceramics have been frequently studied as

t."> While these materials are not

candidates for hard tissue replacemen
osteoinductive, they are biocompatible and osteoconductive, meaning they elicit

a biologic response in vivo.*> CaP ceramics commonly used in biomedical

engineering include a-tricalcium phosphate (a-TCP), B-tricalcium phosphate (3-



TCP), tetracalcium phosphate (TTCP) and hydroxyapatite (HA).'> Some benefits
of using each will be discussed later in this chapter.

One use for CaP in biomedical engineering is as an osteoconductive
coating for alloys in orthopedic devices and its benefits as a coating for these
metals used as orthopedic implants have been well documented.3*>®

Because of its high degree of similarity to bone apatite, HA
(Ca1o(PO4)s(OH).) is a frequently investigated material for use as a bone
replacement. As a result of this inherent chemical similarity, HA exhibits
exceptional biocompatibility. Although HA shows a favorable propensity for
attracting OBs, its properties as a bone implant are constantly being adjusted for

improvement.®’

For example, by changing the processing parameters of the HA
itself, as well as through post-processing surface treatments OB attachment can
be altered.>® These methods and others are discussed later in this chapter.

Along with surface energy and surface composition, the biomaterial
surface charge is a factor which can be used to promote a better bone/implant

interface.>® Osteoblasts have been shown to have a propensity for attaching to

HA, beginning with an electrostatic attraction. OBs in suspension exhibit a large
enough gap in C-potential with respect to HA to exhibit an interaction deemed

unstable (meaning conducive to interparticle flocculation) by the Hogg, Healy and
Fuerstenau model for interparticle stability.***> Osteoblasts attach to, grow on
and eventually differentiate, laying down mineral matrix upon HA."® OBs have
been shown to bind more effectively to HA than other common biomaterials,

including Ti and steel, because of increased fibronectin and vitronectin



adsorption in vivo.** HA belongs to the group of materials dubbed “bioactive”,
because of their tendency to bond with surrounding bone tissue and to promote
bone formation in vivo. 3**** However, the use of this term here is incorrect
because bioactivity, strictly speaking, refers to the ability of a material to produce
living matter. This is something that HA cannot accomplish on its own.

The initial reaction between a bioceramic material and its environment is
determined by the rate of dissolution from the ceramic and the precipitation back
onto the ceramic, prior to the attachment of OBs to the specimen surface. This
rate of dissolution varies based on the Ca/P ratio of HA-based materials, and is
slowest in HA (~1:90 vs TCP*®). This lack of resorbability shown by HA in vivo
offers a trade-off though, in that HA implants maintain their mechanical integrity
over time and even result in improved shear strength at the bone/implant

interface compared with a- and B-TCP, exhibiting a 10x increase, determined

using the push-out mechanical test.*°

Hydroxyapatite, a ceramic, exhibits good compressive but poor tensile
mechanical properties. Dense HA has a Young's modulus (E) of 40 — 117 GPa, a
compressive strength of 294 MPa and a bending strength of 147 MPa.*® In

comparison, a typical femur possesses a Young's modulus (E) of 13.5 GPa and
a bending strength of 250 MPa.*® This disparity in strength is what currently limits
the use of HA bone-replacement scaffolds to primarily non-load-bearing
Elpplications.46 In order for a HA scaffold to effectively promote bone ingrowth, it

Must be porous, and therefore have an ever further disparity in strength to

coO rtical bone.®



OSTEOBLAST RESPONSE TO HYDROXYAPATITE

The scope of our research within this dissertation is focused mainly on the
interaction between OBs and the HA surface, either within a bimodally porous HA
ceramic network or on the dense HA ceramic substrates. The way in which this
interaction is affected depends on the properties of that surface, those that are
intrinsic in nature and those that are extrinsic. The difference between the two
will become more apparent later in this chapter, but intrinsic properties are those
that are inherent to the particular type of HA being studied such as crystallinity,
grain size and inherent surface roughness, chemical additives during processing
and porosity, and are a result of processing parameters. Extrinsic properties refer
to those which result from further treatment of the as-processed ceramic and
include, for example the surface functionalization of the as-processed HA
substrate.

By varying the crystallinity of HA, the dissolution rate is altered.”” For
example, it was recently shown that nano-crystalline and nano-amorphous HA
elicited improved OB adhesion than conventional crystaline HA and this
response was similar to that found on RGD functionalized conventional HA.*’
This is consistent with earlier findings that amorphous materials, such as
Bioglass® and apatite-wollastonite (A-W) glass ceramic better encouraged bone
ingrowth when compared to crystalline HA.®*® For example, particles of
Bioglass® and A-W glass ceramic brought about bone ingrowth rates 2 and 1.3

times that associated with crystalline HA particles, respectively, after 24 weeks in

Viv-o (rabbit model). Surface functionalization using RGD-containing peptides is



another example of a treatment which improves OB attachment. Functionalizing
the HA surface with EEEEEEEPRGDT improved OB attachment® and using
GRGDSPC and cyclo-DfKRG increased attachment at 3 and 24 hours® versus
HA control. (The nomenclature for these peptides is designed to indicate their
specific sequence of amino acids, with each letter referring to one of these amino
acids.)

The relationship between nano-grained ceramics versus micro-grained
dense bioceramics as related to OB behavior on nano-grained versus micro-

grained dense bioceramics has been investigated by Webster et al. Using dense

substrates with nano-scale grains increases OB attachment’'>® and
proliferation®'**, alkaline phosphatase (AP) activity’™* and calcium
deposition®"** and decreases OB motility®'>*. For example, OB proliferation on

nanograined HA (67 nm average grain diameter) versus conventional HA (123
nm average grain diameter) is ~50% higher after 5 days.>* Additionally, AP
activity was ~50% higher and calcium deposition ~100% higher after 28 days in
vitro.>* This work suggests that the increase in surface roughness inherent to the
decreased grain size is a contributing factor to this improvement in OB behavior.
This is consistent with improved OB behavior shown with incidence of surface
microroughing on various biomedical alloys, including Ti alloys®°® and 316L
stainless steel,®’ bioactive glasses®, HA and glass-reinforced HA*® For example,
Mmicroroughing induced by chemical etching in three different kinds of bioactive

glass resulted in a ~60-300% increase in OB attachment after 2 hours.%®
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However, Webster et al. does not investigate how nano-grained porous ceramics
affect OB behavior. We address this relationship in Chapters 3 - 4.
Chemical additions to HA during processing include the use of sintering

60,61

aids, such as NazPO, ', and the substitution of silicon ions for phosphate ions

in order to increase dissolution rate®**®°.
The inclusion of pores in HA scaffolds is important for successful bone

tissue ingrowth and will be discussed in its own section.

MICROCRACKING

While experiencing the rigors of daily activity, bone undergoes repeated
cyclic strain®®” The repetitive nature of this strain causes an accumulation of
microcracks in the bone tissue.*® The idea that this microdamage results from
fatigue was originally presented by Frost®®, who also suggested that bone
microdamage is related to bone remodeling.®® Fatigue microdamage in bone
likely triggers targeted bone remodeling,®® which occurs near microdamage.”®"*

Microcracks in bone were observed using various methods, including
radiography’® and fuschin or fluorescent dye staining with or without optical
microscopyea' 678 The dimensions of observed cracks were not always reported,
but in those instances that they were these values varies based on location,
species and the nature of activity undertaken by the patient. For example,

Mmicrocracks found in human rib bones were between 296-404 um in length with a

crack opening displacement of 88-97 um.”® Microcracks found in equine subjects
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had mean lengths between 37-60 pm, depending on the number of races the
horses had undertaken.”’

Chapters 5 - 7 of this dissertation addresses microcracking in HA as a
property which may improve OB attachment. Originally observed as occurring

intrinsically, microcracking was later controlled and induced in dense HA.

POROUS HYDROXYAPATITE FOR BONE TISSUE ENGINEERING

While unimodal porosity in HA is controlled by varying parameters such as
the forces applied during cold or hot pressing, sintering time and sintering
temperature, bimodal porosity requires more complex methods of fabrication.
Bimodal porosity in HA is achieved in a number of ways, including foaming (used
by our group’), by bumning out a fugitive phase such as polymethyl methacrylate
(PMMA)®%8! the use of rapid prototyping to build up a periodic matrix, which
does not mimic the natural structure of bone, but rather is comprised of
orthogonal “struts” of HA®?, or by removing the organic component of natural
cancellous bone, followed by conversion of the bone mineral into HA.'""'

As mentioned above, the inclusion of naturally-occurring pores and canals
within bone is important in the transport of nutrients throughout the bone, as well
as for communication between cells and innervation of the tissue.?2 An advantage
of using a porous HA implant is that the interface available for cell attachment is

far greater and more complex, resulting in an improved interlocking interface.®

In comparison, a more dense material would offer a smooth interface with no

available features with which the bone can ingrow.'® # Pore sizes above 100 um
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lead to bone ingrowth, while sizes between 200-500 um have been shown to

optimize the vascularization of the new tissue.'>'68

This range of porosity
includes interconnected pores, referred to as macropores, coupled with the
interconnections themselves, called micropores. It is this interconnectivity that is
key in promoting bone ingrowth and subsequent vascularization.®* Bimodal
interconnected porosity is detailed in our work with confocal laser scanning

microscopy (CLSM) as a method for imaging cancellous bone and porous HA,

included in Appendix A-B.

OVERALL AIMS

We chose to examine the effect of grain size, microcracking and grain
boundary grooving in order to design a better bone tissue engineering scaffold.
Such a scaffold would be bimodally porous and possess properties that improve
cell behavior and tissue ingrowth.” The aim of the first set of studies is to
determine whether the observed relationship between nano-grained dense HA
and improved OB attachment and growth translates into similar behavior in
bimodally porous HA implants. The aim of the studies described in Chapters 5 - 8
is to investigate the role played, if any, by two different surface features on dense
HA: microcracking and grain boundary grooving. Ultimately, should these
features prove beneficial to OB behavior, they would be included in the design of

an ideal porous scaffold.
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CHAPTER 2

EXPERIMENTAL PROTOCOLS

I. Overview

This chapter is a detailed outline of all experimental procedures used in
the studies contained in this dissertation, including that work which has been
published previously." It is divided into sections which each describe a general
area of the work: cell culture and care, specimen fabrication and cell culture and
finally quantitation. Within each section, each individual protocol is described. |
have included an example of a statistical quantitation using actual data in

Appendix C.

Il. MC3T3-E1 osteoblast cuiture'

This section describes the basic cell culture protocol for the upkeep of
MC3T3-E1 murine (mouse) osteoblasts (OBs). These protocols are vital prior to
a specific trial, when they are used to expand the OB population to a number
suitable for that study.

The stock media used in MC3T3-E1 OB culture is referred to as

“complete” and consists of 90% alpha minimum essential media (a-MEM,

Invitrogen, Carlsbad, CA) and 10% fetal bovine serum (FBS, Atlanta Biologicals,

Lawrenceville, GA).
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OBs were removed from the tissue culture substrates enzymatically, using
10% Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA, Invitrogen,
Carisbad, CA).

A. Freezing cell stock

Long-term storage of OBs requires storage under extremely cold
conditions. Prior to storage at -180°C (93 K), OBs must be quickly frozen. A
suspension of 1,000,000 OBs in complete media is placed into a 50 ml centrifuge
tube and spun in a centrifuge (3000 rpm, 10 minutes) to separate the cells from
the media. The large number of cells included in each freezing batch takes into
account an expected post-thaw survival rate of < 50%. This population results in
a workable thawed batch cell population. The volume of suspension used here is
irrelevant and varies depending on the cell population density. The complete
media is removed by slowly pouring it into a waste container and 1.5 ml of
freezing media is added. Freezing media contains 90% complete media and 10%
dimethyl sulfoxane (DMSO). The OBs are then resuspended by pipetting up and
down 10 times and transferred to a 2 ml cryovial (Corning, Wilkes-Barre, PA).
Cryovials are placed into a -80°C (193 K) freezer for a period from a minimum of
12 hours up to 2 weeks. Twelve hours allows sufficient time for the cells to
freeze, while the maximum time of 2 weeks prevents unnecessary loss of cell
viability due to storage at a temperature higher than -180°C (93 K). Vials are then
transferred to a liquid nitrogen (LN;) storage tank (-180°C/ 93 K) for long-term

storage.
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B. Thawing from stock

Cell stock is kept at -180°C (93 K) for long-term storage (longer than 2
weeks). Cells are divided into groups of 1-million, each in a 1.5 ml polypropylene
cryovial. Henceforth, each group of cells will be referred to as a vial.

Prior to each study, MC3T3-E1 murine osteoblasts were thawed from
frozen stock by placing each vial between the hands and rolling it back and forth
until thawed (approximately 2 minutes). Each vial was then submerged in 70%
EtOH (prepared by combining 90% EtOH [Sigma-Aldrich, St. Louis, MO] with
enough RO water to yield a final concentration of 70%) for one minute, removed
with long handled stainless steel forceps and placed onto a piece of dry cotton
gauze to dry. Using a piece of gauze in each hand, each vial was then opened
and poured into the center of a 100 mm polystyrene tissue culture plate (Petri
dish).

Prior to the thawing procedure described above, complete media was
warmed by placing the 500 ml stock bottle in a water bath at 37°C (310 K, normal
body temperature) for approximately 15 minutes. Ten ml of complete media was
then added to each culture dish containing the thawed contents of a cell vial.

After 24 hours, the complete media was removed by aspiration, non-
adherent cells rinsed away by twice pipetting onto and removing 1X phosphate-
buffered saline (PBS) from the culture plate surface, in order to eliminate dead

cells from the counts, and the thawed OBs were removed from their plates,

100% EtOH (200 proof) is available but is not used in this case. This is due to the presence of
benzyne in 200 proof EtOH, which is used as a stabilizing agent and is toxic to living cells.
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counted and replated at 60,000 — 75,000 cells/culture dish. This density is

sufficient for the plated cells to divide without reaching confluency.

C. Splitting/Feeding

The term “splitting” is used when an OB culture is removed from its
substrate, divided into smaller groups and plated at a lower cell density. Healthy
OBs are normally split every 2 — 3 days when using 100 mm cell culture plates.
Experience shows that this time interval leads to a population suitable for
splitting. It should be noted that more active cells (lower passage number) may
split sooner than this. Cells are ready to be split when ~25 cells are visible in
each field of view under the microscope (10x objective). This population is large
enough to be nearing, but not at, cell confluency. Confluency is a state where
adjacent cells are touching each other, and may lead to subcloning of the cells.

Plates selected for splitting are moved to the biosafety cabinet (positive
pressure, HEPA filtered, officially certified) and their media removed by
aspiration. Aspiration uses a narrow glass tube (9 inch Pasteur pipette)
connected to the central vacuum system draining into a 4 liter waste flask. Once
the media is removed, the plate is rinsed twice with sterile 1X PBS and 2 ml of a
1:1 mixture of Trypsin-EDTA and complete media per plate in order to free the
OBs from the culture surface. This process takes less than 2 minutes and is
assisted by rocking the plate back and forth and side to side (90° apart) several
times. Finally, the newly liberated cells are pipetted in suspension, up and down

five times, washing the entire surface of the plate. OBs from each plate are
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combined in a 50 ml centrifuge tube prior to counting. Typically, a batch from 10
— 20 plates will yield 1.5 — 2 million cells. This population is then partially plated
(~20 plates) and partially frozen (1 — 2 cryovials). For lower passage cells, the
amount that is frozen is ~ 90%, in order to preserve cell stock.

Cells are counted with a hemacytometer and replated at 60,000 — 75,000
per 100 mm plate. Ten ml of complete media is added to each plate and they are

placed into the incubator at 37°C (310 K) and 5% CO; and the process repeated.
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Figure 1: Schematic detailing the cell splitting process. Media is removed by aspiration (1) and
the cells are rinsed twice with 1x PBS. Trypsin/EDTA and complete media are added in a 1:1
ratio (2) and each plate is rocked back and forth (3) to aid in cell detachment. Detached cells are
pipetted away and placed into a 50 ml centrifuge tube, along with the cells from other plates (4).
10 ul of this suspension is placed into each of the two sides of a hemacytometer (5). Cells are
then viewed under the optical microscope (6) and the cells counted (7). Using this cell population
data, the remaining cell suspension is divided up between fresh plates (60,000 — 75,000 per
plate) and 10 mi fresh complete media added to each (8).

lll. Specimen fabrication:
This section will be divided into two subsections, one for porous and
another for dense hydroxyapatite (HA). Further divisions will detail the various

steps taken to create specific sample types.

A. Porous hydroxyapatite scaffolds’
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Two groups of porous scaffolds were fabricated by foaming using
hydroxyapatite (HA) with two different average particle sizes (diameter).

Micron scale HA powder was obtained from Hitemco Medical (Old
Bethpage, NY) and had a manufacturer-reported particle size of 10 um. This
powder was used in its as-received form. As received powder arrived sintered.

Porous specimens were formed by first suspending HA powder in a 102 M
aqueous solution of KNO3. Powder and electrolyte were combined in a beaker
and mixed with a stainless steel spatula. A typical batch of suspension would
consist of 33 g of HA and 17 ml of KNO; solution. This ratio yielded a suspension
of suitable consistency (similar to pancake batter) for eventual casting of
cylinders. To this suspension, 1.8 ml of 30% H,O, was added as the foaming
agent and the suspension stirred once again. This electrolyte was used because
it aids in the dispersion of HA powder particles by creating a large double layer
thickness (1/K), resulting in uniform porosity across the cylindrical specimens.*

The HA + H;0; slurry was scooped into cylindrical silicone molds, each
with a diameter of 15 mm. These molds were fabricated out of a two-part silicone
kit (SI-25 SIL-MOLD, Hyperlast North America, Chattanooga, TN) and consisted
of two pieces. The main piece contained the cylindrical mold chambers and the
second piece was placed undemeath, to prevent the slurry from dripping out.
Each mold was covered with aluminum foil and placed into a gravity convection
oven (Lindberg/Blue) at 125°C (398 K) for one hour. This time and temperature

combination effectively dried the specimens sufficiently prior to sintering. Each
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batch of suspension yielded approximately 6 green (unfired) specimens with a

diameter of 1.5 cm and a length between 2 and 4 cm.

Figure 2: Silicone mold used for the foaming and casting of cylindrical porous HA scaffolds. Both
pieces are shown, including the main piece with its cylindrical mold chambers and the solid base
piece.

After one hour, these green HA specimens were gently ejected from their
mold. In most cases, this was accomplished by carefully lifting the main piece of
each mold away from the base, allowing the cylinders to remain behind. In some
cases though, the HA cylinders would remain in their mold. To eject these HA
specimens, the flat end of a syringe plunger was used and gentle pressure
applied to eject each specimen out. The green HA specimens were then placed
into a high-purity Al,O3 sintering dish, with Al,O3 cover, and immediately sintered
in air at 1360°C (1633 K) for four hours, with a heating/cooling rate of
10°C/minute. This sintering time and temperature produces a specimen that is

chemically HA and the prescribed heating/cooling rate prevents thermal shock,
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both in the specimens and in the furnace heating elements. Sintering was
performed immediately in order to maintain residual moisture in the green
specimens. This moisture allows the particles to remain in their post-foamed
positions and leads to a final product with structural integrity and consistent pore
structure. Sintering was completed using a high temperature CM Rapid Temp
sintering fumace (CM, Bloomsfield, NJ) equipped with molydisilicide heating
elements.

Sintered specimens were sectioned into 1 mm slices using a Buehler
Isomet 1000 diamond abrasive wafering saw (Buehler, Lake BIuff, IL, USA)
operated at 200 rpm and reverse osmosis (RO) water as a lubricant. Each
cylinder was gripped using a custom fabricated padded aluminum specimen

holder and slice thickness was determined using the built-in controls of the saw.

Figure 3: Figure 3A is a view of the Buehler Isomet 1000 wafering saw used to section the porous
cylinders. Figure 3B is a close-up of the custom-built chuck used to hold each cylinder during
cutting.

Nano-scale HA powder with a manufacturer reported average particle size

of 20 nm was purchased from Berkeley Advanced Biomaterials (San Leandro,
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CA, USA). The powder arrived in an ammonium hydroxide suspension, which
was subsequently centrifuged (3000 rpm, 10 minutes) to separate the powder.
The nano HA was then resuspended in 90% stock EtOH, centrifuged at 3000
rpom for 10 minutes and vacuum dried for 12 hours at room temperature in a
vacuum furmnace (IsoTemp 280A, Thermo Fisher, Watham, MA). This method of
separating the powder was prescribed by the manufacturer.

Foaming and sintering were accomplished in the same manner described
above for micron HA powder, with some specific exceptions. First, each batch of
nano HA slurry contained 22 g of HA powder and 18 ml of 102 M KNOj3. This
ratio yielded the desired consistency for foaming and casting of cylindrical
scaffolds. Second, green specimens were sintered at 1100°C (1373 K) for one
hour with a 10°C/min heating/cooling rate, using the same CM high temperature
furnace. This sintering time and temperature has been used in the past to
successfully yield nano-grained HA.>"°

The average grain size in porous HA scaffolds was determined by
scanning electron microscopy (SEM). Five representative images were taken of
both micron and nano-scale HA scaffolds and the line-intercept method (n = 50)
used to determine average grain size and standard deviation. Pore size was
determined using the same method. Specimen porosity was determined using
Archimedes method with n = § for both micron and nano-scale HA scaffolds.
Sample size is chosen to aid in observing any variances in porosity between

specimens.
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B. Dense hydroxyapatite®>

Dense discs were fabricated using medical-grade HA powder (Taihei
Chemical, Osaka, JP) with vendor-reported mean particle diameter of 1 — 3 um.
HA powder was uniaxially pressed into discs at 35 MPa for 1 minute using a
hydraulic press (Carver Inc, Wabash, IN) and KBr pellet die (International Crystal
Laboratories, Garfield, NJ). This force/time combination yielded green specimens
with uniform density and minimal incidence of breakage. The resulting discs had
a diameter of 32 mm and were 2 — 3 mm thick. These discs were placed in a
single layer inside of Al,Oj3 sintering boats and sintered in air at 1360°C (1633 K)
for 4 hours with a heating/cooling rate of 10°C/min (CM fumace) and the resulting
HA discs were typically 23 mm in diameter and 1 — 2 mm thick, with a >99%
theoretical density. These sintering specifications yield specimens determined to
be HA and this thickness led to minimal warping.

Average grain size for dense HA specimens were determined using SEM
and the same line intercept technique described in the previous section.
Specimen density was calculated by comparing actual specimen mass for their
measured volume (n = 5) to theoretical values expected for that volume.

Any macroscopic imperfections on the HA discs were ground flat using 30

pum (600 grit) SiC wet abrasive paper (Carbimet 8" abrasive discs, Buehler, Lake

Bluff, IL) using a sequence including 5 minutes each at 30 um, 12 um, 9 um, 6

pum and 1 um diamond abrasive suspension or paste. Grinding and polishing

were performed with a Buehler EcoMet 3 variable speed grinder/polisher

equipped with an AutoMet 2 power head. After polishing, specimens were
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ultrasonically cleaned by submersion in reverse osmosis (RO) water and pulsing
with an ultrasonic probe at 20 kHz and 250 watts for 5 minutes.

In both microcracking and grain boundary grooving studies, control
specimens were dense HA discs with average grain sizes equal to those of the
non-control specimens. These HA discs were also polished, sterilized and
seeded in identical fashion to the microcracked and grain boundary grooved
specimens.

Microcracks were induced by systematically indenting each specimen 196
times (14 x 14 grid with 1 mm spacing) using a Buehler Micromet || microindentor

(Buehler, lake Bluff, IL), with a load of 4.9 N, a load time of 5 seconds and a
loading rate of 70 um/sec.?® We found these indentation parameters to induce

microcracks with minimal spalling and chipping of the HA specimens.
Microcracks were formed on the HA surface by the radial cracks originating from
the corners of each indentation impression. Indent spacing was assured by

tuming the stage micrometer two full turns, equaling 1 mm, between each indent.
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Figure 4: Schematic of indentation/induced microcracking and
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2¢c

Figure 5: The image at left is a schematic of a typical Vickers indentation. The length “2a” is the
width of the indentation pyramid and “2c” is the length of a microcrack. The image at right is an
SEM micrograph of a single indentation on the surface of a dense sintered HA specimen. The
black arrows indicate microcracks. Figure taken from Smith et al.®

In order to accelerate crack growth saturation, each HA disc was
submerged in RO water for 8 hours after indentation.® The average indentation

size and crack size were then determined by optical microscopy by measuring a
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representative selection of indentations (n = 20) for each HA specimen. These
indents were taken in a pattern resembling a large “X" across the entire
specimen surface (See Figure 4).

Thermal etching was used to induce grain boundary grooving in HA in
order to determine its effect on OB attachment. Polished HA discs were heated
to 1100°C (1373 K) for 45 minutes, with a heating/cooling rate of 10°C/minute.
SEM was used to determine whether etching was successful and to estimate the
width of the grain boundary grooves, using AnalySIS software (Olympus Soft
Imaging Solutions Corp Lakewood, CO). Due to its magnitude, the depth of these

grooves could not be estimated using SEM.

Figure 6: SEM micrograph taken at the surface of a sintered dense HA specimen that has been
thermally etched at 1100°C (1373 K) for 45 minutes to induce grain boundary grooving.
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The average surface roughness (R,) was measured using a Veeco
DEKTAK 6M profilometer, with a stylus radius of 2.5 pm and a measurement
length of 3000 um. Three measurements were taken on the specimen surface, to

determine average R, and standard deviation.

e

Direction of Profilometry Scan

Figure 7: Schematic of a profilometry scan across the specimen surface.

IV. Cell culture/counting:

This section is divided into subsections, for porous and dense
hydroxyapatite. Since cell culture, imaging and counting protocols used for
microcracked and thermally etched (grain boundary grooved) hydroxyapatite
were the same, they have both been included under “dense hydroxyapatite”.

Prior to cell culture, all HA specimens were sterilized using the same
protocol. Specimens were sterilized by steam autoclave (Tuttnauer, Hauppauge,

NY) at 125°C (398 K) for 45 minutes with 30 minutes drying time. Specimens

35



were placed into beakers, which were covered with aluminum foil and were

autoclaved in the absence of any other materials.

A. Porous hydroxyapatite'

MC3T3-E1 subclone 7 OBs of passages 22-23, cultured in complete
media were seeded across the surface of both micron and nano-scale porous HA
scaffolds inside of Al collars at 11,320 cells/cm? and incubated in air at 37°C (310
K), 5% CO; and high humidity. Subclone 7 cells were used because they are
known to differentiate into OBs (Reported by supplier). Complete media was
replenished every two days, following the first 24 hours. Three specimens were
seeded at 0.5, 1, 2 and 4 hours, 1, 3 and 5 days and three sets of cultures were
examined, for a total of 63 samples.

OB attachment was assessed at intervals of 0.5, 1, 2 and 4 hours and OB
proliferation at 1, 3 and 5 days. Prior to cell counting, scaffolds were removed,
placed into separate wells, rinsed twice with 1x phosphate-buffered saline (PBS),
trypsin/EDTA: complete media (1:1, a ratio which allow detachment at a sufficient

rate) added and the scaffolds morselized to facilitate OB detachment, using a
mortar-and-pestle motion with the handle end of a cell scraper. Ten pl of cell

suspension was pipetted from the center of each well and placed into each of the

two sides of a hemacytometer for counting.
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Figure 8: The cell scraper used to morselize porous HA ffolds prior to OBs.
The handle end, located at the left end of the photo, was placed into each well and the specimen
morselized.

Statistical differences in OB counts on micron and nano-scale HA
scaffolds were determined by using the Student’s t-test. This test is useful in
determining significance in the difference between means of two groups. A p
value of 0.05 or lower was considered to be significant. This level of p value is

commonly associated with significance.
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Figure 9: Schematic showing the process of counting cells on porous HA scaffolds. Cells are
removed from their tissue culture plates (1) and seeded onto sterile porous HA scaffolds, placed
inside of Al foil collars (2). Each collared scaffold is placed into a 6-well polystyrene tissue culture
plate and into the incubator for the prescribed time. After incubation, each specimen is removed
from its collar and placed into a fresh 6-well plate, rinsed twice with 1x PBS, exposed to
Trypsin/EDTA and the scaffold morselized with the handle end of a cell scraper (3). 10 pl of the
resulting suspension is placed into each of the two sides of the hemacytometer (4) and the cells
(with HA particles) are viewed under the optical microscope (6) and counted (7).

Issues which arose while using the hemacytometer for cell counting are
addressed in detail in Chapter 4. In short, we attempted to correct the error
observed in our cell counts by subtracting away background HA particles. This
involved repeating the above procedure without the cells present. Morselized
scaffolds were placed into the hemacytometer and false-positive “cells” were
counted. If a particle resembled a cell, as it appeared during a normal cell count
with scaffold particles present, it was tallied.

In future studies, cells should be counted by first staining to differentiate
them from the surrounding scaffold particles and then by counting, either directly
by optical microscopy or confocal laser scanning microscopy (CLSM), or

indirectly by spectrophotometry.
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B. Dense hydroxyapatite®

MC3T3-E1 subclone 14 OBs were obtained from ATCC (Manassas, VA).
Sterile microcracked HA and control HA specimens were placed into Al collars
inside 6-well polystyrene cell culture plates and OBs were seeded onto the HA
discs at a density of 11,320 cells/cm?. Two separate trials were conducted for
incubation times of 1 and 4 hours each. OB seeding was done on specimens in
triplicate, with n = 3 for a total of nine microcracked HA and nine control HA
specimens for each trial. The triplicate model is commonly used to improve

statistical significance for in vitro cell culture studies. The same protocol was

used for seeding OBs onto grain boundary grooved (and corresponding control)
HA specimens. The only difference is that MC3T3-E1 subclone 7 cells were used
instead.

In both microcracking and grain boundary grooving studies, OBs were
fixed using 3.7% formaldehyde (H,CO) (JT Baker, Phillipsburg, NJ) in order to
terminate the life cycle and preserve the physical state of the cells prior to their
death, as well as permeabilized with a solution of 0.1% Triton X-100 (Sigma-
Aldrich, St. Louis, MO) to open the cell membranes. Prior to staining, OB-seeded
HA specimens were pre-incubated in 1% bovine serum albumin (BSA,
Invitrogen). Pre-incubation improves the uptake of Rhodamine-Phalloidin into the
cells.

The actin cytoskeletin was stained using Rhodamin-Phalloidin while the
nucleus was stained using Hoescht 3342 (Invitrogen). These stains penetrate the

cell membrane and selectively stain particular organelle (in this case the
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cytoskeleton and nucleus, respectively). Stained OB-seeded HA specimens were
mounted in glycerol solution (JT Baker) to seal the specimen surfaces from the
air, and viewed using a Leica DM IL fluorescence microscope (Leica
Microsystems, Wetzlar, GER) and optical micrographs recorded using the Spot
RT camera system (Diagnostic Instruments, Inc. Sterling Heights, MI).
Rhodamine-Phalloidin stain fluoresces at a wavelength of 565 nm when exposed
to light of a wavelength of 542 nm while the Hoescht stain fluoresces at a
wavelength of 465 nm when exposed to light with wavelength equal to 355 nm.

For the microcracking study, OB attachment was quantified by counting
OB nuclei over the microscope’s field of view (h = 1000 pm, w = 1500 um). Ten

fields of view were selected and counted for each specimen and the Student's t-
test was used to determine statistical significance, with p < 0.05 taken as
significant. A similar protocol was used for the grain boundary grooving study,
with the only difference being that 20 fields of view were selected per specimen.
The effect of induced microcracking in HA specimens on OB morphology
was assessed by staining the actin fibers and observing the OB shape using
optical fluorescence microscopy. Actin fibers are a component of the

cytoskeleton and spread throughout the cell, following its shape.
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Figure 10: Schematic showing the process of fabricating, microcracking, cell seeding, staining
and counting on dense HA. Powder is uniaxially pressed, sintered and polished (1) prior to
induced microcracking (2). Microcrack size is determined, the specimens sterilized and OBs are
seeded onto their surfaces (3). Following culture times of one and four hours, the OBs are stained
with Rhodamine/Phalloidin and Hoescht (4) and viewed under an optical fluorescence
microscope (5). Fields of view are chosen as shown (grey boxes each indicate one field of view)
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ABSTRACT
Porous bone tissue engineering scaffolds were fabricated using both nano

hydroxyapatite (nano HA) powder (20 nm average particle size) and micro HA

powder (10 um average particle size), resulting in sintered scaffolds of 59 vol%

porosity and 8.6 + 1.9 um average grain size and 72 vol% porosity and 588 + 55

nm average grain size, respectively. Scanning electron microscopy (SEM) was
used to measure both the grain size and pore size. MC3T3-E1 osteoblast (OB)
attachment and proliferation on both nano HA and micro HA porous scaffolds
was quantified. As expected, OB cell number was greater on nano HA scaffolds
compared to similarly processed micro HA scaffolds 5 days after seeding, while

OB attachment did not appear greater on the nano HA scaffolds (p < 0.05).

INTRODUCTION
Bone is a composite material having a calcium phosphate (CaP) mineral
component and a collagen-based organic matrix. CaP is a bioceramic resembling

hydroxyapatite (HA, Ca1o(PO4)s(OH).), where the individual crystals have a plate-
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like morphology, 15 - 200 nm in length and 10 — 80 nm in width with a thickness
between 2 and 7 nm. (Fratzl et al, 2004) These apatite crystals are imbedded
within the collagen fiber component of the organic matrix, which forms lamellar
sheets comprising the concentric rings of osteons in cortical bone (Young and
Heath, 2000) and the more woven structure of trabeculae in cancellous bone.
(Hassenkam et al, 2004) The collagen matrix is composed primarily of Type |
collagen fibers of approximately 100 nm in diameter. (Fratzl et al, 2004)

These nano-components play an active role in bone development and
growth. Collagen fibers act as the scaffold on which newly formed nanocrystals
of bone apatite form and grow, leading eventually to the formation of woven
bone. This primitive early phase of bone is eventually replaced by the lamellae of
adult bone. (Young and Heath, 2000) Additionally, collagen fibers have been
shown to incorporate into porous HA tissue engineering scaffolds where the
interfacial zone between bone and scaffold has been found to be a nano HA-
reinforced collagen matrix. (Chen et al, 2004)

One area of current research in biomimetic nano-scale ceramic bone
substitute materials is therefore focused on the design of nanoscale
ceramic/polymer composites to mimic some of the morphological features of
natural bone. These systems can be grouped into three categories: nano-
CaP/collagen (Du et al, 1998; Du et al, 1999; Sakane et al, 2004), nano-
CaP/non-collagen polymer (Wei et al, 2003; Wei et al, 2004a; Wei et al, 2004b)
and a combination of the two (Cui et al, 2004; Liao et al, 2004). Although there

are several types of CaP bioceramics, HA is the most commonly used, having a
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chemistry that closely matches normal bone apatite. (Hench, 1998; Jarcho, 1981;
Li et al, 2004)

Nanocrystalline HA has been shown to be biocompatible with a minimal
inflammatory response (Silva et al, 2004), (Huang et al, 2004), although there is
a potential for cytotoxicity. (Huang et al, 2004) While some engineered
nanoCaP/polymer composites such as HA/collagen polylactic acid (PLA)
scaffolds from Liao et al reported improvements in compressive strength using
nano HA, they did not replicate the hierarchical structure of bone which may be
crucial in encouraging bone ingrowth into a tissue engineered scaffold. (Du et al,
1998; Liao et al, 2004) Also, Yoneda et al. confirm that the degradation of PLA
adversely affects cell behavior specifically, that increased degradation leads to a
decrease in cell spreading, adhesion and cell survival. (Yoneda et al, 2004)
Therefore, current research focuses on developing a bioceramic with a
morphological structure similar to normal bone to promote bone regeneration in
vitro and in vivo. (Longsworth and Eppell, 2002)

Webster et al compared changes in osteoblast (OB) behavior on nano-
grained versus micro-grained dense bioceramics, including Al,O3, TiO, and HA,
demonstrating increases in OB attachment (Webster et al, 1999a; Webster et al,
1999b; Webster et al, 1999c) and proliferation (Webster et al, 1999a; Webster et
al, 2000a), alkaline phosphatase (AP) activity (Webster et al, 1999a; Webster et
al, 2000a) and calcium deposition (Webster et al, 1999a; Webster et al, 2000a),

as well as decreased cell motility (Webster et al, 1999a; Webster et al, 2000a).
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Osteoblast attachment on a bioinert ceramic like Al,O3; can be attributed to
the presence of physical surface irregularities that lead to increased
morphological fixation. (Hench, 1998) Such fixation in turn plays an important
role in the use of TiO, as a coating for orthopedic implants, improving the
integrity of the implant/bone interface. (Areva et al, 2004) Fixation also plays a
role in OB attachment to HA, but increased osteoblast adhesion may also occur
because of improved protein interactions that have been linked to decreases in
grain size.?®

Enhanced OB behavior for HA having a finer grain size is further
illustrated in a study by Xie et al, which recently reported that MC3T3-E1 OBs
seeded onto dense HA discs showed differences in gene expression related to

grain boundary surface area. (Xie et al, 2004) Gene expression of OBs on HA
discs fabricated with an average particle size of 35 um showed a decrease in
cellular metabolism and an increase in differentiation while HA discs processed
from smaller particle sizes (~11 um) showed gene expression profiles that

signified increased cell growth. Each of the previous studies was conducted
using dense ceramic scaffolds, designed specifically for cell culture purposes,
while the current study assesses whether porous bone replacement scaffolds
fabricated with nano HA powder rather than micro HA improves OB attachment

and proliferation.
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MATERIALS AND METHODS
HA powder, of 10 um average particle size, was purchased from Hitemco

Medical (Old Bethpage, NY, USA) and used in its as-received form. Nano-scale
HA powder having an average particle size of 20 nm was purchased from
Berkeley Advanced Biomaterials (San Leandro, CA, USA). The nano HA powder
arrived in an ammonium hydroxide suspension which was subsequently
centrifuged, resuspended in ethanol, centrifuged again to separate out the nano
HA powder and then vacuum dried for 12 hours before use (per manufacturer
instructions).

Methods used in this study can be divided into four parts: scaffold
fabrication, imaging of scaffold surfaces, osteoblast cell culture and assessment
of OB attachment and proliferation.

Porous cylindrical samples of each HA powder particle size were foamed
by suspending the HA powders in KNO; electrolyte to which H,O, had been
added, pouring the resulting foamed suspension into cylindrical molds and drying
at 125°C. The dry, green HA samples were then sintered at 1100°C for 1 hour
(nano HA) following the procedure established by Webster et al. (Webster et al,
1999a; Webster et al, 2000a; Webster et al, 2000b) or 1360°C for 4 hours (micro
HA) using a protocol (McMullen, 2004) developed by McMullen. Both the micro
and nano HA sintered scaffolds were next sectioned using a Buehler IsoMet
1000 diamond abrasive wafering saw (Buehler, Lake Bluff, IL, USA) into discs of

approximately 1 mm thickness and autoclaved.
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Nano HA and micro HA scaffold surfaces were observed using scanning
electron microscopy (SEM). Samples were coated with a thin layer of Au,
approximately 21 nm thick, using an Emscope SC500 sputter coater (Emscope
Laboratories Ltd, Ashford, UK), mounted onto Al stubs and imaged using a JEOL
6400 SEM (JEOL Corporation, Tokyo, Japan) operated at an accelerating
voltage of 5 keV. SEM photomicrographs were collected and exported using the
AnalySIS software package.

MC3T3-E1 OBs of passage 22-23, cultured in alpha Minimum Essential

Medium (a-MEM) supplemented with 10% Fetal Bovine Serum (FBS), were

trypsinized, resuspended in a-MEM and seeded evenly across the surface of
porous HA scaffolds at a density of 11,320 cells/cm? and incubated in air at 37°C
(310 K), 5% CO and high humidity. (Shu et al, 2003) 2 ml of a-MEM was added

per specimen and was replenished every two days. Three specimens were
statically cultured per time interval and two sets of cultures were examined,
resulting in 6 samples per time interval. MC3T3-E1 OBs are a widely used OB
cell line (Cerroni et al, 2002; lyer et al, 2004; Shu et al, 2003; Werner et al, 2002;
Xie et al, 2004) that have been shown to behave in a similar manner to primary
OBs. (Griffin et al, 2005)

OB attachment was assessed at intervals of 0.5, 1, 2 and 4 hours.

Scaffolds were removed, placed into separate wells, rinsed with phosphate-
buffered saline (PBS), trypsin/a-MEM (50/50) added and the scaffolds

morselized to facilitate osteoblast detachment. Media was drawn from each well
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and the OBs counted using a hemacytometer. OB cell counts were also

conducted at 1, 3 and 5 days following attachment to assess OB proliferation.
Statistical differences between attachment and differentiation on micro HA

and nano HA scaffolds were calculated using the Student t test. A p value of 0.05

or lower was considered to be significant.

RESULTS
Porous HA scaffolds were successfully fabricated by foaming and

sintering both micro HA and nano HA powder as described in the previous

section. SEM showed that the micro HA scaffolds have a grain size of 8.6 um #

1.9 um which is approximately 15 times greater than the nano HA grain size of

588 nm t 55 nm, (representative micrographs given in Figure 1). The average
grain size was determined using a line-intercept method (n = 50) based on ASTM
standard E 112.%® The volume porosity of micro HA and nano HA scaffolds using
Archimedes method were found to be 59 vol% and 72 vol %, respectively.?” Both
micro and nano HA scaffold surfaces consisted of grains which are the sintered

particles interspersed  with frequent gaps along with larger

macropores/micropores of 380 pm + 210 um/ 38 um + 22 um for micro HA and
480 pm £ 275 pum/ 30 um £ 21 um for nano HA. These size ranges fall within

standard macropore (200-400 pm) and micropore (<60 pm) ranges reported by

deGroot et al. (deGroot et al, 1988) A representative SEM photomicrograph
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showing the nature and distribution of the porosity within the pore wall of a nano

HA scaffold is given in Figure 2.

Figure 1: Comparison of SEM micrographs of the surface of scaffolds fabricated using micro HA
(left) and nano HA (right).
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Figure 2: SEM micrograph showing the surface of porous scaffold fabricated using nano HA,
including macropores (large arrows noting approximate boundary of a macropore) and
micropores (small arrows emphasizing the <60 um interconnecting pores).

Contrary to published data by Webster et al using dense HA scaffolds,
these results show that initial OB attachment does not increase as a function of
decreased grain size on porous HA scaffolds. (Webster et al, 1999a; Webster et
al, 2000a; Webster et al, 2000b; Webster et al, 2001) MC3T3-E1 OB attachment
on porous scaffolds is plotted as a function of time for 0.5, 1, 2 and 4 hours
(Figure 3). Based on hemacytometer analysis, OB attachment on the micro HA
scaffolds appears greater than on the nano HA scaffolds and differences were

statistically significant (with p < 0.05).
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Figure 3: MC3T3-E1 OB attachment on micro HA (dashed line) and nano HA (solid line) scaffolds
as a function of time, at intervals of 0.5, 1, 2 and 4 hours. Values are mean + SE, p < 0.05 at all
time intervals for comparison of nano HA to micro HA.

When OB cell number is examined, the mean values for OB proliferation
on nano HA scaffolds are higher when compared to the mean values on micro
HA scaffolds (Figure 4) at 1, 3 and 5 days culture time. Differences in
proliferation between micro HA and nano HA scaffolds at 1 and 3 days were not
found to be statistically significant, with p > 0.05 in both cases (p = 0.64 and p =
0.12, respectively). However, at 5 days, differences in osteoblast number were

found to be significant (p < 0.05).
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Figure 4: MC3T3-E1 Osteoblast proliferation on micro HA and nano HA, after periods of 1, 3 and
5 days. Values are mean + SE. p > 0.05 for comparison of nano HA to micro HA porous scaffold
for 1 and 3 days. p < 0.05 for 5 days ($).

DISCUSSION

Porous bioceramic scaffolds offer advantages over dense substrates for
bone tissue engineering applications, because they present a more complex
interface for bone ingrowth that more closely mimics natural bone. Hench, 1998;
Hulbert et al, 1972; Hulbert et al, 1970) Additionally, porous CaP ceramics are
capable of promoting osteoprogenitor attachment and new bone formation.
(Ohgushi et al, 1990) Osteoprogenitor cells cultured on porous HA have been
shown to produce extracellular matrix in vivo, a precursor to bone formation.

(Ohgushi et al, 1990) Therefore, it is important to observe the effect of HA grain
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size reduction on OB behavior and to examine these differences for porous

scaffolds which are more suited for bone tissue engineering applications.

Foaming and sintering nano HA with a particle size of 20 nm yielded
porous scaffolds of submicron grain size (588 + 55 nm). While this grain size is
not truly nanoscale (< 100 nm), it is small enough to assess the effect of grain
size reduction (15X) on OB behavior in vitro. This reduction in grain size means
that there is an increased grain boundary surface area, which has been tied to
increased OB attachment (Perla et al, 2004) and enhanced gene expression (Xie
et al, 2004) indicative of increased cell growth and differentiation. Reduction in
grain size has also been linked to increased surface roughness, which in tum has
been shown to increase OB adhesion, proliferation, AP activity and calcium
production. (Webster 2001) In future studies, atomic force microscopy (AFM) will
be used to measure the surface roughness of these scaffolds, to determine

whether these results are repeatable for porous HA.

Webster et al have repeatedly shown that a large decrease in HA grain
size produces changes in osteoblast activity, including improvements in
attachment and proliferation. (Webster et al, 1999a; Webster et al, 2000a;
Webster et al, 2000b; Webster et al, 2001) Results of this study both contradict
(OB attachment) and reinforce (OB proliferation) these findings. Our study shows
that OB attachment did not improve on scaffolds fabricated from nano HA
powder as compared to those produced from micro HA powder. However, each
of Webster's studies used dense HA having a sintered grain size of 67 nm

(Webster et al, 2000a; Webster et al, 2000b), which is ~11% of our sintered grain
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size and only 1/3 larger than their unsintered particle size. In contrast, our
scaffolds have grains, which are 30 times larger than our unsintered particles.
This difference in grain growth in our scaffolds, from 20 nm to 588 + 55 nm, is
likely an artifact of the highly porous nature of our scaffolds in which the
predominant sintering mechanism is coarsening. (Barsoum, 1997) Future studies
will investigate the sintering behavior of these foamed nano HA scaffolds with the
goal of reducing grain growth to yield true high volume porosity nanograined HA

scaffolds.

At each time period, 0.5, 1, 2 and 4 hours, hemacytometer analyses
suggest an increase in cell number (attachment) on micro HA scaffolds
compared to nano HA scaffolds. This suggests that increased grain is not
positively related to OB attachment behavior in highly porous scaffolds. However,
the cell attachment values for both scaffolds are much larger in this study than
expected. This suggests that HA particles themselves may have been included in
the cell counting analyses. Additional approaches are currently being used to

address this issue.

While OB attachment did not increase with decreased grain size, the
mean OB proliferation, measured at 1, 3 and 5 days, on nano HA scaffolds was
higher than the mean values for the micro HA scaffolds. This indicates that
proliferation may be driven by increased grain boundary area resulting from the
smaller grain size, in addition to the optimum morphology in terms of pore size
and pore interconnectivity (eg macro and microporosity) presented by our highly

porous scaffolds. The basis for OB/HA adhesion and the effect of grain boundary
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volume on OB behavior are not completely understood, but may be linked in part
to protein interactions at the surface. (Webster et al, 2000b) Webster et al found
that a decrease in grain size promoted an increase in vitronectin and collagen
concentration and a decrease in albumin, laminin and fibronectin concentration.
(Webster et al, 2000b) They also linked the protein stereochemical structure to
grain size and surface topography of bioceramic substrates. (Webster et al,
2000b) Based on these findings, FBS proteins may adsorb more readily to nano
HA scaffolds compared to micro HA scaffolds in this study, but this was not
verified. The effect of FBS protein adsorption in vitro, contrasted with protein

adsorption in an in vivo environment should be investigated.

Other approaches to increasing OB attachment and proliferation on HA
surfaces include peptide coating. For example, EEEEEEEPRGDT coating
increased attachment at 30 minutes, as compared to an HA control. (Itoh et al,
2002) GRGDSPC and cyclo-DfKRG increase osteoprogenitor cell attachment at
3 and 24 hours, as compared to non-treated hydroxyapatite. (Durrieu et al, 2004)
While these coatings increased OB attachment and proliferation, the smaller
grain size found in our HA scaffolds is an intrinsic property, reducing the need for
post-fabrication scaffold treatments such at the peptide coatings of ltoh et al. and

Durrieu et al.

Although the use of nano HA in porous bone scaffolds does not initially
improve OB attachment by 4 hours culture time, the apparent increase in
proliferation of OBs at day 5 shows the potential for more rapid osteoblast

growth, and presumably more rapid calcification and bone formation in vitro.
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While further studies must be conducted to measure OB differentiation and
calcium production over time in vitro, nano HA porous bone scaffolds, because of
their increased grain boundary area and optimum pore size and interconnectivity,
show promise as an effective bone scaffold for use in bone tissue engineering

applications.
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CHAPTER 4
A BRIEF COMMUNICATION REGARDING THE INACCURACIES OF
HEMACYTOMETER MEASUREMENTS WHEN ASSESSING OSTEOBLAST
ATTACHMENT ON POROUS NANO- AND MICRON-SCALE
HYDROXYAPATITE SCAFFOLDS
IAN O. SMITH', LAURA R. MCCABE? AND MELISSA J. BAUMANN'
'Dept Chemical Engineering and Materials Science, Michigan State University,

East Lansing, MI, USA
2Dept Physiology, Michigan State University, East Lansing, MI, USA

INTRODUCTION

In our paper entitled “MC3T3-E1 osteoblast attachment and proliferation
on porous hydroxyapatite scaffolds fabricated with nanophase powder”,
published in the International Journal of Nanomedicine', we found that porous
scaffolds fabricated using nano-scale hydroxyapatite (HA) powder significantly
improved osteoblast (OB) proliferation when compared to HA scaffolds fabricated
with micron-scale powder after 5 days in vitro. However, we also showed that OB
attachment on nano-HA porous scaffolds was significantly lower on the nano-HA
powder scaffolds in comparison to the micron-HA porous scaffolds. This finding
is contrary to those shown in multiple studies by Webster et al., who found that a
large decrease in grain size led to increased OB attachment and proliferation?>.
This apparent discrepancy led us to examine the accuracy of the techniques
used in our previous study, namely OB counts using a hemacytometer.

In this letter, we address the accuracy of hemacytometer counts for
porous HA scaffolds and use a simple method to reduce the error. The

he-macytometer relies on transmitted light to identify cells. In order to trypsinize
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and count the cells, we had to morselize the porous scaffolds. Therefore, despite
our best efforts to eliminate extraneous morselized scaffold particles, the HA
scaffold particles were commingled with the OBs and, because these particles
reflected light in a similar manner and were of approximately the same size, it
was difficult to discem between an OB and an HA morsel. By employing a
background count to quantify the number of HA particles which could be
statistically generated during the sample processing procedure, we can subtract
these values from the raw counts leaving us with a normalized and corrected OB

cell count.

MATERIALS AND METHODS

Cylindrical porous HA scaffolds were fabricated using the foaming
technique described in earlier studies.'® Sintered HA specimens were
approximately 2 cm in length and 1.25 cm in diameter with an average porosity of
59 + 2.2% (micron-HA) or 72 + 8.3% (nano-HA), determined by Archimedes
method. These HA scaffolds had an average grain diameter of 8.6 + 1.9 pm for
micron-HA and 588 + 55 nm for nano-HA, with a bimodal pore distribution
(macro/micropore diameter of 390 + 210 um/38 + 33 um for micron-HA and 480 +
275 pm/30 + 21 pm for nano-HA) determined by scanning electron microscopy.
These cylindrical specimens were sectioned into 2 mm-thick discs using a
Buehler Isomet 1000 diamond abrasive wafering saw. Three micron-HA discs
and three nano-HA discs were used at each time point and the entire study was

run in triplicate, requiring a total of 63 micron-HA discs and 63 nano-HA discs.
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Prior to OB seeding, scaffolds were autoclave sterilized and placed into
commercially pure Al collars.
MC3T3-E1 subclone 7 murine osteoblasts (OBs) of passage 26-28 were

used for this study. OBs were cultured on polystyrene (PS) tissue culture plates,
with complete media (o minimum essential media [a-MEM] supplemented with

10% fetal bovine serum [FBS]) until a suitable population size was reached. Prior
to seeding onto the porous HA scaffolds, the OBs were removed from the PS
using trypsin-EDTA and counted with a hemacytometer. The OBs were then
placed into 24-well plates, one per well and the OBs seeded onto the scaffolds at
11,320 cells/cm? to ensure confluency’ with 2 ml of complete media added to
each well. These specimens were then incubated at 37°C, 5% CO, and high
humidity.

OB attachment was assessed at 0.5, 1, 2 and 4 hours and OB proliferation
measured at 1, 3 and 5 days. At each time interval, the scaffolds were removed,
rinsed with 1X phosphate-buffered saline (PBS), to remove any non-adherent
OBs, and placed onto fresh 24-well tissue culture plates, one per well. One ml
each of trypsin-EDTA and complete media were then added to each well.
Scaffold homogenization was used to assist in the release of OBs from surface
during trypsinization.® Each scaffold was morselized using the handle-end of a
cell scraper (Benton Dickenson) to encourage OB detachment. Samples of
suspended OBs were then drawn from each well and the cells counted using a
hemacytometer. The student's t-test was used to determine statistical difference

at each time point, with p < 0.05 taken to indicate a significant difference.
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Because the remnants of the morselized scaffold can be of a similar size
and shape as the OBs when viewed under the hemacytometer (Figure 1),
background counts on morselized HA scaffolds which were not seeded with OBs
were also conducted. Three micro-HA specimens and three nano-HA specimens
(run in triplicate for a total of 9 each) were submerged in complete media,
removed, rinsed with 1X PBS, trypsin was added and the scaffolds morselized.
Media was drawn from each well and any cell-like particles were counted using a
hemacytometer. These background counts were then subtracted from the raw

hemacytometer counts at each time interval.
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Figure 1: Figure 1A is an optical micrograph of a hemacytometer with a single OB (indicated by
cnrcle) taken dunng a cell count where there were no ground HA particles. Figure 1B is an optical

with a OB-seeded micron-HA scaffold. Arrow 1
mdlcates an HA particle, arrow 2 indicates an OB and arrow 3 indicates an object that is not
definitively one or the other. The general haze resulting from the ground particles, as well as the
presence of larger OB-sized particles make it difficult to identify OBs.
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RESULTS AND DISCUSSION

Figure 2 is a plot of OB attachment (0 — 4 hours) and proliferation (24 -
120 hours) versus time with, and without, the background HA count subtracted
away. The data shows that the background-adjusted OB attachment on micron-
HA porous scaffolds increases from 66 + 259% at 0.5 hours to 193 + 327% at 4
hours. In comparison, OB attachment increases to a lesser degree on nano-HA,
from 0% to 28 + 155% between 0.5 and 4 hours. However, OB proliferation
increases much more noticeably, from 239 + 261% to 1004 + 697% on micron-
HA and from 239 + 261% to 1044 + 301% on nano-HA. These results are
different than those reported in our earlier work, in that there is no significant
difference in OB attachment or proliferation on nano-HA porous scaffolds
compared to micron-HA porous scaffolds.’

The non-adjusted data is consistent with our earlier findings showing OB
attachment to be significantly higher (p < 0.05) for micron-HA porous scaffolds
with no significant difference (p > 0.05) in OB proliferation between 1 and 3 days
for nano-HA relative to micron-HA porous scaffolds. The non-adjusted data does
differ from the earlier data in that at 5 days OB proliferation is not significantly

higher on nano-HA scaffolds compared to micron-HA scaffolds.
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Figure 2: MC3T3-E1 OB attachment (0.5, 1, 2 and 4 hrs) and proliferation (24, 72 and 120 hrs) on
porous nano-HA and micron-HA scaffolds.

Both the nano-HA and micron-HA scaffolds promote OB proliferation at
times approaching five days. This indicates that the controlling factor in whether
a porous scaffold potentially promotes bone growth may be porosity, rather than
grain size. This finding is contrary to those shown at length by Webster et al. and
to a lesser extent by Xie et al. in studies of OB behavior on dense ceramic
scaffolds, including HA, which showed that decreased grain size improved OB
attachment, proliferation, differentiation, AP activity and calcium production®® as
well as enhanced gene expression’. However, in each of these cases the
scaffolds studied were highly dense, meaning that grains and surface roughness
were the only topographical features present. In comparison, a bimodally porous

scaffold, such as those used in the current study, more closely mimics the
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structure of natural bone'®"?

and presents a more biomimetic interface for OB
interactions. These findings further strengthen the argument that bimodal
porosity, similar to that found in natural bone, is a primary factor in promoting
bone ingrowth. Bone tissue engineering scaffold materials, including HA, must
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