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CHAPTER 1 — INTRODUCTION
1.1 Statement of the Problem

Biomaterials research has identified the importance of radgettiat mimic the composition and
morphology of the tissue that they are to replace. In pantjcaldiomimetic approach to bone tissue
surrogates for fracture fixation and defect repair may overcissees related to conventional
biomaterials, such as stress shielding, cytotoxicity and immagp®nse, as well as bioactivity defined as
resorption and osteoinductivity. Hydroxyapatite (HAp), a calcpimosphate apatite, has a similar
chemical composition as bone and positive biocompatibility. Moreelglasimicking bone tissue
morphology is a hydroxyapatite and collagen (HAp/C) composite hdottgthe inorganic mineral and
organic biopolymer phases. HAp/C composites have shown promissuasogate bone biomaterial.
Previous HAp/C composites exhibit morphological similaritieshtat tof bone with the exception of
collagen fiber alignment. Investigators have shown that tiedigial alignment of collagen fibers is
preferential to tensile stregsvivo. The mechanical strength of current HAp/C composites aitdom
collagen fiber alignment is at or below the strength of crtione, precluding the HAp/C composites
from load bearing applications in orthopaedics. Load bearing apmficaf HAp/C composites will
require increased mechanical strength similar to that dicabrbone. Our hypothesis is that the
mechanical strength of the HAp/C composite is dependent on tlexgutdl alignment of bulk collagen
fibers and not of the mineral phase. Therefore, there is a need to chagdbeernorphology of a HAp/C
composite with preferential collagen alignment and corrétatee quantified mechanical and structural
properties.
1.2 Background and significance

Bone tissue has a complex structural hierarchy of organic anghimorphases. Bone consists of a
nanocrystalline plate-like HAp deposited within the collagenrfibatrix and in alignment with the axis
of the collagen fibrils [1-5]. Microscopically, mature boneorganized in concentric lamellae called
osteons. These osteons, in turn, have an ordered arrangemenagdrcdibers that are preferentially

aligned to the stresses applied to the bone [6]. From a batioimoint of view, a bone surrogate



material should possess comparable mineral chemical coropoditirillar morphology, and mechanical
properties equivalent to those of bone tissue.

Current research shows that HAp materials are the mostigingnfor a bone surrogate material.
Chemically, the composition of HAp is similar to the mineralgghaf bone. Bone mineralization is a
complex process coordinated between the fibrillogenesis tz#gesl molecules and calcium phosphate
apatitic crystals, the constituent building blocks of bone. Hewewuch of the knowledge has been
elucidated from work on isolated solutions modeling simplified renments of specific mineralization
conditions. Particularly, the solution environment has a sigmfieffect on the mineralization outcome
when calcium phosphate is precipitated in the absence or presenceggrcolla

It is well known that calcium phosphate precipitation, absentgesilaundergoes phase transitions
during mineralization, which may involve an amorphous calcium phospAd@@®) or octacalcium
phosphate (OCP) phase [7-23]. Both of which are dependent on theanadyand kinetic factors. The
mineralization pH level has a significant effect on thernmaglyic factors affecting the initiating
precursor phases, temporal phase transitions, surface-sohigamctions due to the Debye length at the
mineralization front, and crystal growth accelerants [8, 14-26]. The effect collagen has on
mineralization is controversial. Some studies suggest it giesTHAp [27] or ACP [13] nucleation,
others suggest that it inhibits HAp nucleation [28], whiié sthers claim it has no effect on HAp
nucleation [29-32]. The neutral influence of collagen may cdyredtaracterize its affect since
environmental and temporal factors (pH, ion concentration, and duration) morecsig@fiect calcium
phosphate mineralization in the presence of collagen [9-11, 28, 33-@®]cohcentration (speciation),
pH, and reaction duration may all affect the resultant calciumpblads phase [9, 10, 34-37]. The latter
two may also affect the mineral content and mineral crystalliregpectively.

HAp biomaterials may be produced by one of several techniques teess/nthesis process can
modify the composition, morphology, and material propertiasvivo andin-vitro studies show that the
synthesized HAp ceramic or composite is biocompatible with the bwee tissue, but resorption and

bone ingrowth may be hindered by the solubility of the surrogdte blomaterial [38]. Solubility is



retarded in HAp ceramics with high crystallinity and lagyain boundaries. A nanocrystalline HAp
structure may be achieved by continuous precipitation followedoly temperature cold isostatic

compression of the HAp powder or coprecipitation in a collagdanxja-5, 38]. These processes form
uniform HAp crystals about 20-50 nm in size. Whitevitro andin-vivo evaluation shows that low

crystallinity nano-HAp ceramics and nano-HAp/collagen (HApéGNposites are more soluble in the
acidic osteoclastic environment during bone resorption and tvelgaesorbed with ingrowth of new

bony tissue when implanted [2, 38], X-ray diffraction (XRD) analyhows that the latter crystalline
HAp structure is comparable to that of bone [2, 3, 38].

Often, the relevance of synthetic composites to bone is typicélaracterized with a visual
comparison of peak intensity and breadth to an arbitrary bone diffegction pattern or with a side-by-
side list of peak locations and known calcium phosphate peaks frodepaliffraction files (PDF). A
physicochemical comparison of the thermodynamic and kinetic faeftesting calcium phosphate
mineralization with bone is needed to illustrate the optindmrapathways for a synthetic HAp/C
composite.

Bone fibrillar morphology observes a preferred alignment whiake® bone inherently anisotropic.
The transverse elastic modulus (6-13 GPa) of bone is lesghtadongitudinal elastic modulus (16-23
GPa) [1]. A number of theories exist for collagen alignme@®mne theory supports the finding that
collagen aligns in response to stress applied to the bone [6]e Wdries experience complex combined
loading under physiological conditions, their natural occurring curwgttedisposes them to undergo
eccentric bending even under simple compression. Thus, a bonencdiarsgeously experience tensile
and compressive stresses in certain areas. Martin el 26)( [39] showed that the equine third
metacarpus exhibited preferential collagen orientation taaes throughout the cross section. Using
polarized light microscopy, which suggests collagen alignmemailpbto the cross section of the osteon
would appear bright and collagen aligned perpendicular to the sessi®n would appear dark, they

showed collagen fibers aligned with the longitudinal axis oftibee in areas exposed to tension and



perpendicular to this axis in areas of compression. In effeztiongitudinal orientation of collagen is
suspected to act as a tensile reinforcement allowing the bone to withstaraquiy bending loads.

The current state of HAp/C composite synthesis suggestsviiilat the bioactivity of the composite
is ideal for bone graft implantation, the mechanical propertesiat sufficient to sustain long-term load
bearing applications. The mechanical response to collagenafigament in HAp/C composites is not
fully understood. Despite the evidence supporting the influencdlagen fiber alignment on the tensile
and flexural strength of bone, research to date has not addtessedluence of fiber alignment in
coprecipitated HAp/C composite scaffolds. In order to study fheenmce of collagen alignment on the
strength of a HAp/C composite, a method to achieve the preferentrahaling must be developed.

1.3 Specific Aims

A promising extrusion method has been developed by this latharrddulting Hap/C composite has
shown improvement in flexural strength [40]. Our research planoigjuantify the mechanical
improvements and relate to the fiber alignment. First, aighgisemical characterization of the material
needs to be investigated to determine synthesis parametecslte@@a HAp/C composite with bone-like
composition, apatitic mineral crystal phase, and crystallinityext, synthesis of a composite with
preferred collagen alignment must be fabricated and confirmexktlyl. correlate the fiber alignment
morphology contributions to the improvements in mechanical properiiég Specific Aims for this
project are to:

1) Characterize the physicochemical properties of a synthetic HA@Rposite with bone-like
composition, apatitic mineral crystal phase, and crystallinity

Hypothesis 1AThe composition of the mineral and organic constituents istisen® the pH level

of the reaction environment, with an inverse relationship betvpt¢€revel and
mineral content. Mineral content will decrease as the pH increases.

Hypothesis 1BHAp mineralization is characterized by a precursor clystaphase, which is

transient and dependent on the reaction (aging) duration. Duratipmsdb® hours

will yield a HAp calcium phosphate mineral phase.



2)

3)

Hypothesis 1CThe degree of mineral crystallinity will increase with increaggdca

Quantify the collagen alignment morphology in a HAp/C composite inducednoyel extrusion
process.

Hypothesis 2Aincreased hydrodynamic shear flow will increase the orientationllaben fibers.
Hypothesis 2BCollagen fiber orientation will be aligned in the direction of thieuslate flow.
Determine the extent to which collagen alignment increasesntterial properties of a HAp/C
composite

Hypothesis 3APreferential orientation of collagen fibers in the HAp/C cornitposill be associated

with increased tensile material properties.



CHAPTER 2 — STRUCTURE AND MORPHOLOGY OF BONE
2.1 Structure of the Long Bones

Bone has a hierarchical structure which affects the mechanicabiuatteach level dependent on the
length scale. Understanding the structural relationship betéeecomponents within and interactions
between levels is essential to the mechanical propertesnaud at the gross level. The hierarchical

levels of bone, from largest to smallest length scale are @gur

“Level 1: Macrostructure: Whole bone, cancellous and corticak

Level 2: Microstructure (from 10 to 5Q0m): Haversian systems, osteons, single
trabeculae

Level 3: Sub-microstructure (1-10n): lamellae

Level 4: Nanostructure (from a few hundred nanometers tom): Fibrillar

collagen and embedded mineral

Level 5: Sub-nanostructure (below a few hundred nanometers): Malecul
structure of constituent elements, such as mineral, collayeh,non-
collagenous organic proteins.” [41]

For ease of discussion, we will start with the sub-nanostaictevel because the
nomenclature presented will be discussed throughout the othdusdtlevels and will give us a
point of reference for how the constituents at this levelesas the building blocks for the next
higher structural level.

2.1.1 Sub-nanostructure

The main constituents of bone are mineral, collagen (type-1 ealagnd non-collagenous
organic proteins. The mineral phase is a biological apatjtstat that is plate-shaped with
dimensions on the order of 45-50 nm long, 20-25 nm wide, and 2-3 nm thick2Z41Collagen
molecules, with a high percentage of glycine and significant amooht proline and

hydroxyproline, form the triple helix structure of tropocollagdanfients. These units are 280



nm in length and 1.5 nm in diameter. The tropocollagen filamentaresiaged in a revised
qguarter-stagger array forming collagen fibrils tens of naters in diameter. Non-collagenous
organic proteins, including phosphoproteins, such as osteopontin, sidlpposteonectin, and
osteocalcin, may function to regulate the size, orientation, and spatifibh of the HAp mineral

deposits.

Collagen
molecule

Cancellous bone

Collagen

Collagen fibril

Lamella fiber

=

| Bone
Crystals

Microstructure Nanostructure

Macrostructure Sub-microstructure Sub-nanostructure

Figure 1: Hierarchical structure of bone. RepmthfromMedical Engineering & Physi¢c0, Rho, J-Y., Kuhn-Spearing, L.,
Zioupos, P. “Mechanical Properties and the HienaadtStructure of Bone”, 92-102. Copyright (1998)th permission from
Elsevier.

2.1.2 Nanostructure

Collagen fibers are the most prominent structures at dbide. Formed by progressive self-
organization of the collagen fibrils, diameters are from hundreds of rde@Eto micrometers.
2.1.3. Sub-microstructure

Bone lamellae form the concentric rings of osteons and are 3—thitkn The generally accepted
lamellar structure of the osteon is a parallel arrangemeheafdilagen fibers within a lamella and with a
change in the orientation of fibers between one lamella to thie n@steonal lamellae encompass a

central canal.



2.1.4 Microstructure

The concentric arrangement of mineralized collagen fiber lamaitaend a central canal form
osteons or Haversian system. The osteon looks like a cylinder about 200-250 mmeitedirunning
roughly parallel [43] to the long axis of the bone. Between conceatniellae are mineralized zones
called cement lines. While current consensus suggests the abseoltagehdn osteonal cement lines,
the extent of cement line mineralization and the nature of the ground subsiiduntéhe cement line are
unclear [44. Analytical techniques show that cement lines contain significantyckdsium and
phosphorus, but significantly more sulfur, than surrounding bone matrix. Addiiotne|Ca/P ratio of
cement lines was significantly greater than that of lamellar boneestirggy that the mineral in cement
lines may not be in the form of mature HAp.
2.1.5 Macrostructure

The gross macrostructure of mature long bones is composed @fs#etons and two types of bone
(Figure 2). The sections of the long bones are the epiphygpinysis, and diaphysis. The epiphysis is
located at the ends of the long bones between the articulargadilafaces and the metaphysis. This
section is comprised of cancellous (or trabecular) bone andc&sesh by a thin layer of cortical (or
compact) bone. The metaphysis is the transition region betweepifiteysis and diaphysis where the
cortical bone thins relative to the diaphysis. The diaphgsise shaft of the long bone, between the
metaphyses, and is comprised of thick cortical bone surrounding the angdalhal (or marrow cavity).

Differentiation between cortical and cancellous bone is lisealdent. Cortical bone is denser than
the cancellous bone residing in the ends of the long bones. Cantalimiexhibits a complex network
of lattice-like trabeculae (Figure 3a). The trabecularctire allows greater load deflection than the
compact structure of cortical bone, which also provides locakretigy absorption at the ends of the
long bones during dynamic loading. While the strength of cortical owerived from its compact
structure, cancellous bone strength is imparted by thenadigt of the trabecular network along lines of

internal stress (Figure 3b).
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Figure 2: Gross features of the long bones digmigtypes of bone (cortical and cancellous) andbregy

A
Figure 3: Cancellous bone structure showing nékwbtrabeculae. Trabeculae in the femoral heatreeck (A), and
schematic of trabeculae alignment along lines wigipal stress (B).

2.2 Collagen Morphology
2.2.1 Collagen Structure and Theories of Orientation

Collagen fiber morphology spans several length scales down to thpepbtle chains making up the
triple helix tropocollagen filaments. Three left handed helicaypsgitide collagen molecules (21

chains and Trx-2 chain) wrap around each other producing a triple helix tropoeolléitament (Figure
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4). Tropocollagen filaments readily form fibrous crystalagueous salt solutions and self-organize into
collagen fibrils in the extracellular environment. Type-l agln fibrils consist of a repetitive
tropocollagen structure known as the “revised quarter staggedel, whereby the filaments are lined
head to tail in rows that are offset by 64 nm from the adjditantent. The staggered substructure of the
collagen fibrils has regularly spaced gaps within the gfffeyure 5). This arrangement also allows for
cross-linking between the carboxyl terminus of one filament toathéo terminus of the adjacent
filament (segments 1 and 5, respectively, in Figure 5). Tatgether with the other interfilament
hydroxypyridinium bridging cross-links, a stable crystal latiicghe result [42]. The gaps, or hole
zones, serve as nucleation sites for the apatite crystalsholéheones are approximately 40 nm in length

and 5 nm wide limiting the growth of the crystals to their observed diomsi

{ G G
) ¥
4 %N\

Figure 4: Schematic representation of the trigkxitropocollagen molecule. A) Three left-hangedypeptide chains, B) the
assembled right-handed triple helix, and C) engv\dBowing internal packing of glycine (G) residuBeprinted fromOxford
University PressMann, S. “Biomineralization: Principles and Copisein Bioinorganic Materials Chemistry”, R.G. Coiop,
S.G. Davies, J. Evans (eds.). Copyright (2001th wermission from Oxford University Press, New K.or
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Figure 5: Revised quarter-stagger model of cohadibrils. Reprinted fromOxford University Press Mann, S.
“Biomineralization: Principles and Concepts in Bioiganic Materials Chemistry”, R.G. Compton, S.@vIes, J. Evans (eds.).
Copyright (2001), with permission from Oxford Unisiy Press, New York.

2.2.1.1 Parallel Collagen Fiber Orientation

The parallel collagen fiber orientation theory is an e#ltBory that gained acceptance to describe
osteonal collagen orientation. This theory is based lamelhe work of Ascenzi and Bonucci (1964,
1967, 1968, 1972) [45-48]. Collagen is theorized to have a predominantlgpamnahgement within the
same lamellae with a preferred alignment within theeltae. The collagen fibers may change up to 90°
between adjacent lamellae. The result is the definitidhrek types of osteons, which contain different
lamellar sub-structures [6]. The orientation types ape-fy (transverse), type-A (alternating), and type-
L (longitudinal) (Figure 6). Type-T osteons contain lamellathn fibers that are aligned parallel to the
transverse plane of the osteon cross-section. While paxalleé transverse plane, these fibers further
align in the circumferential direction within each lamell@ype-A osteons contain an alternating fiber
alignment between lamellae producing transverse and longitutineation and causing the light and
dark birefringent pattern. Lastly, type-L osteons contairageh fibers which align parallel to the osteon

axis. The fibers in these osteons are extinct in polarizeddighthe osteon appears dark.



Figure 6: Schematic drawings of collagen fiber mtation patterns within lamellae of the osteon andompanying polarized
light micrograph, A) type-T collagen fiber orieritat; B) type-A collagen fiber orientation; and G)pé-L collagen fiber
orientation. Reprinted frorAnatomical Record161 (3), Ascenzi, A. and Bonucci, E. “The Congsiee Properties of Single
Osteons”, 377-391. Copyright (1968), with pernassirom John Wiley and Sons [47].

2.2.1.2 Twisted and Orthogonal Plywood Model of Collagen Fiber Ori¢ation

Giraud-Guille (1988) [49] described the lamellar collagenrféd@nment as a twisted or orthogonal
plywood model. The twisted plywood model suggested that parallelgeallfibers would rotate by a
constant angle between lamellar planes, similar to aghslicicture (Figure 7). Similarly, the orthogonal

plywood model consists of collagen fibers which are parallel in a givee dbat unlike the twisted

Figure 7: Twisted plywood model of collagen fibetentation patterns within lamellae of the osted®pringer andCalcified
Tissue Internationald2 (3), 1988, 174, “Twisted Plywood ArchitectureCollagen Fibrils in Human Compact Bone Osteons”,
Giraud-Guille, MM. Figure 9, copyright 1988 Sprimgéerlag New York Inc; with kind permission from fpger Science and
Business Media.
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plywood model the fibers do not rotate by a continuous angle betasetide. In this model, the fibers
align such that they are out of phase by 90° with each other.orfftegonal plywood model is a close
approximation of the type-L and type-T osteons from the pamdlédgen orientation model while the
twisted plywood model explains the type-A osteons.
2.2.1.3 Random Orientation Packing Density of Collagen Fibers

The previous models define the collagen alignment assuminggbditadirs. However, Marotti and
Muglia (1988) [50] suggested that collagen fibers were paotllel to each other, but rather were
randomly aligned. Their model proposed alternating densely andyiquesekded lamella (Figure 8). The
alternating extinct and bright lamellae observed in polarizgd imicroscopy were postulated to be due
to the different collagen fiber densities and not the resutthahges in fiber orientation. The bright
osteonal rings were attributed to the loose packed lamellde thib extinct rings were attributed to the
dense packed lamellae. At the time, the packing densitylEmebdel was thought to correspond better
with how bone was formed. It was assumed that the alternating coliigement would require that the
osteoblasts in order to produce the rotated collagen alignmeltiss model then suggests that the

osteoblasts lay down a random matrix of collagen fibers, where tag@olfiber density would change.

Figure 8: Random orientation packing density madéhterlamellar collagen.
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2.2.2 Quantification of Collagen Fiber Alignment

Collagen is a birefringent material that exhibits an opticder when examined with polarized light.
Images acquired via polarized light microscopy (PLM) can thearadyzed to obtain both qualitative
[50-53] and quantitative [39, 54-57] measures of the fiber w@iiem within a collagenous material. To
understand the technique of quantifying collagen orientation, the contdgtefringence must be
presented, followed by discussion of techniques used to quantifying fiber orientations

A birefringent crystal has an optical axis that coincides Wighaxis of symmetry, parallel to tlee
axis, and is considered to be an anisotropic crystal. rBigeihce can be conceptualized by considering
that a light ray entering an optically anisotropic (or birgfent) crystal is doubly refracted into two
orthogonal linear rays, an ordinam) @nd extraordinarye] ray, where each ray has a separate index of
refraction and the ordinary ray vibrates perpendicular tooffitecal axis while the extraordinary ray
vibrates parallel to the optical axis. When the light ee®ig this case, one of the rays is retarded with
respect to the other by an amount equivalent to the differbeteeen the two indices of refraction
multiplied by the thickness of the material. This retaoteof the light is the magnitude of birefringence
(or path difference) and causes the two rays to be out of pHese they recombine upon exiting the
crystal. If the light entering the birefringent crystalpslarized (vibrating in a single plane) by a
polarizing filter (polarizer), the out of phase ordinary andamxttinary rays will recombine having a
vibration angle between 0° and 90° from that of the polarizéd digtering the crystal. This concept is
illustrated in Figure 9. In cases where the ordinary and egtraoy rays are out of phase by an integer
multiple (n, where n = 1, 2, 3 ...) of the wavelengdth {he resultant light emerging will be parallel to the
polarizing direction (Figure 9A). If the rays are out of phasenbydal multiple of/,A (wheren=1, 3,5
...), then the resultant light emerging will be perpendicular to the piolgmlirection (Figure 9B). Lastly,
in cases other than the preceding two, the resultant light emerging wailblpeangle other than 0° and 90°

from the polarizing direction (Figure 9C).
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Figure 9: Birefringent double refraction in crystahree cases of ordinary and extraordinary rdly gidferences and the
resultant light ray recombination € ordinary raye = extraordinary ray). Black arrows show the vilma direction of the
recombined resultant light ray.

Further, if a second polarizing filter (analyzer) oriented t80the first is placed after the light emerges
from the crystal, then only components of the recombined light rajiglao this filter will pass through
the analyzer. In the first case (Figure 9A); the emergight Iray will be extinct because it is
perpendicular to the analyzer. In the second case (Figure 9B, tié emerging light ray will pass
through the analyzer because it is parallel. In the last @dgare 9C), only the component of the
emerging light ray parallel to the analyzer will pass through.

Birefringent double refraction will only occur when the lightexing the crystal does not propagate
parallel to optical axis. Polarized light entering a cryatad propagating in the direction of tbexis
will not be doubly refracted and will only have an ordinary véyating in the direction of the polarized
light. When viewed with crossed polars (polarizer and anaB@%®to each other) this crystal will appear
extinct even when rotated through 360° in the plane of the polarizer and analyzex {Bi§ur A crystal
with a component of its optical axis perpendicular to the propagttht will doubly refract the light
into an ordinary ray perpendicular to the optical axis anexénaordinary ray parallel to the optical axis.
When viewed with crossed polars this crystal will appear extiieen the optical axis is orientated
parallel to the polarizing direction of either the polariageanalyzer (Figure 10B). The same crystal will

become brighter when rotated in the plane of the polaridirection of the polarizer and analyzer,
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reaching a maximum brightness at angles of 45°, 135°, 225° ando3b&°direction of the polarizer

A
P P

A B C

(Figure 10C).

Figure 10: Effects of optical axis orientation wheéewed under crossed polars. Optical axis ort@magerpendicular to the
plane of the crossed polars causes extinction @Qtical axis orientation parallel to the plandahaf crossed polars and parallel
to the vibration direction of either the polarizgranalyzer causes extinction (B). Optical axismation parallel to the plane of
the crossed polars and rotated an angle from tiration direction of polarizer causes increasiggtlintensity. A maximum
intensity occurs at angles of 45°, 135°, 225°,34%? to the vibration direction of the polarize)).(Qo = ordinary raye =
extraordinary ray).

These concepts hold for collagen molecules, which have been consideradld42ysr liquid
crystal [50, 51]. PLM has been employed as a technique to quantify thiatoe of collagen [39, 54,
56, 57]. Collagen fibrils oriented perpendicular to the polarizing lamoscope stage) are extinct
while those parallel to the plane may be extinct or bright [39, 46, 50, 53, 54, &g fibrils parallel
to the vibration direction of the polarizer or analyzer will be extinctthosge at an angle to either will
have varying degrees of intensity. This has been a limitation of usiaglyimp®larized light when
quantifying transverse sections of osteonal collagen. Circularly peddrght has been employed to
reduce this in plane extinction artifact of linearly polarized light B8, 56, 57]. Alternatively,
microdisection and confocal microscopy techniques have allowed the ngafllosteon lamellae for
greater dimensionality in the measurement of collagen orientation [S29b8However, these
measurements still provide an indirect measurement of the collagatation.

Mathematical quantification of collagen fibers may be obtained usirgpgtgical image processing
techniques such as mean intercept length (MIL) [60, 61], line fractidatiev(LFD) [62], and discrete

Fourier transform (DFT) [63-66]. MIL and LFD have been frequently uséukei stereological study of
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trabecular bone [67-70]. Sander and Barocas (2008) [71], compared the MIL, LFD, BitecbRiques
on simulated fiber orientations. Of the three stereological teebsjidghey concluded that the DFT
method was the most accurate at predicting the principle directidreoffientation and the anisotropy
or degree of alignment. They also showed that the DFT method successfutifiefiaollagen
orientation directly from grayscale SEM images of collagen fibritereas the MIL and LFD techniques
typically conducted on binary images. While MIL and LFD could both be thresholdeddated to
handle grayscale images, this would introduce significant error,isa@tcuracy, and increase
computation time.

Briefly, the DFT technique performs a Fourier transform on the graysoakintensities of an
image and produces a centered power spectrum image [72]. Therei#éd aligrdment of the spectral
intensities in the power spectrum image, whose angular orientatiorabesr the oriented objects in the
original image. In this manner, grayscale images of collagen fibaerbe mathematically quantified [63-
66, 71].

In this study, the DFT technique will be applied to PLM images to quantify eollagentation.
This is a new application of the DFT technique and will provide atdineasure of collagen orientation
in PLM images as compared to previous PLM quantification methods. Thisgeelis being employed
because it was expected that the collagen fibers of the synti#gii€tdomposites produced in this study
would be more porous than in cortical bone and would not possess the morpholotiioes fefaosteons
as observed in PLM studies of cortical bone. Therefore, it was nectssditize a direct quantification
method with greater sensitivity than previous PLM methods.
2.3 Mineral Morphology
2.3.1 Composition and Orientation

The mineral apatite in bone is a carbonated phosphate apatitetdeng HAp. While the chemical
composition resembles that of HAp (€®0,)s(OH),), the hydroxyl group may be absent along with
inclusions of small but significant amounts of impurities suckBg,, Na, Mg, citrate, C¢) K, [73].

Consequently, a more appropriate chemical composition for bone apatdeld be
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(Ca,Xho(POy,COs,Y)s(OH,Z), with X substituting cations and Y and Z substituting anions — indices 10, 6,
and 2 changing according to stoichiometry [38]. Going forward, bondeapailti be referred to as HAp
for ease of discussion.

HAp crystals are plate-like having length and width dimensiongrder of magnitude greater than
thickness — 45-50 nm long, 20-25 nm wide, and 2-3 nm thick [41, 42]. Thensiomal aspect ratio
plays a significant role in the load borne by the crystal#in(discussed in the next chapter). The long
axis of the crystal (c-axis) is aligned with the long axfighe collagen molecules and the width of the
crystal (a-axis) is aligned perpendicular to the plane ofatised quarter-stagger repeated pattern along
a groove formed among adjacent tropocollagen filaments (FighreThis produces a plane in which the
HAp crystals are offset from one and other by the length efctigstal and another plane where the
crystals aligned next to each other in a row. The alignmeariysfal rows produces the banding seen in
collagen fibrils.

HAp crystals are restrained in the hole-zones between trdpgenl filaments, which have
dimensions slightly less than the crystals themselves.eidmns of the hole-zones are 40 nm in length
and 5 nm in width. Given that the crystal width is 20 nm and the téametropocollagen filaments are
1-1.5 nm, the crystals overlap in the direction of the groove. efdrer, the HAp crystals may contain
collagen molecule inclusions as imperfections as the crimtals. In addition, bonding of the HAp
crystals and collagen are thought to be a function of the non-enlag proteins. While this is not

known for certain, it is known that some non-collagenous proteins bind to collagahlypaisparticular
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Figure 11: HAp crystal morphology. A) Crystallaghic axes and orientation with respect to theageih molecule axis, and B)

packing within the collagen hole zones and grooves.

A Reprinted fromOxford University PresdMann, S. “Biomineralization: Principles and Copisein Bioinorganic Materials
Chemistry”, R.G. Compton, S.G. Davies, J. Evans.jedCopyright (2001), with permission from Oxfdddiversity Press,
New York.

B Reprinted fronMedical Engineering & Physi¢c®0, Rho, J-Y., Kuhn-Spearing, L., Zioupos, P. tanical Properties and the
Hierarchical Structure of Bone”, 92-102. Copyri¢t®98), with permission from Elsevier.

sites in the hole-zones [42]. The non-collagenous proteins have abuwamdanic groups that would
strongly interact with the Gaions of the HAp crystals.
2.3.2 Crystal Structure and Phase Determination

A number of techniques may be employed to aid in the determinatiancrystal’s structure and
phase. Energy dispersive x-ray spectroscopy (EDS) can yiadmafion regarding the elemental
composition of a material and, by way of the atomic content, amagst of the phase of a calcium
phosphate crystallite. Raman and infrared spectroscopy can ydenéferials based on their
characteristic bonding “fingerprints.” In this way, thea® ttechniques could yield calcium phosphate
phase distinctions since the different phases would haweratitf bonding characteristics. Crystallinity
and phase composition analysis has been attempted with infrardtbspaay [74, 75]. While these
techniques offer valuable insight into the composition of ata&ltite, x-ray diffraction (XRD) provides

physically relevant information of a crystallite’s structure and @has
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Briefly, XRD is a measure of the x-ray intensity refet from the physical planes within a
crystallite. As incident x-rays are directed onto a poederystallite sample over a range of angles,
characteristic peak intensities are observed. These peaksown as diffraction lines and their angular
location is associated with the interplanar spacings of ttstatlite, known asl spacing. Thel-spacing
is a measure of the interplanar spacing of successive lgoiest@s. An illustrative representation would
be to assume that one of the crystal's exterior surfagegents a crystal plane, say the [1 0 O] plane, as
you pass through the depth of the crystal perpendicular to this pkacte successive [1 0 0] plane will be
spacedd nanometers apart. The relationship between diffraction dioatibn ¢ and interplanand-
spacing is observed in Bragg's Equation:

A = 2dsing 1),
wherel is the wavelength of the x-ray source (Guid this study) @ is the incident angle between the x-
ray source and sample, athis thed spacing. The diffraction line position and intensity are fundaahent
to identifying the crystallite and subsequently its phaseesthe diffraction intensities are ultimately
related to both the structure and composition of the crystal phase [76].

In addition to diffraction line position and intensity, crystallograpmeasures are affected by
diffraction line broadening. Diffraction line broadening invérseorrelates with the crystal size and
lattice perfection where it is used as a measure of crystallinity Diffraction line breadth is determined
from the full width of a diffraction peak at half its maximuntensity — full width at half maximum
(FWHM). Measurement of crystallite size can be quantifieet @orrecting for instrumental broadening
(b) using a Gaussian broadening correction in the form [78]:

p*=B’-b’ (2)
where/ is the corrected line broadening a@ds the experimental line broadening. Using the corrected
line broadening, one can determine crystallite size from the Schequatian [78]:

L =Kx /S cod 3)
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where L is the mean crystallite dimension and K is a congkettis approximately equal to unity
(K=0.89 from Bragg's simplified derivation) and related to the crijgahape [79].

Measures of a crystallite’s lattice constants are alily determined from its diffraction line
positions. Using the relationship between ¢hspacing and the Miller indices for a hexagonal crystal
system, the unit cell lattice constaatsindc are related to the diffraction lines with the corresponding
(hk0) and (00 indices, respectively:

A’ = (4138°) (W* + K + hK) + (%9 4)
It is evident from equation (4) that the unit cell lattiimensiona is dependent orhkQO] crystal planes
and thec dimension is dependent on [PQrystal planes for a hexagonal crystal system (different

relationships exist for the other crystal systems).
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CHAPTER 3 — BIOMECHANICAL PROPERTIES OF BONE

Bone is a dynamically adaptive living tissue whose strengtbe[gendent on properties at the
structural and constituent levels because of its inhdm@marchy. Generally, structural strength is
dependent on geometric and material properties [80]. But, one camook ithat in composites the
material properties of the whole or sub-structures are depeondethite interactions, organization and
material properties of the constituents. Cortical bone stimag been studied at two structural levels
(i.e. whole bone and osteon) and at the constituent level.
3.1 Mechanical Properties of Whole Bone and Osteons

Material properties at the whole bone structural level arevette from small uniform specimens.
These specimens may be considered for the whole bone because the |leagihessathat of the osteons.
Modulus and ultimate (failure) stress of cortical bone arectionally dependent (Table 1). It should be
noted that materials whose properties are dependent on directiappliéd loading are said to be
anisotropic and will be discussed further in Section 3.5. The moduatlisiltimate stress of whole bone
is greater in compression than tension in both longitudinal and éaesdirections. The ultimate stress
anisotropy is more pronounced in tension than in compression based oluésereported by Reilly et al
(1974) [81] and Reilly and Burstein (1975) [82], but others have tegbdongitudinal compressive
stresses exceeding that in tension [83]. The latter is the ggramedpted norm.

Table 1: Modulus and Strength of Whole Human Cortical Bone (Femur)

Tension Compression
Longitudinal Transverse Longitudinal Transverse
Elastic Modulus (GPa) 17.9+£0.9 10.1+2.4 18.2 +0.9 11.7 1.0
Ultimate Stress (MPa) 135 +16 53 +11 105 +17 131 +21
193

From Reilly et. al. (1974) [27]; Reilly and Bursigj1975) [82]
& From Hayes and Gerhart (1985) [83]

On a smaller length scale, the material properties of ostedramellar structures have also been
evaluated. Most notably is the work of Ascenzi and Bonut®i48]. They reported the moduli and

ultimate stresses derived from tensile and compressiveedestucted on single osteons (Table 2). The
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osteon moduli and ultimate stresses closely follow thosgesaleported for the gross structure, above.
The osteon types refer to those presented previously §8et.1). Note that the ultimate stresses for
the type-L osteons (longitudinally aligned collagen) closely @pprates the ultimate tensile stresses for
the whole bone and the type-T osteons (transversely alignedyarollaapproximate the ultimate
compressive stresses for the whole bone. However, the osteon aredaiproximately half that of the
whole bone, for the same osteon types. The reason may have tthdmment line slippage between
lamellae resulting in larger deformation and the lower reportedcehastiuli.

Table 2: Modulus and Strength of Osteonal Human Cortical Bone (Femur)

Tension Compression
Osteon Elastic Modulus Ultimate Stress Elastic Modulus  Ultimate Stress
Type (GPa) (MPa) (GPa) (MPa)
Type L 11.7 #5.8 114 £17 6.3 +1.8 110 +10
Type A 55+2.6 94 +15 7.4+1.6 134+9
Type T - - 9.3+1.6 164+12

From Ascenzi and Bonucci (1964, 1967, 1968) [45-47]

Interlamella deformation along the cement lines may have wignide given that nanoindentation
tests showed that lamellar elastic moduli are greaterttte@macroscopic moduli. Fan et al. (2001) [84]
reported a longitudinal modulus of 24.7 GPa and transverse modult’s ®Pa in individual lamella.
Differences between these results and whole bone resultbanexplained by inclusion of cement lines
in the macroscopic values and are more pronounced in individual osteons. Ceradatkitliee presence
of collagen and the mineral phase may not be in a crystallizgdfétrm. Perhaps, the unmineralized,
low collagen content composition of the cement line results atgrglasticity and lower stiffness than
the adjacent lamellae and acts to reduce the overall strength ste¢bea system compared to individual
lamella [81, 85]. Differences between osteonal specimens and wholepeaiteens may be the result of
a more direct measurement of the single osteon cement iline faroperties since it has been noted that
“osteon pull-out” frequently occurs [86, 87]. Whereas, measurenagritee whole bone level include
multiple osteon systems with interspersed remnants of oldesngsteéThe nanoindentation results may
also provide more relevant properties of the bone constitubataselves, namely the mineralized

collagen composite.
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3.2 Geometric Properties

Geometric properties are relevant to bone strength because ganetion among vertebrate species
or regional variations within the cortices of the diaphyséy mroduce misleading interpretation of bone
strength for development of orthopaedic interventions. Geometwijgegies taken together with the
material properties will provide insight to how a bone wepond when exposed to a given load. As a
hypothetical example, a transgenic rat femur may have differatdrial and geometric properties versus
control animals, yet the structural strength of the comparedsbare equivalent [80]. In this particular
model, a genetic defect retards the growth of the transgerfiennar resulting in a smaller cross section
and section modulus compared to controls. Given only this informatiamyi be concluded that the
control femurs are structurally stronger for whole bone torsiobending test. However, the material
properties of the transgenic femurs are greater than theoksoatich that the structural strength of the
transgenic femurs is equivalent to the controls.  SirgjldrAnyon et al. (1979) [88] postulated that
regional variations in material organization of the diaphysy result from the maintenance of uniform
stresses throughout a bone’s cross-section. They found that middga@irgas of the cortex in
compression had a lower elastic modulus than areas in tensioafiore ovine radii. Riggs et al. (1993)
[89] also reported elastic modulus differences between thieteaisd compression cortices of the equine
radius at mid-diaphysis, despite the similarity in cortitetkness. These material differences were
attributed to significant compositional variations, including mobdique-to-transverse collagen fiber
orientation, lower mineral content, and increased remodeling witm@dagoosteons in the compression
cortex. However, the composition is a byproduct of bone remodedinged by non-uniform stress
distributions throughout the cross-section of the diaphysis. The nfummrstresses, in turn, are caused
by eccentric loading due to the geometric curvature of the.b&tcentric loading shifts the neutral axis
and amplifies the compressive loading in the compressive c@@x [This example shows that the
geometry of the bone can alter the stress distribution alpsequently the material properties through
remodeling. While the exact mechanisms by which bone adapts aggawtty known, it is known that

the material properties are a function of the constituergnaég making up bone, their organization, and
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their content. This study investigates the material pti@seof a synthetic bone surrogate based on these
parameters, in particular organization. The geometric psopeiaptation is beyond the scope of the
study.

3.3 Mechanical Properties of Collagen and HAp Crystals

Material properties at the constituent level of bone higahave also been reported. Albeit type-I
collagen, derived from the collagen of tendons, has been more widefjebthan HAp crystals. Landis
et al (1995) [91] reported a modulus of 50 MPa, maximum strain of 0n85a anaximum stress of 20
MPa. These values, except strain, are lower compared toimdastigators who put the modulus at over
1 GPa and the ultimate stress at 120 MPa [92, 93]. Gosliale(2002) [93] reported a strain value of
0.13. Itis not exactly clear why there is such a disphsatyeen the reported values except that reported
bone properties also have a high degree of variability reported aovarge range. Type-l collagen
molecules in bone are present in a fibrous crystal form 2] effect of which is not discussed in the
literature. HAp crystal ultimate stress and moduluseatimated to be 3 GPa and 100 GPa, respectively
[94, 95]. Jager and Fratzl (2000) [96] suggest that the modutbeees orders of magnitude greater than
that of type-l collagen. This order of magnitude differenceilds suggest that type-l collagen elastic
modulus is closer to 1 GPa stated above.

Parameters such as strength, stiffness, or fracture toughigigsb@ ascribed solely to either the
HAP crystal or collagen constituents. Review of thedilere suggests that strength and stiffness are due
to HAp while the fracture toughness is due to collagen [94-97]. The higtcetasdulus of HAp crystals
imparts stiffness to composite. Strength, which is a meaduaematerial’s failure stress, seems more
likely to be due to collagen rather than the mineral phashedgterature suggests. Consider that type-I
collagen has a reported ultimate stress of 120 MPa [93], which is fartge of the ultimate tensile stress
of whole bone and type-L osteons with longitudinal collagen fib€hss suggests that the failure of bone
is due to collagen failure and not the HAp crystals with an estimatethtdtistrength of 3 GPa. Collagen
alignment relative to the load direction would therefore significaaffgct the strength.  Collagen is also

believed to play a role in the toughness of bone. It is postulaédttoughening mechanism is fiber
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bridging [98-101] whereby the fibers span across the crack opehingeneral, toughness is a measure
of the work or energy required to fracture a material [6]. |a@eh can deform to a greater extent than
HAp and remain intact behind the crack tip, thereby absorbing asipaling the crack energy [6, 94,
95]. The reported fracture toughness of cortical bone i8.%6.3 MPa/m [6]. Again collagen
alignment is presumed to affect the toughness, but the extemhich it does has not been directly
guantified [98]. The assignment of these parametric roleldAgrand collagen understates the complex
interaction and organization of the constituents.
3.4 Influence of Collagen and HAp on Bone Strength

Bone strength resides in the organization and interaction of théteens materials — HAp crystals
and collagen fibers. HAp and collagen form a composite matehiase mechanical properties are
considerably different from those of the individual constitueb®2]. The resultant composite is able to
withstand a variety of tensile and compressive forces wiadi@gen and HAp by themselves could not.
However, just the presence of HAp and collagen in composite imot sufficient to generate the
mechanical properties of normal bone. Landis (1995) [102] sought to identdifecethat the structural
interaction of HAp and collagen had on the strength of calcifiedessby comparing normal tissue to
brittle or weak tissue. Two aspects of HAp crystal faromain the abnormal tissues were found to be
unusual, their crystallographic structure and spatial relationshipcaitagen. In the abnormal tissue, the
crystals did not appear as plate, but rather as thick blackarrow spear shaped structures. Individual
crystal sizes exceeded as much as three- to ten-fold the ritssue crystal dimensions. The abnormal
crystals were more noticeably larger in their length tmaany other dimension resulting in observed
spear-like abnormalities. The spatial arrangement of HAptalgyin normal calcified tissue exhibit
parallel arrays of flat crystal bands or sheets followingotiteern of the collagen hole-zones and grooves.
On the other hand, abnormal tissue does associate with collagemhodsn’t follow the same obvious
pattern of the collagen fibril hole-zones and grooves. AbnornsaLdi also shows evidence of
inconsistent alignment of the HAP crystal with respecth® ¢ollagen fibril axis. Another notable

difference in the weakened abnormal tissue is the disorganimmtjament of collagen fibrils. Many
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individual fibers are kinked or twisted and the periodicitythaf revised quarter-stagger, responsible for
the hole-zones and grooves, is out of phase in adjacent fibrite mechanism for the weakness or
brittleness of the abnormal tissues is believed to arise flismptions in the orderly arrangement of
collagen fibrils. Landis (1995) [102] postulated that the strulctdediciency is a consequence of
defective assembly of the collagen network where the abnoronélperiod fails to produce the regular
overlapping hole zones or parallel grooves that communicate dbeosstire fibril. The irregular holes
and grooves subsequently affect the crystal growth, eitheriagéisé growth of crystal bands across the
groove or not restraining crystal growth to the desired sizéhé abnormal hole-zone. The model
proposed by Landis (1995) [102] is shown in Figure 12. It is evident this model that the orderly

arrangement and mineralization of collagen fibrils impart strength to bone.
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Figure 12: Normal (top) and abnormal (bottom) agdia fiber arrangement with progression of crystalagh within the hole-
zone groves along parallel faces of tropocollag@aments. Normally staggered collagen allows pl&ie HAp crystals to form
in the hole-zones, which continue to grow into thgion of overlapping filaments. Abnormal collagemanization does not
result in the staggered pattern and HAp crystaivttas retarded to form spike-like crystals thatrda grow to produce crystal
bands, as in normal organization and growtReprinted fromBone 16(5), Landis, W.J., “The Strength of a Calcifiedsue
Depends in Part on the Molecular Structure and @zgéion of its Constituent Mineral Crystals in thibeir Organic Matrix”,
533-544. Copyright (1995), with permission fronsélier.
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Mechanical tests and detailed analysis of the collagep-iferactions from a study conducted by
Kikuchi et al. (2001, 2004) [2, 103] supports those qualitative findedgsve. These researchers
evaluated the effects of pH and temperature on the bending stearth#elf-organization mechanism of
collagen and HAp. Ideal conditions promoting strength and self-organization were ptH40°€. They
postulate that the HAp crystal structure automatically detess its orientation relative to collagen.
Briefly, the mechanism is a result of weakened carboxyl bondbe collagen caused by the interaction
of C&" ions on the surface of HAp nanocrystals. The<é €ites on the HAp crystal surface are oriented
perpendicular to the c-axis. When they interact with a carbaxylpgon the collagen they cause the
carboxyl group to conform perpendicularly to the long axis of the fiBaother interesting note was that
the content of collagen decreased with lower pH levels and tataper While the study illustrates the
importance of the interaction between collagen and HAp, the changellagen content leaves open for
discussion the role that collagen plays with respect to the strenijith cdmposite.

Two physical models also detail the importance of organizatiomeleet collagen and HAp. Jager
and Fratzl (2000) [96] and Gao et al (2003) [94] proposed similarImotieollagen filaments and HAp
crystals idealized under tensile loads (Figure 13 and 14). ofigamization of both models stressed the
overlap of the mineralized collagen filaments. In addition, rJagd Fratzl (2000) [96] also compared
their model with an unmineralized collagen overlap model and twal $#Ap-collagen model without
overlap (results were normalized to the unmineralized collagmtel). While the serial model resulted
in an increased modulus from the HAp inclusion, the maximum stressaded 3-30%. The mineralized
overlapping model increased the modulus by a factor of 59 amdatkienum stress by a factor of 2. The
model stresses that it is the interaction and organizatiomeafinto constituents that impart the strength
seen in bone at the structural level. Mineralization alone dithomase the strength, despite increasing
the modulus. The special organization of the mineralized collagehat gives the increased strength.
Gao et al. (2003) [94] suggested that the HAp crystals cattiedoad in tension while the collagen
transferred the load to the crystals by shear. In an extensitwe ofiodel, the importance of the nano-

sized HAp crystals is illustrated [94, 95]. At this lengttale, the large aspect ratio of the nanocrystals
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causes them to withstand stresses near the theoretitadVien if they are flawed. Flaws are considered

to be inclusions of the collagen molecules or other organic proteinis Wit crystal.
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Figure 13: Two dimensional collagen model propdsedager and Fratzl (2000). Staggered unminedhkollagen (right) was
compared to serial mineralized collagen (cented)staggered mineralized collagen to show the inapae of the staggering
effect on the mechanical properties. ReprintethfBiophysical Journal79, Jager, I. and Fratzl, P., “Mineralized Codlag
Fibrils: A Mechanical Model with a Staggered Arrangent of Mineral Particles”, 1737-1746. Copyri¢2@00), with
permission from Elsevier.

Tension zones

Mineral platelet of protein

High shear zones
of protein

Protein matrix

Figure 14: Two dimensional collagen model proposgdsao et al. (2003). The model suggests thagstad mineralized
collagen transfers load to the HAp crystals viaasheith the crystals in tension. Unloaded (leftl.oaded (right). Reprinted
from Proceedings of the National Academy of Scient@8(10), Gao, H., Ji, B., Jager, I., Arzt, Eatzl, P. “Materials Become
Insensitive to Flaws at Nanoscale: Lessons fronufed 5597-5600. Copyright (2003), with permissioom Proceedings of
the National Academy of Sciences.

While a good start, this is an oversimplified model. One pointiticpéar, the model is formulated
as a 2-D planar model reminiscent of a brick and mortar amatign suggesting the entire length of the
collagen filaments would be under shear, as described by Gho(2003) [94] (Figure 14). This does
not fully account for the periodicity of the collagen filanmgemthere the HAp crystals would not be in

linear rows across the plane but would rather be staggeied-agire 12. This arrangement would place
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the HAp crystals in shear and certain portions of the colla¢gemdint in tension. The shear stresses on
the surface of the crystals may be negligible giverr thigh aspect ratio as the shear component from
many collagen filaments would be acting on a large surfaese aPerhaps more importantly, collagen
filaments acting on opposite faces of a single crystal wouldecauotation of the crystal as the lines of
force through the collagen filaments tried to align along #mesaxis. This rotation may cause a
transverse compression of the interstitial fluid within tiné. As such, the model also does not account
for the fluid content and its contributions to bearing loadlse ifiterstitial fluids may bear the transverse
compressions described above. The preceding discussion isouseghhasize how the organization of
collagen and HAp crystals provide enhanced material propeatidseetwhole structure. An improved
model should account for these conditions, but is beyond the scope of this study.

3.5 Anisotropy

Anisotropy is the opposite of homogeneity in all directionsis & material characteristic of being
directionally dependent and can be defined as a differenceliysacal property when measured along
different axes. The physical properties of composite mataralgenerally anisotropic in nature. For
instance, the elastic modulus of a composite will depend upon théahetrientation of the applied
loads. As with bone, material properties are different when mehalmeg different axes.

Bone’s highly ordered internal arrangement of collagen and HAp crystalspoees it to anisotropy.
Morphological analyses show that mineralized collagen fiaersapproximately parallel within lamellae
[46, 49]. Section 3.1 presented the material properties of bone andsosiEhe results clearly show the
directional dependence, and hence anisotropy, of bone’s material mepe@ibson et al. (1995) [54]
showed that the lateral cortex of the equine third metachgra exhibited higher bending modulus and
failure strength. Using polarized light microscopy and correlatrige data of Gibson et al. (1995) [54],
Martin et al. (1996) [39] showed that the lateral cortex ladyjitudinally aligned collagen fibers.
Skedros et al. (2003) [90] suggested that regional variatiotiseirequine third metacarpal material
properties were due to collagen alignment. These studies suippadea that anisotropy in bone is a

function of collagen orientation. This would suggest thatréimelom orientation packing density theory
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does not appear to explain this phenomenon while the parallelaroltagentation and twisted plywood

theories do explain the anisotropy observed in bone.
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CHAPTER 4 - PHYSICOCHEMICAL CHARACTERIZATION OF A HY DROXYAPAPTITE-
COLLAGEN COMPOSITE
4.1 Introduction

Bone is a hierarchical structure comprised of mineral andharganstituents. As an analogue to
bone mineral, synthetic hydroxyapatite (HAp) has been studied exbndid04-106]. During
mineralization, it is well known that the precipitating date phosphate undergoes environmentally and
temporally dependent phase transitions prior to the end phase HAp [7-11]. [Matiera may involve an
amorphous calcium phosphate (ACP) [12-21] and/or an octacalcium pteq@@Pr) [9, 22, 23]
precursor dissolving and remineralizing as HAp over time [§, JAside from inhibitory factors, the
resultant calcium phosphate phase is dependent on thermodynarars {@cipersaturation, pH, ionic
strength) [8, 11, 24] and kinetic factors (ion ratios) [8, 11plu®n pH can alter the solubility of the
calcium phosphate phases, where HAp is the most stable calcium pkeqdphse at pH >4 [8, 11]. Both
high supersaturations and pH favor an ACP precursor, but the phase transitionsumagpidy without
the inclusion of inhibitory species (Mg Zrf*) or proteins [8, 11]. Solution ionic strength may affect the
interaction between the crystal surface and solution apeitie to the response of the double layer Debye
length at the mineralization front [11, 25]. lon ratios mifga a temporal factor like the kinetics of
crystal growth, where the ion activities of the species ntal4p the crystal growth units favor the lowest
activation barriers [11]. In addition, foreign ions may inhibit amcelerate crystal growth kinetics.
Carbonate ions are a calcium phosphate phase transition accé®rand inclusion into the apatitic
phase has been shown to increase with pH [26].

Much of the preceding work has been isolated to simplified solwtnvironments which model
specific calcium phosphate mineralization conditions. In doing so, mheeralization solution
environments have excluded collagen. The effect collagen hasnenaliation is controversial, where
some studies suggest it promotes HAp [27] or ACP [13] nucleadihers suggest that it inhibits HAp
nucleation [28], while still others claim it has no effect onpHAucleation [29-32]. The latter affect may

correctly characterize collagen’s influence since enviraniaheand temporal factors (ion concentration,



33

pH, and duration) more specifically affect calcium phosphate alimation in the presence of collagen
[9-11]. lon concentration (speciation), pH, and reaction duration atlaaffect the resultant calcium
phosphate phase. The latter two may also affect the mineratntoabhd mineral crystallinity,
respectively. Concentration of the calcium and phosphate iohsilikence the supersaturation of the
respective phases, the ion activities, ionic strength, ankinieécs. In general, the result is the favored
precipitation of initial precursor phases and growth pathwatfs thé lowest activation barriers [8, 11].
Bradt et al. (1999) [9] suggested an ideal concentration of calcium and phdspltlagemineralization of
collagen which would allow mineralization to proceed in concet filbrillization. Otherwise, elevated
concentrations would result in an unstructured precipitate oerémvconcentrations would lead to no
calcium phosphate precipitation. Calcium phosphate phase solubiiffected by the solution pH and
can alter the respective phase supersaturation levels. Egp&sisuggest that acidic conditions can
result in the precipitation of calcium phosphate phases otheHtApnon existing collagen or fibroin
templates while physiologic and alkaline environments yield HAp 32687]. Experiments in acidic pH
resulted in calcium phosphate phases of brushite (dicalcium phosgigirate — DCPD) and
octacalcium phosphate (OCP) [34, 35, 37]. Calcium phosphate pheseted DCPD, OCP and HAp
when mineralizing collagen in neutral (pH 7) and physiologic (pH @&mjironments [34, 35, 37].
Alkaline pH levels were shown to yield HAp only [10, 34, 35, 3&Hditionally, the mineral fraction of
HAp coprecipitated with collagen varies with pH [10]. Likduson mediated calcium phosphate
mineralization, the phase transitions of mineralizing collagenatso time dependent [9, 28, 35] and if
amorphous phases are stabilized in collagen the crystatimaijyalso be time dependent. Also, incorrect
timing of mineralization with collagen fibrillogenesis magdeto no mineralization or to a structureless
precipitate [9].

Thermodynamic and kinetic factors affecting calcium phosphate rafiretion illustrate the
optimization pathways for a synthetic HAp/C composite. Theeptestudy aims to optimize the
biomimetic coprecipitation of HAp and fibrillogenesis of collagen infK composite and characterize

the physicochemical properties with respect to bone. Spbjficthis study investigates the
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environmental and temporal effects on the composition, phase, andlogyaghy of a biomimetic
mineral and compares to that of natural bone.
4.2 Materials and Methods

The current study utilized a biomimetic process of collagereralization. The mineralizing calcium
and phosphate ions are coprecipitated in an assembling collagan mat optimized starting calcium
and phosphate concentration was held constant while varying ttteomepH and duration to quantify
environmental and temporal effects.
4.2.1 Precursor Solutions

Mineralization precursor solutions were prepared by separttmgalcium and collagen into one
solution and the phosphate into another, before combining. Collagesxivasted from rat tail tendons,
lyophilized, and was subsequently dissolved in 0.01M HCI, with a ctiatciem of 1 mg/mL. Calcium
and collagen were combined by adding 108of 0.4 M CaC} to 600uL of the dissolved collagen. A
potassium phosphate solution was prepared by adding a 1.6,RIKktock solution to a 2.1 M KIPQ,
stock solution in a 20:80 volume ratio to achieve a pH of 7.4. r&eba a neutralization buffer was
prepared with 16@L of 0.5 M tris(hydroxymethyl)aminomethane (pH 7.4 with HCI) and AL®f 2 M
NaCl. The potassium phosphate solution (12.898 was added to the neutralization buffer. The
mineralization solutions were estimated to produce a cal@yshdsphorus (Ca/P) ratio of approximately
1.67 and a 85:15 mineral:collagen ratio.
4.2.2 Environmental (pH) Experiments

The calcium/collagen and phosphate precursor solutions were siomlyined while monitoring the
pH. During precursor mixing, the pH was maintained at one of fouepéls; 6.8, 7.4, 8.0, or 9.0. The
separate precursor solutions were pumped into a centratioreavessel with peristaltic pumps
(Pulsafeeder, Punta Gorda, FL, USA) at a flow rate of 5 mi/riihe reaction vessel was maintained at
37°C in a water bath. During mixing, the pH was monitored withlestrede (Pulse Instruments, Van

Nuys, CA, USA) and controller (Jenco Instruments, San Diego, CA, US#) activated micropumps
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with a 1 M HCI or 1 M KOH titrant to maintain the pH at the degilevel (Figure 15). After mixing, the
solutions were allowed to react (age) for 18 hours. At te# & the 18 hour aging period, the
mineralized collaged was recovered by vacuum filtration, watliveg times with deionized,B, and

dried by lyophilization. Each pH level experiment was repeated three times.
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Figure 15: Schematic of the experimental setuprfing the HAp/C composite reactants.
4.2.3 Temporal (Aging) Experiments

The temporal experiments were designed to study the effedte @fost mixing reaction, or aging,
duration. Precursor solutions were prepared and mixed ash#esatiove. The pH was maintained at
8.0 and the reactants were aged for one of three durations; 6, 12,houiz4 Each aging duration

experiment was repeated three times.
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4.2.4 Mineral-Collagen Composition

Mineral and collagen weight fractions of the composite were detethior the environmental group.
After environmental experiment HAp/C composite recovery, a safnpin each of the three experiments
at each pH level was obtained for composition analysis, withvarage initial sample weight of,w=
360mg. Each sample was placed in a furnace (Nytech 85P, NBleomfield, CT, USA) and heated to
200°F for 24 hours to remove water and weighed for a second timetmihe the composite dry weight
(wgr). Each sample was then placed back in the oven and heated to @0R%Fhours to oxidize the
organic constituent and weighed a final time to determinedhmining mineral weight (Whera). The
mineral weight fraction was the ratio of the mineral weight to theposite dry weight:

(Wrinerall Wary) * 100% (2).
The collagen weight fraction was determined as:
(1 — Whineral/ Wary) * 100% (2).

4.2.5 Calcium to Phosphorus Molar Ratio

The molar ratio of calcium to phosphorus (Ca/P) in the HAp/C cotepasis determined by the use
of energy-dispersive x-ray spectroscopy (EDS), which enabletarnratio quantification of the
environmental and temporal sample composites. The EDS sampéeprepared after vacuum filtration.
Wet precipitate was placed onto a carbon tape disk, presget fbroduce a thin film, and air dried.
Samples were placed on a sample holder and then placed in a scagctiog @hicroscope (SEM) with a
tungsten filament and equipped with an EDS (JSM-6510LV-LGS, JEQL Tldkyo, Japan). Calcium
and phosphorus x-ray counts were quantified as atomic %. The wviwbgch were then used to derive
the Ca/P ratio of the samples.
4.2.6 X-ray Diffraction Analysis

Diffraction patterns were obtained from 30 powder samples from ftilewing groups:
hydroxyapatite reference standard (HAp-RS), amorphous calcium phospfeatnce standard (ACP-
RS), natural bone from the femora of male Wister rats, dealined bone from the femora of male

Wister rats, environmental experiment, and temporal experimeble(Bx The natural bone served as a
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biological mineralization comparator (biological HAp/C). A hyxlyapatite reference standard (HAp-

RS) (Sigma-Aldrich Corp., St. Louis, MO, USA) was used for bamkgd correction and peak search
validation of the Powder4 pattern analysis application [1071e HAp-RS powder was scanned with

identical diffractometer operating parameters as the arpatal x-ray diffraction (XRD) patterns and

diffraction line positions were obtained. XRD patterns were alstained for an amorphous calcium

phosphate reference standard (ACP-RS) and a demineralized caltdgeence. These patterns were
obtained for two reasons; (1) it became clear that theseavemmplex background pattern underlying the
biomimetic and biologic samples and (2) to aid in the understandirupainacteristics of the background

pattern.

Table 3: Summary of powder samples analyzed by XRD

Powder Sample Sample Size Experimental Test Levels
Hydroxyapatite Reference Standard (HAp-RS) 1
Amorphous Calcium Phosphate Reference Standard{R&)P 1
Natural Bone from Rat Femora 6
Environmental Experiments 12 pH 6.8 (n=3)

pH 7.4 (n=3)

pH 8.0 (n=3)

pH 9.0 (n=3)
Temporal Experiments 9 6 Hours (n=3)

12 Hours (n=3)
24 Hours (n=3)

All experimental and biologic samples were ground with a marrtd pestle and XRD patterns were
obtained from a Rigaku, SmartLab, high-resolution XRD systeigali®, Tokyo, Japan). The XRD
analyses were conducted with the following parameters: thaadfmeter was operating at 40 kV and 44
mA, generating graphite-monochromatized CuKa radiation (waveleigth,1.54059 A); the XRD
patterns were obtained over therange from 5° to 60° with a scan speed of @t and step size of
0.01° &.

Diffraction line positions (8-values) were determined for all biomimetic and biologic sampidter
XRD pattern acquisition, pattern smoothing was performed with @&z¥gGolay filter (105 points)

using the MDI Jade application (Jade, MDI, Livermore, CA, USRijtered patterns were exported and
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the lines were obtained from each background subtracted and edrkRD patterns using the Powder4
application.

Experimental XRD patterns were prepared for analysis by, dosiducting an automatic background
search with parameters for all samples set to a sampliegyal of 28, a curvature of 3.0, and a search
iteration of 100. The sampling interval selection allowed thekdraund to closely follow the XRD
patterns of the samples and the selected number of iteratiinimized the background peaks. The
curvature value had minimal affect on background selection. Bextrsory peak search was performed
with search parameters across all samples set to a mintmeight percent of 9.11% +1.77% and a
minimum width (®) of 1.02. Lastly, additional peaks were manually identified andspeatside of the
range of interest (10°-5592were deleted.

Once the line positions and intensities were obtained, @h&n& positions were converted tb
spacing using Bragg’s Equation:

A = 2dsing 3,
where ) is the wavelength of the x-ray source (GYK®6 is the angle between the x-ray source and
sample, andl is thed spacing. The relative intensity of each line was obtamedividing the line
intensity by the strongest intensity in the pattern and multighfsy 100. Thed spacing and relative
intensities were compared to the published HAp Powder Diffra&tien(PDF) card #9-432 [108] using
the Hanawalt, Rinn, and Frevel (HRF) [109] method described by &idgAlexander, 1974 [78]. After
validating the Powder4 application with the HAp-RS, the biolagicd experimental samples were
similarly compared to the HAp PDF 9-432 to verify the presefidéAp. Sample diffraction lines that
did not conform to the locations given for HAp were compared tdPiDE cards for carbonated HAp
(CHAp - PDF 19-272), dicalcium phosphate dehydrate (DCPD - PDF7R-0¢tacalcium phosphate
(OCP - PDF 26-1056), and tricalcium phosphate (TCP - PDF 9-169) [110] tdydestes of these other

calcium phosphate phases.
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After the diffraction lines were found from the corresponding petgnsities andl spacing derived
from the @ line positions, the peak broadness was extracted from the XR&nsa Diffraction line
broadening inversely correlates with the crystal size anddgttrfection where it is used as a measure of
crystallinity [77]. The breadths of the XRD diffractiomds were determined from the full width of a
diffraction peak at half its maximum intensity — full width at hatbxamum (FWHM).

Crystallographic measures of crystallite size and unit laftice constants were quantified after
correcting for instrumental broadening. The HAp-RS serveabtain the instrumental broadening (b)
using the Gaussian broadening correction equation [78]:

p2=B*-b’ (4)
wherep is the corrected line broadening and B is the experimeneablivadening. Then, the crystallite
size and unit cell lattice constamt@ndc for each environmental, temporal, and biological sample could
be calculated. Crystallite size was determined from the Scherraticeg[v8]:

L =K\ /S cod (5)
where L is the mean crystallite dimension and K is a congkettis approximately equal to unity
(K=0.89 from Bragg’s simplified derivation) and related te trystallite shape [79]. Unit cell lattice
constantsa andc are determined from diffraction lines with the correspondii@)(and (00 indices,
respectively, using the relationship betweaskispacing and the Miller indices for a hexagonal crystal
system:

dn” = (4/38%) (W + I + h) + (1%/c?) (6)
It is evident from equation (6) that the unit cell lattice cants is dependent orhk0] crystal planes and
c is dependent on [00crystal planes for a hexagonal crystal system.
4.2.7 Thermodynamic Model

Solution chemistry affects the thermodynamics of calcium phosnatgpitation. The precursor
solutions used to produce the environmental samples were modeled with ¢tleguiidarium calculation

software (Chemist 1.0.3, Micromath, St. Louis, MO, USA). Miheaion solutions were built up from
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the compounds and reagents specified in the Environmental (pH) Egperisection. Each
mineralization experiment was solved and the responskeothermodynamic factors — driving force,
reaction chemical potential, and ionic strength — was reporte@don pH level and each calcium
phosphate phase expected to precipitate — DCPD, HAp, OCP, TCP. S8uptma is the
thermodynamic driving force and affects the stability of the phases nogl@athe bulk solution, as well
as the mode of crystal growth (spontaneous nucleation or stapadnation). Supersaturation, expressed
as the relative supersaturatias),(allows comparison between the different expected calcium phosphate
phases and is normalized by the number of growth units (n) in the unit cell,
o = (IAP"" = Ksg™) 1 Kgp ™ 7)
where IAP is the ion activity product and s the solubility product for the mineralization reacti¢®is
11]. The chemical potential of the precipitation reactionsyak performed by the system, is measured
by the Gibb’s free energh@),
AG = -(RT/n) In(IAP/Ksp) (8)

where R is the gas constant and T is the absolute temge(atutelvin) [8]. The free energy may be
considered a measure of the reaction spontaneity wheretimeaith a negative free energy is favored
and will release energy to the surroundings. lonic strengthtsiffee screening length of ion-ion
interactions in the bulk solution and the Debye length of the mineratetstdution interactions.
4.2.8 Statistical Analysis

The Ca/P molar ratios determined in the calcium to phosphorus ceimpasialysis, by EDS, were
separately analyzed with an ANOVA for main effects due to pHgng. Subsequentlypost hoc
analyses to identify significant differences between groupe w@nducted utilizing Tukey HSD, all pair
wise comparison test, when the main effects were significant.

The analysis of the XRD data was designed so that theoem@ntal and temporal effects could be
assessed relative to natural bone. First, the presdntiee dHAp mineral phase was assessed by

correlation of the biomimetic and biologic speciméspacings to the Hap PDF 9-432 standard. Next,
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environmental and temporal effects on the resultant biomimetjw&Aomposites were compared to the
biologic HAp/C composites. Full profile intensity adépacing data extracted from the specimen XRD
patterns were tested via a repeated measures ANOVAepdated measures treatment of the data was
used to account for the multiple diffraction lines within egobcgnen sample in order to compare the
entire diffraction pattern. The last XRD pattern analysiseased crystal structure related measures —
intensity and FWHM. Intensity and FWHM values were obtained ftwrstrongest peaks present in all
specimens. The values were then normalized relative tmaxénum intensity or FWHM value across
all specimens in each group in order to assess the entire specimen prefild ofsndividual peaks. The
resultant number of peaks included in the analysis was 7 fentheonmental group comparisons and 8
for the temporal group comparisons.

Analyses of crystallographic measures, crystallite size and uhdic®insions, were conducted using
a one-way ANOVA for main effects due to pH or Aging. When remgspost hocanalyses were
conducted utilizing an all pair wise test (Tukey HSD).

All statistical analyses were performed using commdyciavailable software (SAS JMP, SAS
Institute, Cary, NC, USA) and significance was set to 0.05.
4.3 Results

Biomimetically mineralized collagen composites were fabedatith controlled environmental pH
levels and duration of mineralization reactions. The compositese vereated to mimic the
crystallographic nature of biologically occurring bone. Premursolutions were prepared to be
supersaturated with respect to HAp and to obtain a mineral to collagie of 85:15 wt%. Four levels of
pH and three levels of reaction aging were studied to imatstitheir effects on a mineralized, self
assembling, collagen composite. Bone from rat femora were adatgzserve as a biologic HAp/C
composite comparator. In addition, thermodynamic modeling was pedadiarevaluate the preferential

precipitation of HAp formation in the solution preparations used in theseireepes.
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4.3.1 Mineral-Collagen Composition

Mineral weight fractions of the composite were determined forak@pkes in the environmental
experiments. The samples that were collected from the biornitdé§p/C composite filtrate were still
highly hydrated, with 88.43% * 2.38% water content. After dehydratimh organic oxidation, the
mineral weight fraction was 83-84wt% at pH levels below 9, at which point therahiweight fraction of
the composite increased to 88wt% (Figure 16). Based on the caticerst of the precursor solutions,
the calculated composition for complete calcium and phosphate precipitati@endaoliagen matrix would

be 85.8 wt% mineral and 14.2 wt% collagen.
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Figure 16: HAp/C composite composition responggHachange.
4.3.2 Calcium to Phosphorus Molar Ratio

Calcium to phosphorus ratios were determined for the 12 environnaent& temporal samples, by
EDS. The Ca/P ratio increased with increasing pH. The rat®oMb1, 1.55, 1.75, and 1.85 for the pH
level 6.8, 7.4, 8.0, and 9.0, respectively (Figure 17). The two baslevett$ of 8.0 and 9.0 produced
Ca/P ratios of 1.75 and 1.85, respectively, which were greatetttdamoichiometric molar ratio of HAp,
at 1.67. These two alkaline induced Ca/P ratios were both smmify different than the acidic and

physiologic ratios (p<0.05). When the pH was held constant duringetiygoral experiments the Ca/P
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ratio remained constant (Figure 18). The Ca/P ratio was dpm@tety 1.8 across the three aging

durations (6 hours, 12 hours, and 24 hours).
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Figure 17: HAp/C composite Ca/P ratio response-o p
* Significantly different than pH 6.8 and pH 7.4<(n05).
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Figure 18: HAp/C composite Ca/P ratio responsegtogaduration.
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4.3.3 X-ray Diffraction Analysis

Diffraction patterns were obtained from 30 powder samples. Exaraptgpical XRD patterns from
the reference standard, biologic, and biomimetic HAp/C samples @dttern smoothing, background
subtraction, and peak identification are shown in Figures 19-22 (all patterestabited in Appendix A).
The biologic and biomimetic patterns exhibited broader andrémsse diffraction peaks than the HAp-
RS. Peak overlap is present in the biologic and biomimetic samgiere broad peaks overlap in several
regions and obscure neighboring peaks. This is most notable 2i thage of 31°-33°, where the three
most intense diffraction peaks overlap, and between 46°-53°, wherthdyto four of the seven peaks
are visible. One other visible observation is the shapeeobackground curve. The biomimetic HAp/C
composite background has characteristics of ACP-RS while thegli HAp/C composite background
has characteristics of ACP-RS and collagen. ACP-RS has brae&d petween 10°-15° and 20°-35°
(Figure 23) while collagen has a peak at 7.605° and a broadrpeak 0°-35° (Figure 24). The XRD
patterns of the biologic and biomimetic HAp/C composites apjpebe riding on a background pattern

that resembles ACP-RS and collagen.
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Figure 19: Typical XRD pattern for HAp-RS. The @necurve is the original Savitzky-Golay smoothedDXR
pattern, the grey curve is the calculated backgitpand the red curve is the background subtracttemp (red
inverted triangles are the peak identifiers).
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Figure 20: Typical XRD pattern for biological samgdtom rat femora. The green curve is the origBavitzky-
Golay smoothed XRD pattern, the grey curve is thieutated background, and the red curve is the drackd
subtracted pattern (red inverted triangles arg#ak identifiers).
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Figure 21: Typical XRD pattern for environmentalmgde. The green curve is the original Savitzky-&3ol
smoothed XRD pattern, the grey curve is the caledldackground, and the red curve is the backgrsubtracted
pattern (red inverted triangles are the peak iflers).
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Figure 22: Typical XRD pattern for temporal sampl€he green curve is the original Savitzky-Golayosthed
XRD pattern, the grey curve is the calculated bemlngd, and the red curve is the background sulelagattern
(red inverted triangles are the peak identifiers).
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Figure 24: XRD pattern of demineralized collageonir rat femora. The XRD pattern of collagen exkibit
characteristics of the background for biomimetid &iologic HAp/C composites.

The HAp-RS diffraction pattern was used to validate the PaWaeplication’s ability to identify the
diffraction lines of interest in the current study. Tiyethree out of 26 diffraction lines identified for the
HAp-RS were matched to the 29 diffraction lines of the HAp BBER2 [108], in the @ range of interest
10°-55° (Table 4). The averadespacing difference between the 23 matched diffraction lirmss0A008
A, £0.008 A. The HAp-RS diffraction lines are positively retated to the HAp PDF 9-432 standard

[108] (correlation coefficient 0.99999), but have a gredtgpacing. This is equivalent to the HAp-RS
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diffraction lines being shifted to loweb Zalues compared to the HAp PDF 9-432 standard [108]. The
results confirmed that the Powder4 application was suffigieajpable of discerning the diffraction line
locations.

Table 4: Comparison of HAp reference standard to HAp PDF 9-432 and diffémehspacing

PDF 9-432 [108] HAp-RS d spacing Difference
Rel Intensity d(A) Rel Intensity d(A) d(A)

100 2.814 100 2.820 0.006
60 2.778 54 2.791 0.012
60 2.720 57 2.725 0.005
40 3.440 31 3.453 0.013
40 1.841 26 1.847 0.006
30 1.943 25 1.948 0.005
20 2.262 19 2.269 0.007
20 1.806 12 1.809 0.003
20 1.722 10 1.726 0.004
18 3.080 16 3.095 0.015
16 1.890 11 1.893 0.003
16 1.754 9 1.756 0.002
12 8.170

12 3.170 8 3.183 0.012
12 1.780 9 1.782 0.002
10 4.070 4 4.107 0.037
10 3.880 4 3.905 0.026
10 2.148 5 2.152 0.004
8 2.296 3 2.293 0.003
8 2.065 5 2.070 0.005
6 5.260 2 5.269 0.009
6 2.528 4 2.538 0.010
6 2.000 3 2.001 0.001
6 1.871 4 1.875 0.004
4 4.720

4 2.134

2 3.510

2 2.228

2 2.040

Average Difference (SD) 0.008 (0.008)

The environmental and temporal samples both exhibited, on average, 1HapRDF 9-432 [108]
diffraction lines. The difference ithspacing was similar to the difference observed for the-R8pwith
an average environmental difference of 0.009A, +0.006A and an averageral difference of 0.009A,
+0.007A. The biologic HAp/C composite exhibited an average of 13 ofithe PDF 9-432 [108]

diffraction lines with an averagd spacing difference of 0.018A, +0.023A. The d spacing of the
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environmental, temporal, and biologic diffraction lines was positigeltrelated to the HAp PDF 9-432
[108] (Table 5). The biologic HAp/C samples had the highest latioe to the PDF 9-432 standard
[108], followed by the temporal samples, and then the environmental samples.

Table 5: Environmental, temporal, and biologic correlation results

Environmental HAp/C Temporal HAp/C Biologic HAp/C
Vs Vs Vs
HAp PDF 9-432 [108] HAp PDF 9-432 [108] HAp PDF9-432 [108]
Correlation 0.9978 0.9988 0.9990

Coefficient

After evaluating the samples for the presence of HAp, envirotahand temporal samples were
compared to biologic HAp/C composite samples, from bone, to deteronystallographic differences
due to the sample preparation of the biomimetic HAp/C composhe.d $pacing was not significantly
different between the environmental, or temporal, specimens and the biologi€ Ei#&pposite (p>0.05).
Crystal structure related measures (intensity and FWiibte obtained from the strongest peaks present
in all specimens and analyzed for their effects. The pbl fmand to have a significant effect on the
intensity, where all pH levels were greater than the biolethp/C composite (80.0377). A linear
trendline fit to the data shows the inversely proportionatiogiship between pH and intensity (Figure
25). The data for bone are plotted on the same chart showintaitger@H if its intensity followed the
trendline equation, where the bone intensities were representatihe alkaline environment above a pH
of 9.0. As the pH increased, the FWHM breadth increased beffdwt was not significant (p=0.4898).
Again, bone is plotted showing its relative pH if its FWHbMIdwed the trendline (Figure 26). Bone
FWHM values were representative of the acidic environmeluwba pH of 6.8. Aging effects on
intensity were also significant. All aging durations had intassigreater than the biologic HAp/C
composite (p<0.0001) and they increased with the duration (Figure 2He FWHM effects were
inversely proportional to aging (Figure 28), but were not signifi¢pn0.1734). Bone was plotted in
both figures, as before, showing its relative aging duration shtsuldtensity and FWHM follow the
trendlines. All aging intensities are well above bone whsatlasest to 6 hours. The FWHM of bone is

representative of the 24 hour aging duration.
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Figure 25: Response of the normalized XRD integsitd changes in the pH of the mineralization smiut
Normalized intensity of bone is shown at a repriger pH.
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Figure 27: Response of the normalized XRD intengitxhanges in the duration of the mineralizatieaction.
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Further crystallographic examination was performed by aimgythe crystallite size and unit cell
lattice constants. Figures 29-32 show the environmental and @ngbi@cts on the crystallite size and
the unit cell lattice constangsandc, respectively. Crystallite size and unit cell lattice constante also
determined for the biologic HAp/C composite. Environmental treasnéetreased the crystallite size
with increasing pH (Figure 29). Bone’s crystallite size vegmesentative of a pH 8.0. Aging increased
the crystallite size, where bone was representative of thieo@d aging treatment level (Figure 30).

However, the environmental and temporal crystallite sizes weregmificantly different (p>0.05).
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Figure 29: Crystallite size effects due to variatad the environmental conditions used to syntheetiiz biomimetic
HAp/C composites. Crystallite size of bone is shava representative pH.
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Figure 30: Crystallite size effects due to variatof the temporal conditions used to synthesizebilbenimetic
HAp/C composites. Crystallite size of bone is shava representative pH.

The HAp unit cell lattice constangsandc, derived from the environmental experiments, showed an
increasing trend up to a pH of 8.0 and then dropped at a pH of 9.0gBitur The environmental lattice
constan@a was not significantly different than the biologic HAp/C compmsgbut the biomimetic HAp/C
composite produced at a pH of 6.8 had a significantly smalfiicd constant (p=0.0075). The biologic
HAp/C composites were representative of a pH between 7.4 and &poral effects on the HAp unit
cell lattice constand increased with aging while the lattice constatecreased. The only significant
effect was on the lattice constanat an aging duration of 24 hours (p=0.0161). The biologic HAp/C

composites were representative of an aging duration less than 6 hours @gur



57

9.55 6.93
r 6.92
9.5 - I I
= = 6.91
< < '
: ] oo o
€ 945 1=
IS [ g 6.89
2 g )
5 ¢ ® S 6.88 T =
O 94 J_ T ©] ¢
S 8 687
g E 2
— 935 L — 6.86 -
6.85
9.3 T T T T 6.84 T T T T —
6.7 7.2 7.7 8.2 8.7 6.7 7.2 7.7 8.2 8.7
pH pH
A ‘QSynthetic HAp/C = Bone ‘ B ‘QSynthetic HAp/C = Bone ‘

Figure 31: Unit cell lattice constaat(A) andc (B) effects due to variation of the environmem@ahditions used to
synthesize the biomimetic HAp/C composites.
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Figure 32: Unit cell lattice constaat(A) andc (B) effects due to variation of the temporal cdiodis used to
synthesize the biomimetic HAp/C composites.

4.3.4 Thermodynamic Model

Solution chemistry and thermodynamic factors were modeled based OHAYWE precursor
solutions and expected solid precipitates formed. The mindrafizsolution was supersaturatestQ)
with respect to the calcium phosphate phases: DCPD, HAp, OCH,GiadFigure 33). The relative
supersaturations for these 4 phases all increased with incigidsextept for DCPD, which decreased

after reaching a maximum at pH 7.4. The relative supersatrafi HAp exhibited an exponential
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increase with increased pH. The reaction chemical pateag measured by the Gibb's free energy
(AG), decreased for HAp, OCP, and TCP as the pH increased (BiglurélAp had the lowe&tG of all
the expected calcium phosphate phases. The ionic strength of tmelizetien solution increased from

a pH of 6.8 to a maximum at pH 7.4, then decreased as the pH increased to e03fjigur
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Figure 33: Influence of the solution pH on the tiglasupersaturations of the expected calcium phatspphases in
the thermodynamic models.
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Figure 34: Influence of the solution pH on the teacchemical potentiaAG) of the expected calcium phosphate
phases in the thermodynamic models.

0.32

0.32

0.31 /\

0.31 \\

0.31 \

0.31 \

0.31 \

0.30 \
0.30 \

0.30 T T T T T
6.5 7 7.5 8 8.5 9 9.5
pH

Figure 35: Influence of the solution pH on the @sirength of the thermodynamically modeled minzagibn
solutions.

lonic Strength (mol/L)




60

4.4 Discussion

The study aimed to characterize physicochemical and crystghloig properties of a biomimetic
coprecipitation of calcium, phosphate, and collagen, with respeani®. bEnvironmental and temporal
effects were investigated with respect to the composition, phasecrystallography of a biomimetic
HAp/C composite as it compares to that of natural bone.

Environmental changes in solution pH significantly impacted theposition of the biomimetic
HAp/C composite. The mineral fraction of the biomimetic HApé@hposite was stable at or below a pH
of 8.0, but increased when the pH increased to 9.0. The minerabriracts 83-84% when the pH was
below 9 and was in agreement with calculations of the final nain® collagen composition of
approximately 85:15, based on the starting concentrations of #wurpor solutions. At these
percentages of mineralization, a portion of the availablewal@nd phosphate would be expected to
remain in solution when equilibrium was reached and balanced the ion asamut dissolution rates [8,
11, 111]. When the pH was increased to 9, the mineral fractionraleeased. An increased mineral
fraction may result from the increased alkalinity slowthg dissolution event [111]. Thermodynamic
modeling supports the increased mineral fraction, whereby theasextealkalinity predicted an
exponential increase in the supersaturation and a decrease ieteadrgy, both of which would favor a
greater driving force for the precipitation of HAp. Howewte 88% mineral fraction of the HAp/C
composite at a pH of 9 was greater than which could be acdoiantby calcium phosphate precipitation
alone. Two factors may contribute to the increased mineral ¢ofiigrincreased pH produces a net
negative surface charge [11] and (2) the decrease in iomggtrat pH 9 increases the Debye length [11,
33]. Together, these two factors may increase the affioit)Kf and Na ions. EDS measurements did
note the presence of potassium, sodium, and chlorine, although theigm fion inclusions were not
guantified [154]. The foreign ion inclusions may have beenfiigni enough to increase the measured
mineral fraction.

X-ray diffraction analysis of samples produced in the environmeandl temporal experiments

indicated a predominant HAp phase. Dominant diffraction lines in gaaaples correlated to those from
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the PDF 9-432 HAp standard [108]. Additional peaks correspondingCfDD TCP, OCP, and CHAp
were found in the samples, but it was not clear which of thesegheere prevalent among the different
treatment levels in the biomimetic composites because thasesignificant peak overlap due to line
broadening. These results were not unexpected as the pH raogedfthe more stable HAp formation.
A more acidic environment would be required to favor a DCPD ptrastbilize an OCP phase [8, 11].
If calcium phosphate phases other than HAp presented, it woelkpleeted in the temporal experiments
conducted with aging durations of 6 and 12 hours. However, mindi@izxperiments have shown that
complete transformation to HAp can be achieved in 12 hours er itkegphysiologic or alkaline
environments [7, 9, 35]. A confounding factor that may make ficdif to discern the presence of
additional phases is the inclusion of collagen. Collagen eghabitXRD pattern with a peak located at
approximately 8° degrees and a very broad peak at approxir@@fe[§13-115]. The broad peak at 20°
may create significant peak overlap and contribute to the increaslagidnand profile that was subtracted
using automated detection methods. The result could include obsthegipgesence of small quantities
of additional phases because, as quantitative phase analysmdmedicate, the relative intensity of a
particular phase is proportional to the amount of that phase present [76, 116ptétimmall quantities
of alternate calcium phosphate phases may be lost to noiseestiis from this analysis suggest that the
phase of the composite produced by our methods was not sensitive to environmentaboal effects.
While the XRD results indicated that the calcium phosphate eplhess not affected by the
environment or aging duration, the Ca/P molar ratio was sengtivenvironmental but not temporal
effects. The Ca/P molar ratio may be an indicator of the phase. As therpbised, the Ca/P molar ratio
increased. At physiologic pH and below, the mineralized HAp/C conepesitibited a calcium deficient
HAp phase or ACP or TCP phases, which both have a stoichiomeffcrlar ratio of 1.5. The Ca/P
molar ratio increased above the stoichiometric ratio fophkvken the pH was alkaline. ACP content
may influence the Ca/P molar ratio across all pH levalSP is favorable at high supersaturation [8] and
may achieve a ratio >1.5 depending on foreign ion incorporation, the pH ardatupation levels [117].

The XRD patterns and the thermodynamic models support this findiingg XRD patterns of these
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samples indicated a HAp phase for all pH levels, a decreagsi@llinity at increasing pH, and it was
observed that the background mimicked an ACP-RS reference intiaggh and intensity across all pH
levels. At acidic and physiologic pH the resultant phase mayrbixture of ACP and HAp. Mixtures of
DCPD, OCP, or TCP are not supported by the data since #iseiciated peaks were not of high intensity
or quantity. At the alkaline pH levels, the increased @adRr ratio is readily explained by foreign ion
inclusions, specifically carbonate ions [11, 112, 117-119]. Carbonateiomdusave been observed
arising from dissolved CQgas in the mineralization solutions [120]. Carbonate has alsosbesvn to
be more readily included at elevated pH levels [26]. No prenitiere taken to exclude dissolved,CO
in the mineralization solutions from forming carbonate in theserempets. Other evidence supporting
the role of carbonate substitutions for increasing the Ca/Pr madla is provided by the analysis of the
unit cell lattice constants. Carbonate substitutions forptih@sphate ion, type B carbonate, yields a
decrease in the unit cell lattice constarand increase o [112, 121, 122]. The lattice constantvas
observed to increase with increasing pH. However, the lattice coastamreased from pH 6.8 to 8.0 and
then decreased at a pH 9.0, which is suspected of havingethiegjrcarbonate content due to its highest
Ca:P ratio. Although the unit cell lattice constanlid not behave according to the preceding description,
both it and the lattice constantvere observed to have similar values as those reported by Ivanova (2001)
[123]. Unfortunately, confirmation of a CHAp phase from the expamtal conditions of the obtained
XRD patterns is difficult due to the proximity of the CHApfdittion peak locations with respect to the
HAp diffraction peaks, especially where peak overlap occliree Ca/P molar ratio was not sensitive to
temporal effects, as the ratio was constant across the threeegiisy |

The study also examined crystallographic changes of the Hégf(osite due to environmental and
temporal effects and compared those to that of natural bone. Anafiytbis X-ray diffraction patterns
suggested that the diffraction line broadness (FWHM) of bi@tionHAp/C composites were not
different than the biologic HAp/C composite. No differences wireected between the biomimetic
HAp/C composite and biologic HAp/C composite. However, increasiichation intensities were

observed between environmental samples produced at a pH of 6.8, 7.4, and Badhends well as
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between temporal samples aged 6, 12, and 24 hours and bone, suggesting that the onlyditApet
composite that was not more crystalline than the biologic HAji@posite was those samples prepared
in an alkaline environment with a pH of 9. No crystallite sizaunit cell lattice constardt differences
were detected between biomimetic and biologic compositesthosgh no differences were found, the
crystallite size of the pH 8.0 and 24 hour samples and the laettstani of pH 8.0 and 6 hour samples
most closely approximately the crystallite size anddattionstana of bone, respectively. There were
differences found for the unit cell lattice constant Environmental samples prepared at pH 6.8 and
temporal samples aged 24 hours both had a significantly sméiilee onstant compared to bone. The
lattice constant c of the pH 7.4 and 6 hour samples most ckygelgximated that of bone. On the basis
of the crystallographic characteristics, an environment wgh detween 7.4 — 8.0 and an aging duration
of 6 hours may possess the most bone-like crystallographic chisticde However, these
environmental and temporal treatment levels possessed signyfigesditer crystallinity, given their XRD
intensity levels. The contributions of ACP and collagen to tR® Xackground profile of bone may be
responsible. Their broad peaks and intensity, relative toctstalline phase, were subtracted as
background, which may have significantly reduced the crystatitemsities relative to the experimental
samples.

Within the environmental and temporal treatment groups the obseevels in intensity and FWHM
were coupled as expected. As the pH increased the diffractiensity decreased and the FWHM
increased. Decreased intensity and increased broadness anatedsath lower crystallinity. In
contrast, as the aging duration increased the diffractiomsityeincreased and the FWHM decreased
indicating increased crystallinity. The elevated pH levdl&ctompanied by a high supersaturation,
could lead to increased ACP content and the decreasedlionitst [8]. In this study, the increased
amorphous phase may be responsible for the observed broad backgroundavpiedikare an indication
of the non-crystalline ACP phase [117, 124-126]. These observatiguest that crystallinity was

inversely proportional to pH and proportional to aging.
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4.5 Conclusions

Solution environment has a greater effect on the mineretidreand the calcium to phosphorus ratio
than the resultant mineral phase. Unlike other reports [34-37], #mdesrdemonstrate that the effects of
pH on the resultant calcium phosphate phase appear to be desensittredilnyuttaneous fibrillogenesis
of collagen in the mineralizing solution (i.e. no alternateiaal phosphate phases were found aside from
HAp). While the phase was not sensitive to changes in pHgrifséallinity, unit cell lattice constamt
and Ca/P ratio were all affected. The changes in CatPmaty be indicative of the carbonate content.
Mineralization duration does not influence the calcium phosphate pbasdoes affect the crystallinity
and unit cell lattice constant. This study showed that a HAp/C composite, synthesized in an
environment with a pH between 7.4 to 8.0 and aged for 6 hours, candredtad approximate the

physicochemical properties of a biologic HAp/C composite.
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CHAPTER 5 - QUANTIFICATION OF COLLAGEN FIBER ALIGNME NT IN A THREE
DIMENSIONAL HAP/C COMPOSITE SCAFFOLD
5.1 Introduction

Hydroxyapatite-collagen (HAp/C) composites are biocompatible riabtethat exhibit bonelike
physicochemical characteristics, of which the latter wemsva in the previous chapter. However, the
mechanical properties of these composites are one or more ofdaegnitude less than bone. One
physical characteristic of bone that is not present in these HAp/C corspssateordered arrangement of
the collagen fibers.

In bone, there is an ordered arrangement of collagen within ost@bis ordered arrangement gives
rise to the extinct or bright appearance of successive lamétieie examined under polarized light [127].
It is generally accepted that there is a change in thagawll orientation from lamella to lamella [49, 53]
and also within lamellae [58]. Thus, it is collagen’s orieatatthat causes the extinct or bright
appearance of the lamellae.

Collagen fibers will appear brightest in linearly polarizeghliwhen oriented at 45° to the crossed
polarizer and analyzer (crossed polars) of a polarizedngtroscopy (PLM) system [50, 55, 128, 129].
The brightness of the fibril will diminish as it is aligned out of the iizilag plane or at an angle less than
45° to the crossed polars. Collagen fibers will become extinehveerpendicular to the polarizing plane
or parallel to a polarizing axis [50]. Given this patternxifnetion, an extinct lamella could only have
longitudinally oriented collagen fibrils when it is extinct ahghout all of the observable positions
relative to the polarizing plane. In this manner, priorasgdehas shown that collagen fibers in bone are
organized in their alignment within osteons.

Experimental correlation of collagen alignment and mechanical piepehows that the aligned
fibers have an impact on the resultant mechanical propeiedagen acts to both toughen [94-97] and
strengthen [81, 130] bone. The latter property is evident in bendintpasite loading environments.
Studies of collagen alignment in the cortices of long bones sutjtp the collagen fibers preferentially

align to the loading environment [39, 46, 54, 56], where longitudingem alignment dominates in the
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tensile cortex of cortical bone. Mechanical tests indicatiereased tensile strength in areas of greater
longitudinally aligned collagen [39, 46, 54, 56, 130].

Preferred collagen fiber alignment is hypothesized to producenmacrtal tensile strength in
preparations of three dimensional HAp/C composite scaffoldge goal of this study was to induce a
preferential collagen alignment in a HAp/C composite saaffdPolarized light microscopy is used to
evaluate the degree of alignment in the scaffold. The ctarlaf collagen alignment to the mechanical
properties is the subject of a subsequent investigation and will fenped in the next chapter.

5.2 Materials and Methods

A biomimetic process of collagen mineralization was used, wtieremineralizing calcium and
phosphate ions are coprecipitated in an assembling collagex.méhe starting calcium and phosphate
concentrations and pH where chosen based on the stoichiometric calghosphorus ratio of HAp and
physiologic pH, respectively. Three dimensional (3D) HAp/C conpasiaffolds were produced by a
novel extrusion method developed to induce a varying degreelafeolalignment. Taking advantage
of the birefringent properties of collagen, PLM techniques wengl@yed to analyze and quantify fiber
alignment.

5.2.1 Mineralization Solutions

Mineralization precursor solutions were prepared by separttsgalcium and collagen into one
solution and the phosphate into another, before combining. Collagesxtkasted from rat tail tendons,
dried, and was subsequently dissolved in 0.01M HCI, having a eollagncentration of 1 mg/mL.
Calcium and collagen were combined by adding 72 mL of 0.4 M £aCi00 mL of the dissolved
collagen. A potassium phosphate solution was prepared by adding aKIEBRVD, stock solution to a
2.1 M K;HPG, stock solution in a 20:80 volume ratio to achieve a pH of 7.4. Separa neutralization
buffer was prepared by combining 107 mL of 0.5 M tris(hydroxymethyl)anetivene (pH 7.4 with
HCI) and 73 mL of 2 M NaCl. The potassium phosphate solution (8.6nak)added to 108 mL of the
neutralization buffer and 211 mL of dgblL. The mineralization reactions were initiated by combining

328 mL of the phosphate neutralization buffer to 427 mL of the calcalimgen solution, with a starting
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pH of 7.4, which decreased to 6.8. The concentrations were estimatextitice a calcium to phosphate
(Ca:P) ratio of approximately 1.67 and a mineral:collagen content of 85:15.
5.2.2 HAp/C Specimen Preparation

The calcium/collagen and phosphate precursor solutions were combiaezkimral reaction vessel.
The reaction vessel was maintained at 37°C in a water Bdgr. combining, the solution was allowed to
react, or age, for 18 hours. At the end of the 18 hour aging period,itleealized collagen was
recovered by vacuum filtration. Wet slurries of HAp/C weeed in the barrel of a custom made screw
extruder and extruded into a 5 x 5 x 30 mm mold (Figure 36). Seesimere extruded to produce one
of three expected levels of collagen alignment: 1) high longitudigmment (HLA); 2) low longitudinal
alignment (LLA); and 3) random alignment (RA). The alignmentle corresponded to the type of
breaker plate, or lack of plate, placed in the path of ttreidate. Breaker plates are screens that impart
an increase in the extrudate flow resulting in the induction of ihgnment (is there reference for this
statement?). Reducing the hole dimension of the breaker plagsdciated with increased alignment.
The HLA and LLA fabrication methods utilized breaker plates with differeretdshole dimensions (HLA
holes < LLA holes) and the RA method did not use a breaker dateh group consisted of 7 specimens
for a total sample size (n) of 21. The 5 x 5 x 30 mm molded Bpagimens were compacted under a
static pressure of 2.04 MPa for 17 hours. After molding and compatttmbeams were removed from

the mold and placed in a -80°C freezer until they were dried by lyophilization.
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Extruder Barrel

Figure 36: HAp/C composite extruder and mold as$gstiowing direction of screw ram travel when egtng the wet
composite slurry into the mold.

Sections of the dried specimens were then obtained and prepaRidMaanalysis. Each specimen
was successively sectioned along half the length to obtain $ddtons in the three planes; transverse
plane (T-plane), compaction plane (C-plane), and extrusion planeiiE}plFigure 37). To orient the
reader: the direction of extrusion was the longitudinal tdoecof the beam in the x-direction; the
compaction direction was perpendicular to the x-y plane; and thevawse direction was perpendicular
to the length of the beam in the y-z plane. Each of the thre#@rspe sections were embedded in the
Technovit embedding media (EXAKT Advanced Technologies GmbH, Noediérssermany). Prior to
embedding the sections were prepared by: 1) fixing in 10% neuffatdaiformalin (NBF) for 48 hours;
2) washed; 3) demineralized in 10% EDTA for 24 hours; 4) wa$)edehydrated in successive alcohol
concentrations for 1 hour each (75%, 95%, 100%, 100%, 100%); 6) inflitiat®0:50 solution of
Technovit and alcohol for 8 hours; 7) and then infiltrated in 100% Tedhioo\16 hours; at which point

the specimens were ready for embedding. Cut sections wees plathe embedding mold and covered
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with the liquid Technovit media and placed under a blue light to four24 hours. Embedded sections

were mounted to slides, then ground and polished to a thickness @fi200

Direction of
Compaction

y m.

Extrusion

Figure 37: Schematic drawing of extruded HAp/C cosite beams illustrating the PLM sections. Sestiwrre prepared to
analyze the transverse, compaction, and extrusarep.

Specimen sections mounted to the slides were oriented sucthehagction faces containing the
analysis plane were parallel to the microscope stage apdnuicular to the direction of the light path.
The section planes allowed quantification of the fiber alignmemach of the three planes: extrusion,
compaction, and transverse. Imaging the E-plane enabled quaintifiohthe collagen fiber alignment
due to the extrusion method. The T-plane enabled quantificafiache fiber alignment due to the
compaction while the C-plane quantified a combination of the two.

5.2.3 Polarized Light Microscopy Image Analysis

Specimen planar sections were viewed under microscope (NikdphOp2, Tokyo, Japan) with
linearly polarized light at a magnification of 100x. Two polarizing filter polarizer and analyzer (Nikon
Optiphot-2, Tokyo, Japan), were placed above and below the speamitkribeir polarizing directions

crossed at 90° to each other (crossed polars). Each specanan sgction was imaged twice, once at an
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angle of 0° relative to the polarizer and the other at an aiglg®. Digital images were captured by a
high resolution digital CCD color camera (Evolution MP Color, Media Gydters, Bethesda, MD, USA)
in a montage sequence via commercial image acquisition anel gbatrol software (Image Pro Plus,
Media Cybernetics, Bethesda, MD, USA). Each image in the mg@msiequence had a resolution of 1280
X 960 pixels. Total image size was on the order of 5000 x 5000 pixels, or greater.

In theory, when viewed with crossed polars the collagen fibdrappear extinct when their optical
axis (long axis) is aligned parallel (0°) to the polarizingechion of the polarizer. The fibers will be
brightest when their optical axis at an angle of 45° to trectibn of the polarizer. However, if the
thickness of the section retards the light by a full imedex wavelength (i.e..xp where n=1, 2, 3 ...),
then the fibers lying in plane will appear extinct (Fig88). The extinct fibers are visible due to the
background light intensity and exposure duration. Thus, the polargtgdriages allow us to visualize

the collagen fiber alignment and to apply mathematical techniques tofyubatiegree of alignment.
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Figure 38: PLM image of specimen section orientetba relative to the polarizer. Note the brigbefs at the upper left and
bottom right of the specimen (black arrows) whilere are extinct fibers along the upper right (grepws). Crossed arrows
indicate polarizer and analyzer orientation. Langw at bottom of specimen section indicates thextion of preferred fiber
alignment.

Fiber alignment analysis utilized the discrete Fourier foams (DFT) method [71, 72]. Prior to
applying the DFT method directly to the polarized light gralgscmages, they were background
corrected, rotated if necessary, and cropped using digital imageessing software (ImageJd,

http://imagej.nih.gov/ij National Institutes of Health, Bethesda, MD, USA). Brietle DFT technique

performs a Fourier transform on the grayscale pixel intensities of ge iam produces a centered power

spectrum image [72] (Figure 39). There is a radial alignment of the
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Figure 39: DFT of the grayscale image (A) to theteeed power spectrum image (B). Note the howssgthape of the power
spectrum oriented vertically (B). The DFT rotapesiks due to the original object orientation byifiGhe frequency domain.
Also, original objects with a curvature generatéhaar glass spectrum in the frequency domain [65].

spectral intensities of the power spectrum in frequency spdmese angular orientation correlates to the
oriented objects in the original image. From the spethade, the intensities can be radially averaged
and bandpass filtered to obtain a radial orientation distribafidghe original image that is offset by 90°
[65, 71]. The radial distribution can then be integrated to obtairriantation tensor in the following
form [71]:

F =_2/™ r(0) ®r(8) DFT(O) db (1),
wherer (0) x r(8) is the dyad product equal to:

rO®r®) = |co colsird | (2)
| co®sing sing |

The eigenvalues and eigenvectors can be obtained when the tamenénsor (F) is solved. The
eigenvalues allow computation of the anisotropy indexwWhich is a measure of the degree of alignment
[71]:

a=1-11/x2 (3),
whereAl andA2 are the eigenvalues aid is less thai.2. An anisotropy index of 1 indicates perfect

alignment while an index of 0 indicates isotropic alignment. iQinigthese values from the image pixel
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data is done by applying the DFT to the original cropped imagwy tise 2D DFT plug-in for ImageJ
[72], which produces the power spectrum image. Bandpasifiltend obtaining the radial distribution
function is accomplished using the Azimuthal Average plug-inifageJ. The lowpass and highpass
cutoff frequencies were estimated to be 60 Hz and 300 Hzatbggly. This corresponded to image
fiber diameters of 5 to 25 pixels.

5.2.4 Data Analysis

At the onset of this study, it was expected that the synthetic HAp/C compesi&sbe more porous
than in cortical bone and would not possess the morphological feafureteons as observed in PLM
studies of cortical bone. It was also anticipated thatibieesf would possess a degree of alignment in
more than just the preferred longitudinal direction of interéBherefore, it was necessary to utilize a
direct quantification method with greater sensitivity tharviotes PLM methods [39, 56, 57], which the
DFT method provided, and to quantify the degree of alignmeahialternate section orientation other
than the preferred orientation. The 0° section orientation was rchesause the fibers aligned in the
preferred direction would be extinct and could be reduced to theroackbintensity with a reduction in
the exposure duration so that they would not contribute to a mezdheeanisotropy at this angle. If the
degree of anisotropy then increased in the preferred direction tiweesection was oriented at 45°, this
would indicate that there was a preferential inducement otdhagen fiber alignment. Thus, the 0°
section orientation served as a measure of the specimen badefiree of alignment and the 45°
orientation was a measure of the preferred degree of alignment.

Radial distribution functions, eigenvalues, and anisotropy indices algained for each specimen
plane at both image orientations. The radial polar plots providéslal observation of the quantified
planar alignment of the collagen fibers while the anisotropycé@xdivere used for comparison between
specimen planes at both of the orientations. Initial anisotropy ic@weparisons were made between the
E-, C-, and T-planes and within the plane orientations at 0° artd fi&st assess in-plane changes in the
anisotropy index due to the specimen section orientation. Nextatheands grouped by the extrusion

fabrication methods RA, LLA, HLA to assess the extrusion tffedn both cases, a repeated measures
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ANOVA was performed using commercially available sofevé8AS JMP, SAS Institute, Cary, NC,
USA). and significance was set to 0.05.
5.3 Results

Radial orientation distributions were obtained from the powertgpadmages and plotted in polar
coordinates. The resultant polar plots give a visual interpretation oktigehcy data (Figures 40 & 41).
Specimen planar sections oriented at 0° typically produicedlar (Figure 40A) or square (Figure 41A)
radial orientation distributions. Those same planar sectioested at 45° produced circular or elliptical
(Figure 40B and Figure 41B) radial orientation distributionke $quare distributions have their corners
oriented at 45° in each quadrant while the elliptical distdlmgtiare closely aligned to the horizontal
direction or vertical direction and both are associated withgher anisotropy index than the circular
distributions. The PLM image and associated power spectruthdaguare radial distribution of Figure
41 is shown in Figure 42. Note the increased intensitieh@mmo approximately 45° diagonals in the

frequency domain (Figure 42B).
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Figure 40: Polar plots showing the change in tidéatarientation distribution from a planar sectimented at 0° (A) and 45°
(B). Planar section is from the same specimen slinwigure 4, which was oriented at 45°.
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Figure 41: Polar plots showing the alternative sguadial distribution from a planar section orezhat 0° (A) and the
corresponding elliptical distribution at 45° (B3quare and elliptical distributions are associati#k a higher anisotropy index
compared to circular distributions.

Figure 42: DFT of the grayscale image (A) to theteeed power spectrum image (B) for the specimanaslsection shown in
Figure 41, with a square radial distribution at 0°.

The anisotropy indicesxj for each planar section at both imaging orientations werenaltdor all
specimens. An initial comparison was made between the three specimen plplee® (E-plane, and T-
plane) and within the plane orientations at 0° and 45° tosagsetane changes in the anisotropy index
due to the specimen section orientation (Figure 43). The avensgmropy index of the planar sections

increased from the Q° orientation to the 45° orientation (p=0.0171df @it the planes the anisotropy
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index was lowest in the E-plane (p>0.0001). The increased mamgoin the C-plane from the 0°

orientation to the 45° orientation was the only statisticaliypiBtant intraplanar anisotropy increase

(p=0.0031).
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Figure 43: Intraplanar anisotropy chart of the widlial and combined effects of extrusion and cortipac

Planar sections orientated at 45° to the crossed polars PLi setup indicated the extent to which
the degree of alignment was due to the composite fabrication. Pplen&-anisotropy is representative of
the specimen compaction induced fiber alignment while the E-planetraipig is representative of the
extrusion induced fiber alignment. C-plane anisotropy is a combingaftittre compaction and extrusion
and the anisotropy was the highest of all the planes. Aopoin the T-plane was the next highest.
These data indicate that compaction was responsible for tfegrpoefiber alignment to a greater extent
than extrusion (p=0.0052). Also, compaction and extrusion togetheerfimtireased the extent of fiber
alignment in the preferred direction, but was only significantly greaan extrusion alone (p<0.0001).

Next, the HAp/C composite extrusion method was included in thesasatydetermine the effects of

the RA, LLA, and HLA methods on the preferred collagen fibmatent (Figure 44). The extrusion
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methods generally followed the intraplanar trends noted abovelan@ and T-plane anisotropies were
higher than in the E-plane and the anisotropies increased 45%farientation. These trends held except
in the case of the RA fabrication method where the anisofroftye E- and T-plane decreased for the
45C¢orientation. Overall, the analysis showed that the extrusieciefilone were not different between
the RA, LLA, or HLA extrusion methods (p=0.3447). However, withia fabrication methods, the C-
plane anisotropy of the RA method and the T-plane anisotropy dflithemethod were significantly
greater in the 45° orientation, p=0.0177 and p=0.0473, respectively. Of thiathreation methods, the

LLA method produced the largest extrusion related anisotropy increasebrpthae.
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Figure 44: Intraplanar anisotropy chart of the widlial and combined effects of extrusion and coriipador each of the
HAp/C composite fabrication methods: RA, LLA, andAd

5.4 Discussion

Preferred collagen fiber alignment is a possible factormforeasing the tensile strength in synthetic
3D HAp/C composite scaffolds. The goal of this study was to dyahe extent to which a novel
extrusion process would induce a preferential collagen filgamnaent in a HAp/C composite scaffold.

The study hypothesized that increased hydrodynamic shear flow wouldsedre alignment of collagen
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fibers and that the alignment would be in a preferred directiBreliminary scaffold fabrication trials
resulted in the modification of the fabrication protocol. idtly, the extruded scaffolds retained an
excessive water content that left them too porous and asul, teo fragile for lyophilization and post
drying handling. The solution was to modify the molds to allow seess water to be driven off by
compaction. Compaction had also been shown to have the benefit of increasing thecalgoioparties
in other HAp applications, but with mineral preparations onlynopreparations without concern for
collagen fiber alignment [2, 131]. A second protocol modificatiose@fter the original SEM image
modality was abandoned due to specimen preparation issues. @pgciB&EM imaging of collagen
alignment required demineralization which resulted in exce$ifige matrix shrinkage when dried. The
solution was to embed the demineralized collagen network and pursye jolarized light microscopy
based quantification protocol, the one used in this study. Poldigtgdnicroscopy was successfully
used and combined with quantitative methods to evaluate the degreenwfesitgn the scaffold.

Polarized light microscopy was successfully used to visalitlagen fiber alignment in a synthetic
3D HAp/C composite scaffold. Birefringent fiber patterns webserved, imaged, and resolved for
guantitative analyses. The degree of collagen fiber alignmemt PLM images was then quantified
using established techniques for fibrous networks [65, 71, 7Bk l8vel of anisotropy was shown to
increase in the preferential direction as a result of the cmdbeffects of extrusion and compaction
fabrication methods.

The goal of extruding the HAp/C composite was to increase theeeef fiber alignment in the
longitudinal direction of the specimens. Results from anajythe fiber alignment in the E-plane of the
three extrusion process types showed that the use of the bpéstkerwhile extruding the LLA and HLA
specimens increased the anisotropy in this direction relatitree baseline anisotropy. Extrusion without
the breaker plate actually showed a decreased anisotropy lonifieudinal direction relative to the
baseline. This was to be expected, but it was not expectethéh&l A specimens would exhibit a
greater anisotropy than the HLA specimens and a greaterelamgisotropy from the baseline. This

may be a result of extrusion instabilities or fractures {132] occurring during extrusion of the HLA
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specimens. An instability commonly referred to as “sharkskifimdegurs when surface cracks occur
and curl perpendicular to the direction of flow. The surfaceksrappear “saw-toothed” and are caused
by surface accelerations at the exit of the die (or bregleee in this study) that increases the surface
tensile stresses beyond the tensile strength of the etdr{26]. A more severe instability is gross
fracture where high shear rates are developed between tbdaggtsurface and wall of the die causing
compression of the extrudate beyond the exit of the die [133]. Thesesdafactead to distortions in the
fiber alignment and the decreased anisotropy of the HLA speciniéns.phenomenon is supported by
the results from the T-plane data. The HLA specimen alighrme this direction was significantly
increased over the baseline. In fact, the anisotropy eakigihest for the HLA group compared to the
LLA and RA specimens. Overall, the data suggest that the é&txtAusion method produced a higher
degree of alignment than the other two methods in the preferredtidir of the extrudate flow,
corresponding to the longitudinal direction of the specimens.

Modification of the extruder may eliminate the extrusion initeds attributed to causing the
reduction in the HLA fiber alignment. Extruder modification maapiove the degree of fiber alignment
for both the HLA and LLA extrusion process types. The instasliarise from the excessive surface
shear and tensile stresses at the wall of the die aed th#t exit, respectively. The stresses cause
turbulent flow in the extrudate exiting the die, which mighebminated by a funneled approach to the
die opening and creating laminar flow [135]. Modifying the extrudeakme plate would require a
funneled approach to the breaker plate holes. The funnel would ergaadual increase in the extrudate
stresses, thus initiating the fiber alignment further upsetrérom the onset of the breaker plate and
prevent the extrudate fracture instabilities from distortingfitter alignment. However, it is unknown
whether this type of funneled breaker plate could feasibly be @etuéd for the 0.3 mm hole size used
for the HLA method or even for the 1.0 mm hole size for the LLAhow: Therefore, the optimal hole
size and design may be that used with the LLA method singeduced the highest degree of fiber

alignment in the preferred direction.
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The E-plane and T-plane alignment responses are indicative ofndadual extrusion and
compaction contribution to changes in the degree of fiber alignment, resjyectiBoth planes exhibited
increased alignment over their respective baseline meadureshe increases were not statistically
significant. The compaction only contribution to fiber alignment wigmificantly greater than the
extrusion only contribution. The breakthrough finding was thatdmebination of the two, measured in
the C-plane, contributed to a statistically significant increager the baseline anisotropy. This
significant anisotropy increase was preferentiallyredijin the longitudinal axis of the specimens, which
would provide a direct relationship with the resultant mechamiogberties. The goal of inducing a
preferential collagen fiber alignment in a HAp/C compostaffeld was achieved. The hydrodynamic
shear flow produced an incremental alignment and when coupled withotheaction process the
resultant fiber alignment was induced and increased in a 3D HAp/C coenpcssitold.

5.5 Conclusions

The application of extrusion and compaction fabrication methods was sudlgessiployed to
induce a preferred collagen fiber alignment in a synthetic 3D HAp/C coresasitfold. The
combination of extrusion and compaction significantly increased the colldgegrafignment in the
preferential direction over baseline measures. Extrusion breakes ipfgirted an increased degree of
alignment versus not using them. The larger hole dimension used in thextiu&ion method induced
greater alignment than the smaller hole dimension in the HLA method. Titr@bpole size and design
may be the current LLA extrusion process method. Although the resultant grisotrothe study were
found to be relatively lowo( = 1 is completely aligned anrd= 0 is isotropic alignment), it is expected
that the degree of alignment can be increased with incremental congatd modification to the
extruder design, as discussed above. Design modification may initiatelfgsenent earlier in the
extruder body and prevent the extrudate fracture instabilities fretortiing the fiber alignment. Also,
compaction pressures two orders of magnitude greater than the compaetgmrgused in this study

were shown to produce composite mechanical properties less than an ondgnatide lower than
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cortical bone [2]. The PLM technique was successfully employed withitaiewet methods to analyze

and evaluate the degree of collagen fiber alignment in 3D HAp/C compositelds.
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CHAPTER 6 - MECHANICAL PROPERTIES OF A PREFERENTIAL LY ALIGNED
HYDROXYAPATITE-COLLAGEN COMPOSITE SCAFFOLD
6.1 Introduction

Bone’s hierarchical structure lends to its mechanical priegerCollagen molecules are ordered in a
close packed arrangement that is mineralized by crystalsvoizser longitudinal orientation in concert
with the collagen [41, 42, 102]. Further up the length scale, otndamellar sheets of mineralized
collagen align to the applied physiologic stresses [39, 54, 56]. réldudt is a composite material that
maximizes its strength and toughness in preferred orientationerodant with the applied loading
conditions.

Hydroxyapatite-collagen (HAp/C) composites are a synthetic boalegure that closely resembles
the constituent materials of bone, namely hydroxyapatite nhiogrstals and collagen fibers. Several
precipitation techniques have been employed to synthesize HAp/C dteapty HAp precipitation onto
a collagen matrix [36, 37], 2) HAp precipitation onto single colldgmrs [34], and 3) coprecipitation of
HAp and collagen [2, 137, 138]. Ideally, a biomimetic bone analogue dsimouhic not only the
constituent materials, but the composition of those constituenter@hifraction) and, to the extent
possible, the morphology (collagen alignment). Mineralization oftiegiscollagen gels, sheets, or
individual fibers result in compositions with mineral fractioassl than that of bone. Coprecipitation
addresses the issue of reduced mineral fraction but the emlEignment is often random within the
composite. One coprecipitation alignment method employed a fretzhgique to induce collagen
alignment, but the resultant composite was very porous [138], to thetbat the collagen orientation
would not aid in the improvement of the mechanical properties.

This chapter reports on the mechanical response to prefeitaden fiber alignment. This is the
second part of the collagen alignment study conducted in the psesi@mpter. That previous study
synthesized a HAp/C composite that was compositionally sitailbone and employed a novel extrusion

process that induced a preferred orientation of the collages.fidre objective of the current study was
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to determine the extent that the preferred collagen aéghmould increase the mechanical properties of
the HAp/C composite.
6.2 Materials and Methods

The current study builds upon the biomimetic mineralization proagdsthree dimensional (3D)
HAp/C composite scaffold fabrication method examined in Chaptépiantification of Collagen Fiber
Alignment in a Three Dimensional HAp/C Composite Scaffold. Theeralizing calcium and phosphate
ions were coprecipitated in an assembling collagen matrix with taamslimimicking the physiologic
environment. During the fabrication of the 3D HAp/C composite, tigeedeof collagen alignment was
varied in order to study the effects of collagen alignment on mechatrieagth.
6.2.1 Mineralization Solutions

Mineralization precursor solutions were prepared as in Chapté€uantification of Collagen Fiber
Alignment in a Three Dimensional HAp/C Composite Scaffold.efBsj an acidic solution of calcium
and collagen was combined with a phosphate containing neutraliZagifer. The mineralization
reactions were initiated by combining 328 mL of the phosphate neatrah buffer to 427 mL of the
calcium/collagen solution, with a starting pH of 7.4, which decreas&d8t The concentrations were
estimated to produce a calcium to phosphate (Ca:P) ratio of apptely 1.67 and a mineral:collagen
content of 85:15.
6.2.2 HAp/C Specimen Preparation

The calcium/collagen and phosphate precursor solutions were combiaezinral reaction vessel.
The reaction vessel was maintained at 37°C in a water Bdtgr. combining, the solution was allowed to
react, or age, for 18 hours. At the end of the 18 hour aging period,itleealized collaged was
recovered by vacuum filtration. Wet slurries of HAp/C welacgd in the barrel of a custom made
extruder and extruded into a 5 x 5 x 30 mm mold (Figure 45). Seesimere extruded to produce one
of three expected levels of collagen alignment: 1) high longitudigmment (HLA); 2) low longitudinal
alignment (LLA); and 3) random alignment (RA). The alignmentle corresponded to the type of

breaker plate, or lack of plate, placed in the path of ttreidate. Breaker plates are screens that impart
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an increase in the extrudate flow resulting in the induction of fignment. Reducing the hole
dimension of the breaker plate is associated with increaggur@nt. The HLA and LLA fabrication
methods utilized breaker plates with different sized hateedsions (HLA holes < LLA holes) and the
RA method did not use a breaker plate. Each group consisted of 7 specimens feaaatasize (n) of
21. The 5 x 5 x 30 mm molded beam specimens were compactedastdic pressure of 2.04 MPa for
17 hours. After molding and compaction, the beams were removed framottieand placed in a -80°C
freezer until they were dried by lyophilization. The dried bearese then machined into dog bone
mechanical test specimens, with a width (w) of 2.20 mm (£0.21 mhigkness (t) of 2.15 mm (+0.64

mm), and gage lengthy(lof 7.06 mm (+0.12 mm) (Figure 46).

ol

Mold

Extruder Barrel

Figure 45: HAp/C composite extruder and mold as$gstowing direction of ram travel when extrudig twet composite
slurry into the mold.



85

Figure 46: HAp/C composite dogbone mechanicalgestimen preparation. As molded 5 x 5 x 30 mm KAgpgecimen (A).
Machined dogbone mechanical test specimen (B)er8atic drawing of the dogbone mechanical test apatidimensions (C).

6.2.3 Mechanical Tests

Tensile tests were conducted on 21 dog bone mechanical test speeweshs divided into the three
alignment groups (n=7 HLA, n=7 LLA, n=7 RA). Each specimen was peépdrately in the cup of the
upper test grip, using a two part polyester resin and hardenerliByiynatron, 3M, St. Paul, MN,
USA). The upper test grip was installed to a servohydrauditemals test machine (Instron 8501,
Walther, MA, USA). Next, the lower test grip was installedthe test machine, the cup filled with
potting material, the specimen was lowered into the cup, and thegpotaterial was allowed to cure
(Figure 47). The tensile tests were conducted at a loadtegof 0.02 mm/s until failure. Load and
displacement data was captured on a PC at a rate of 100Hézse @lata were then used to calculate the
mechanical properties: maximum load, stiffness, maximum stritiimate tensile stress (UTS), Young's

elastic modulus, and the work to fracture (toughness).



86

Figure 47: Mechanical test setup in materialsresthine (A) and close up showing specimen potf)g (

6.2.4 Statistical Analysis

The effects of the type of extrusion process were datedrdy conducting a one-way ANOVA test
on each of the 6 mechanical properties identified in the prewseaBon. In addition, a regression
analysis was conducted to determine whether the degree of alignoneahisotropy, affected the
mechanical properties of the HAp/C composites. The degree afm@ig could be influenced by the
extrusion process (E-plane), the compaction process (T-plane)porténation of the two (C-plane), as
described in the preceding chapter. Briefly, each specimersmaessively sectioned along half the
length to measure the degree of collagen fiber alignmehiimxttrusion plane (due to extrusion alone),
transverse plane (due to compaction alone), and the compptaiosn (due to a combination of the two)
(Figure 48). To orient the reader: the direction of extrusvas the longitudinal direction of the beam in
the x-direction; the compaction direction was perpendicular ta-thplane; and the transverse direction
was perpendicular to the length of the beam in the y-z plankstaistical analyses were performed
using commercially available software (SAS JMP, SAS timstj Cary, NC, USA) and significance was

set to 0.05.
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Direction of
Compaction

y m‘

Extrusion

Figure 48: Schematic drawing of extruded HAp/C cosife beams illustrating the fiber alignment sawioSections were
prepared to analyze the transverse, compactionexngsion planes.

6.3 Results

Uniaxial tensile tests were conducted on the 3D HAp/C composi#olsts fabricated by an
extrusion process that used three types of breaker platesiuoei varying degrees of collagen fiber
alignment in a preferred direction. The preferred directiorespponded to the longitudinal direction of
the test specimens and the tensile axis under examination. ddteamical properties of the HAp/C
composite scaffolds were quantified to determine the effects of thesiext process type and dependence
on the degree of collagen fiber alignment.

Fracture patterns were nearly identical for all testcepens in all groups. The fractures occurred
within the narrow section of the gage length (Figure 49). Taetures were transversely aligned, but
most fractures were not completely perpendicular to the #oig of the specimen. They were at an

oblique angle.
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Figure 49: Post fracture specimen removal fromesefixture showing the typical fracture pattern.
Load-time and displacement-time histories were recordedllifspecimen tensile tests. The load and
displacement histories were combined into a load-displacemewme ¢kigure 50), from which the
maximum load, stiffness, strain, UTS, Young’s modulus, and work taréadould be computed. The
specimens behaved in a brittle manner with little post yiedplaitement. Loads increased linearly,
having a constant slope, until the yield point where the slopesasl but did not have a large

displacement prior to failure.
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Figure 50: Typical load-displacement curve. Dadirezladded to emphasize the linear loading phese fo yielding where the
slope of the curve decreases prior to failure.

Figures 51-56 shows the mechanical properties of the HAp/C caepdabricated by the three
different extrusion process types. The average load, stiffodss$, and modulus of the HLA fabricated
specimens were greater than the other two extrusion typés. LLA extrusion method exhibited a
greater maximum strain and work to failure response than tiee extrusion methods. Each of the six
measured mechanical properties were compared between the thusmexypes to determine the effect,
but the analysis did not find a statistically significarfeeff from the type of extrusion process employed

(p>0.05).
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Figure 51: HAp/C composite mechanical respons@@htaximum load.
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Figure 52: HAp/C composite mechanical response®stiffness.
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Figure 53: HAp/C composite mechanical responsé®strain.
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Figure 54: HAp/C composite mechanical responsbé®fiTS.
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Figure 55: HAp/C composite mechanical responsé@gtastic modulus.
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Figure 56: HAp/C composite mechanical responsé®ftork to failure.
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In addition to the types of extrusion process used to fabricate ApgCHcomposite scaffolds, they
were all subjected to a compaction process. The degreelafjeolfiber alignment was shown to be
influenced by the fabrication processes described in ChapteQG6antification of Collagen Fiber
Alignment in a Three Dimensional HAp/C Composite Scaffold.chEaf the quantified mechanical
properties from the three types of extrusion was evaluatedhér tdependence on the degree of
alignment, or anisotropy. A regression analysis was conducteditunderate whether the dependence of
the mechanical properties were due to extrusion alone, compaldio) ar a combination of the two
(Figures B1-B18 in Appendix B). The regression analysis showedlistimct characteristics of the
relationship between the mechanical properties and the degaégrohent in the planes representing the
fabrication processes: 1) the individual mechanical properties whes positively or negatively affected
by the anisotropy of the plane, defined by the direction of the %ibpke linear fit line; and 2) the
mechanical properties associated with each type of extrusimegs were significantly dependant on a
particular planar anisotropy. Table 6 summarizes the positiggtine, and significant relationships
between the planar anisotropies and the mechanical propeoiegHe extrusion type used to fabricate
the HAp/C composite scaffolds. The mechanical properties of the RA and HiLAledtspecimens were
positively associated with the anisotropies in all planet thie exception of the RA maximum strain in
the C-plane that had a negative association. The mechanical propkitied LA

Table 6: Mechanical property dependence on the degree of fiber atigfon the three groups of
extrusion process type

Anisotropy Maximum Stiffness Maximum UTS Modulus Work to
Extrusion Load Strain Failure
E-plane
RA + + + + + +
LLA - - - - - -
HLA + + + + p=0.0322 + + p=0.0340
T-plane
RA | +p=0.0277 + + + p=0.0083 + p=0.0144 + p=0.0373
LLA + + + - + -
HLA + + + + + +
C-plane
RA + + - + + +
LLA | +p=0.0142 + + p=0.0376 + p=0.002d + p=0.0087 p=0.0044
HLA + + + + + +

+ = positive correlation between mechanical resp@mal planar anisotropy
- = negative correlation between mechanical respans planar anisotropy
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specimens were positively associated with the anisotroghyei C- and T-planes with the exception of the
negative UTS and work to failure in the T-plane. All of thehamical properties of the LLA specimens
were negatively associated with the anisotropy in the E-plane.

UTS and work to failure were significantly dependent on thelalBe anisotropy of the HLA
specimens. Load, UTS, modulus, and work to failure were all mignify dependent on the T-plane
anisotropy of the RA specimens. All of the LLA mechanical prtips, except stiffness, were
significantly dependent on the C-plane anisotropy.

6.4 Discussion

Uniaxial tensile tests were conducted on the 3D HAp/C composititolsts fabricated by three
extrusion process types that induced varying degrees of cofiageralignment in a preferred direction.
This study investigated the association between the HAjsé3fold mechanical properties and the
guantified extent of collagen fiber alignment from the combbiagtrusion and compaction fabrication
process. The aim was to determine the extent that the pibfeslagen alignment would increase the
mechanical properties of the HAp/C composite.

The fabrication processes employed in producing the 3D Hap/C compuaitelds were chosen for
their simplicity in effecting changes in the mechanical propertidseo$¢affold. Extrusion was chosen as
the scaffold fabrication method due to the simplicity of the techsigsed to align fibers in the load
bearing direction and vary the degree of fiber alignment. &ethdiber reinforced matrices were shown
to increase fiber alignment in a preferred direction [M¢h simple techniques that increased the shear
and compressive forces during extrusion [140]. Compactionclvasen as an additional processing
technique because it had been shown to increase the mechampeatips of HAp and HAp/C scaffolds
[2, 38, 131] and incrementally increased extruded HAp/C scaffolds [40].

The extrusion process types used in this study showed thatttenical properties can be increased
by the type of process used. Both the LLA and HLA extrusion presgs®duced specimens that
increased the mechanical strength and toughness relative to thmoRéss. However, the increases

measured were not significantly different. Compaction could lvaigenced the response of the RA
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specimens. The compaction induced alignment in the specimens was geeatbe thlignment produced
by extrusion alone. This finding was supported by four of the six meehiaproperties being
significantly dependent on compaction induced alignment, which meguat for the RA specimens
having mechanical properties that were not significantly tbas the other extruded samples. The
expected random alignment in the specimens were significantly inflddaycthe compaction process.

The expected increased alignment in the HLA group was not presenisieeof possible extrudate
instabilities which caused an increase in the transverse figemant and not an increase in the preferred
longitudinal direction. This was evident when only two of the meiclhd properties were shown to be
dependent on the collagen alignment from extrusion. While the Heéirspns had increased transverse
alignment, the significant effects on its mechanical properties fn@m extrusion.

LLA prepared specimens exhibited mechanical properties on plartlkét HLA group and, to an
extent, greater for those properties whose response hassheen to be dependent on the collagen
alignment, namely toughness [56, 141-144] and strain [56, 130, 145-148]. Ppkesrens also showed
the highest degree of alignment due to extrusion. However, thensespf this group was a special case
since the mechanical properties had a negative relationgiphe degree of alignment due to extrusion.
On the other hand, all of the mechanical properties, except stffmere dependent on the combined
fiber alignment seen in the C-plane anisotropy. The lattdinfy suggests that the LLA specimens were
influenced to the greatest extent by the combined effecteadxtrusion and compaction. It is not clear
as to why there was not a significant effect from theusidn process when this group showed the
highest degree of alignment due to the extrusion process. Thexmténation would be that there was a
preexisting fabrication flaw, such as a crack, that reducedntfehanical response of the group as a
whole. In fact, the specimen with the highest E-plane anisosopported the lowest load applied and
the specimen with the second highest E-plane anisotropy only supported a\mrtagedoad.

While enhancements were shown, the mechanical properties were omererorders of
magnitude less than those of natural bone. Additional methodisgdsraffold preparation, such as

collagen fiber crosslinking, may provide further improvementseoupper load limits.  Crosslinking is
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responsible for increasing the mechanical properties of callfiigers [149]. However, the relationship
between the mineral-fiber interactions and fiber alignment were rskeddy including crosslinking as a
factor in the current study. Compaction was necessary due tadfildy of the specimens without this
added fabrication process. The compaction process was deemed nobtddoading since it is additive
in nature by affecting only the degree of alignment in theepred direction. Large variations in the
mechanical properties are suspected to be a result of thenspefiagility noted above. In future
embodiments of the fabrication process, it is anticipatedntbdified extruder design [135], compaction
pressure [2, 40, 131], and collagen crosslinking [149, 150] will alinaobncert to increase the collagen
fiber alignment and mechanical properties.
6.5 Conclusions

The application of extrusion and compaction fabrication methods suemessfully employed to
induce a preferred collagen fiber alignment in a synthetic 3D HAp/C compoaiteld and influence the
mechanical properties. Extrusion breaker plates with langde dimensions induced greater fiber
alignment in a preferred direction than smaller hole dimensresslting in a significant interdependence
between mechanical properties and fiber alignment. Fiber aligndependent mechanical properties
(strain and toughness) were increased. While the resultsssulygethe larger hole dimension improved
fiber alignment which significantly influenced its mechanicagarties, the optimal hole size can not be
concluded from this study because initial expectations werenéosinaller hole size to increase fiber

alignment and extruder design modifications may support this outcome in tree futu
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CHAPTER 7 — CONCLUSIONS
7.1 Discussion

The subject of this body of work was centrally focused on therakgt of collagen fibers in a
hydroxyapatite-collagen composite as it relates to optimizing cthaposition and mineral phase,
increasing the degree of alignment, and ultimately enhancingehlamical properties. To achieve the
end goals, the research anticipated that the three followpegif® Aims needed to be addressed: 1)
characterize the physicochemical properties of a synthet@ @l8omposite with bone-like composition,
apatitic mineral crystal phase, and crystallinity; 2) rdgifg the collagen alignment morphology in a
HAp/C composite induced by a novel extrusion process; and 3I)rieéethe extent to which collagen
alignment increases the material properties of the HAp/C composite.

Discussion of the results that addressed each of thegediime was previously presented in detail in
their respective chapters. The discussion presented hereumitharize those findings in relation to the
original hypotheses for each of the aims, above.

7.1.1 Physicochemical Characterization of a Hydroxyapatite-Collagen Compadsi

The experimental section on the physicochemical characterizzitiarHAp/C composite addressed
the first aim. The study aimed to characterize the physicdchkand crystallographic properties of a
biomimetic coprecipitation of calcium, phosphate, and collagen, w#pect to bone. Specifically, the
study investigated the environmental and temporal effects on th@osiion, phase, and crystallography
of a biomimetic HAp/C composite as it compares to that ofraahone. The hypotheses were: 1) the
mineral content will decrease as the pH increases; 2)piegmn reaction aged for durations beyond 8
hours will yield a HAp calcium phosphate mineral phase; arttie8flegree of mineral crystallinity will
increase with increased incubation duration.

Environmental changes in the solution pH significantly impacteadngposition of the biomimetic
HAp/C composite. The mineral fraction of the biomimetic HApf@nposite was stable at or below pH
8, but increased when the pH increased to 9. This satisfied shedit of the original hypothesis that

stated the mineral fraction was sensitive to changes jrbpticounter to the second part that stated the
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mineral fraction would decrease with increased pH. The alifigrction was 83-84% when the pH was
below 9, but when the pH was increased to 9, the mineral fracito@aised to 88%. These findings do
not suggest that the hypothesis was refuted, but rather thairitiieal hypothesis may have been
incorrectly based on a dissimilar HAp/C coprecipitation prof2ssThe hypothesis was based on a prior
study that used 20O, + Collagen and Ca(OHR precursors which differed from those used in the current
study.

The second hypothesis of this aim stated that aging duratiomsidey hours will yield a HAp
calcium phosphate mineral phase. XRD phase analysis of sapnpthgced in the environmental and
temporal experiments indicated a predominant HAp phase. The tynabithe specimen diffraction
lines, from samples at all levels of pH and aging duration, ic@dowith those of HAp, from the PDF
card file 9-432 and the HAp-RS reference. Additional peakeesponding to DCPD, TCP, OCP, and
CHAp were found in the samples. However, there was no cleat tivedistinguish whether any of these
phases were prevalent among the different treatment lavelseibiomimetic composites. If calcium
phosphate phases other than HAp presented, it would be expectedemploeal experiments conducted
with aging durations of 6 and 12 hours. Mineralization experiments bhwe/n that complete
transformation to HAp can be achieved in 12 hours or less isiglbgic or alkaline environments [7, 6,
35]. The results from this analysis satisfied the second hyp®thed showed that aging effects on
calcium phosphate phase were not as rigorous as had been asswaeth ging duration as low as 6
hours still transformed to the HAp phase.

The last hypothesis stated that the crystallinity will inseewith increased aging duration, but made
no provision for environmental effects. The study did address bdtibrdan its analysis and compared
the crystallography of the HAp/C composite to that of natural boneedsed diffraction intensities were
observed between environmental samples produced at a pH of 6.8, 7.4, and 8dhe, as well as
between temporal samples aged 6, 12, and 24 hours and bone, suggesting that the onlydidApraet

composite that was not more crystalline than the biologic HApi@posite was those samples prepared
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in an alkaline environment with a pH of 9. These observationsestgigat crystallinity was inversely
proportional to pH and proportional to aging, confirming the original hypothesis.

7.1.2 Quantification of Collagen Fiber Alignment in a Three Dinensional HAp/C Composite
Scaffold

The study of extrusion induced preferential collagen fiber alignmédressed the second aim in this
body of research. The goal was to quantify the extent to vehiadvel extrusion process would induce a
preferential collagen fiber alignment in a HAp/C compositéfsich It was hypothesized that increased
hydrodynamic shear flow would: 1) increase the alignment of eoildijpers; and 2) that the alignment
would be in a preferred direction.

The goal of extruding the HAp/C composite was to increase theeeef fiber alignment in the
longitudinal direction of the specimens. Results from anagythe fiber alignment in the E-plane of the
three extrusion process types showed that the use of the bpéstkerwhile extruding the LLA and HLA
specimens increased the anisotropy in this direction relatitree baseline anisotropy. Extrusion without
the breaker plate actually showed a decreased anisotropy Ioniieudinal direction relative to the
baseline. This was to be expected, but it was not expectethéhal A specimens would exhibit a
greater anisotropy than the HLA specimens and a greater clwarggisotropy from the baseline.
Overall, the data suggested that the LLA extrusion method peddatigher degree of alignment than
the other two methods in the preferred extruded direction.

The E-plane and T-plane alignment responses are indicative ofndnaedual extrusion and
compaction contribution to changes in the degree of fibgnraknt, respectively. Both planes exhibited
increased alignment over their respective baseline meadureshe increases were not statistically
significant. The compaction-only contribution to fiber alignment vgggnificantly greater than the
extrusion-only contribution. The breakthrough finding was that théoation of the two, measured in
the C-plane, contributed to a statistically significant increager the baseline anisotropy. This
significant anisotropy increase was preferentiallyradjin the longitudinal axis of the specimens, which

would provide a direct relationship with the resultant mechamiogberties. The goal of inducing a
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preferential collagen fiber alignment in a HAp/C composi&ffeld was achieved. The hydrodynamic
shear flow produced an incremental alignment and when coupled withotheaction process the
resultant fiber alignment was induced and increased in a 3D HAp/C coenpcssitold.
7.1.3 Mechanical Properties of a Preferentially Aligned Hydroxypatite-Collagen Composite
Scaffold

Uniaxial tensile tests were conducted on the 3D HAp/C composiftolsts fabricated by the three
extrusion process types that induced varying degrees of coliageralignment in a preferred direction.
This study investigated the association between the HAjsé3fold mechanical properties and the
guantified extent of collagen fiber alignment from the combbiagtrusion and compaction fabrication
process. The goal was to determine the extent that the predeit@gen alignment would increase the
mechanical properties of the HAp/C composite. The hypothesis haaspteferential alignment of
collagen fibers in the HAp/C composite will be associated with inecessile material properties

The extrusion process types used in this study showed that themieal properties can be increased
by the type of process used. Both the LLA and HLA extrusion presgs®duced specimens that
increased the mechanical strength and toughness relative to thoRéss. However, the increases
measured were not significantly different. LLA preparedcspens exhibited mechanical properties on
par with the HLA group and, to an extent, slightly greater for tiposperties whose response has been
shown to be dependent on the collagen alignment, toughness [56, 141-1443ian®6, 130, 145-148].
These specimens also showed the highest degree of alignmetat elxteusion. All of the mechanical
properties, except stiffness, were dependent on the combined ex@asi@amompaction fiber alignment
seen in the C-plane anisotropy. The degree of alignment wiesemtial in the direction of the tensile
loading axis and confirmed the hypothesis.
7.2 Limitations

Each of the study aims presented with experimental limitgtguth as solution chemistry, analytical
methods, fabrication processing techniques, and omitted processiadimitations taken in whole or in

part may have affected the results observed in this work.
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Solution chemistry limitations involved foreign ion inclusionsd asubstitutions.  Foreign ion
inclusions consisted of potassium, sodium, and chloride ions. EDS ewmasis noted the presence of
potassium, sodium, and chloride ions in the precursor solutions aietdsbuThese ions were thought to
be residual salts that remained after washing and werennotpbrated into the mineral crystal.
However, it has been reported that these ions can be adsotbettia crystal structure [112]. Their
possible inclusion became evident when the mineral fractiozeebed the theoretical fraction limit at pH
9. The inclusions could have skewed the Ca/P ratios observedsett¥RD peak broadening (crystal
strains), and act to weaken the crystalline phase of the campgsproducing internal distortion (crystal
strains) and dislocation with the apatite crystals. PQatio and XRD broadening effects may have
masked the presence of fractional calcium phosphate phaseshathéiAp. Use of Fourier transform
infrared (FTIR) spectroscopy may discern phase related chamgdmsphate P-O bonding to confirm
apatite phase and obtain another level of certainty. Anytaffat the mechanical properties may be
minimized since the specimens were produced with a pH of 7.4hasd fons may not have been as
readily adsorbed given the observed mineral fraction refletted calculated fractions. Further
prevention of these foreign ions may require changing the preaotsions, which rely heavily on HCI
for dissolving collagen and buffering with Tris. An altermatis to utilize HPQ, for dissolving collagen
and Ca(OH) as precursor solutions [2]. Foreign ion substitutions, such aeftdd;, may account for
the Ca/P ratios observed. This is not necessarily a detrisiece bone is a carbonated apatite. The
concern, however, is that the techniques used were either not semsitigi ¢o detect (XRD) or that this
ion was not specifically quantified (EDS). Peak overlap in tR®>profiles and the close proximity of
carbonated apatites to HAp made it difficult to discern oamfthe other. New tools [151] have been
found with the knowledge gained that would allow revisiting the Xpfiles for better peak
determinations overall. Also, FTIR may again be employed to whsbe CQ bonding patterns.
Together, these two additional approaches would enhance the presennphasse. a

Analytical technique limitations may manifest in errors qugin the degree of fiber alignment

using PLM. The quantification of the degree of alignment brofadilywed previous application on SEM
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or other idealized images [65, 71]. The applications used to fyudmdi degree of alignment were
ImageJ plug-ins that may not have explicitly followed the ddsquantification algorithms. The result
may be an averaging effect that smoothed the data and redweeibservable effects between test
groups.

Fabrication processing limitations included the fragility tbe specimens and the associated
compaction process. After consolidating the wet HAp/C compositevdmyium filtration to the
consistency of a paste, the composite still maintained a watéent of 88%. Extruding, molding, and
drying specimens in this state would leave the resultant HApi8posite too porous and fragile to
conduct mechanical test, let alone handle for machining, potting, and sgthg. The compaction
process was introduced to overcome these issues by driving extesswvaf the specimen while in the
mold. While the compaction process improved the fragility, there wil issues with sample frailty.
An explanation for the remaining fragility was that specimempmaction may be uneven. Several
specimens were compacted at the same time in a hydraulic gfébere was an unbalanced fraction of
water between the specimens, then the specimens with the Wafieercontent would not be compacted
to the extent of the other specimens present during that compegtien Care was taken to eliminate
specimens when it was obvious there was uneven compaction. dhiswdent in either the thickness
differences between specimens in the same compaction cycl&evemtes in the displacement of the
mold compactor. Specimens were eliminated when these difésremere observed. This and other
fragility issues were prevalent. Eighty four specimerssewproduced and only 21 specimens were
mechanically tests.  Other processing steps that magdude inaccuracies were the freezing and
handling during machining. The fragility of the specimens is postulated tachased the large variation
in the mechanical properties. Despite this, statisticgilipificant relationships were observed. One
method to overcome the fragility is speculated to be increabmgompaction pressure. The current
compaction pressures used were approximately 2 MPa. Otherade/200 MPa [2] or 400 MPa [131].

Further optimization of the compaction process should be conducted
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While the current study may have been limited by omitting otfnengthening processes, the results
presented provide a baseline strength which needed to be és@ddis the extrusion process, with
minimal influence from compaction and without collagen crosslinkiRgture work can be directed at
studying the effects of compaction in greater detail and the effeatssslinking.

7.3 Future Work and Direction

The limitations described present new challenges and opportuoitifegure study. Work related to
the mineral phase characterization of calcium phosphate maai@th of collagen, reduction of foreign
ion inclusions, PLM analytical techniques, scaffold fabrication, raiteeralization methodologies could
all be expanded.

One area of research envisioned is an improved phase profiling antifigai@on of the relative
fractions of calcium phosphate phases present in collagenous dsaffbhe presence of collagen and
possibly ACP were deemed responsible for the background XRDepotfserved in the current work.
The large broad peaks of the background collagen and ACP may hakednthe observation of other
calcium phosphate phases. This may occur since quantitative phlssesamethods rely on the fact that
the relative intensity of a particular phase is proportibmahe amount of that phase present [76, 116].
This work proposes to quantify the fractions of calcium phosphate phases and thetamuiiollagen
to the background XRD profile by varying known amounts of differeltiwca phosphate phases from
powder standards (ACP, CO3HAp, DCPD, HAp, OCP, and TCP) with armuwtitollagen. XRD
patterns would be obtained with a decreased scan speed tharcurrent study, in order to obtain better
resolution of the acquired pattern. Computational methods [15lihdavidual peak extraction from
overlapped peaks would be used to determine peak locations. Tmegetational methods would be
applied to the existing composite patterns and compared to ttwoeettie known calcium phosphate
powder mixtures for an improved analysis of the phase respone tHAp/C composite synthesis
environment.

The analytical technique used to quantify the degree of fiignment from the PLM images

presents an opportunity to study the ability of this method to acouratahtify fiber alignment. A study
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to address this is could involve incorporating electrospun callfier processing techniques. The aim
would be to determine the extent to which PLM quantified colladpsr &nisotropy differs from that of
collagen fiber anisotropy derived from SEM imaging. Collagenrditoan be electrospun with varied
orientations based on flow rate and collector RPM [152]. Thetrefpun fibers samples could
subsequently be imaged by PLM and then by SEM. DFT algorithmshesrevalidated against SEM
images [71]. Both images could be analyzed by the DFT tdnotita degree of alignment for each
imaging modality and compared to determine the accuracy of the PL\M a&tjpii

Fabricated HAp/C composite scaffolds exhibited a high degrefeagility resulting in observed
mechanical properties that were approximately two orders agnitude less than that of bone.
Compaction [2, 38, 40, 131] and crosslinking [150] have been to shown tosediea mechanical
properties of HAp scaffolds and collagen fibers, respdgtividse of polyaspartate in the synthesis of the
HAp/C composite during mineralization may improve the mineradimawithin the collagen fibers and
the mineral interaction with the collagen fibrils [9, 153Thus, inclusion of polyaspartate assisted
mineralization may also aid the improvement of the mechanroglepties. Future work in this area
envisions two aims that would determine the individual amdlined effects of these three synthesis and
fabrication processes on a three dimensional HAp/C compasiféolsl. This future direction would
build upon the current body of work, utilize the currently developethadologies and fabrication
processes, and it is hypothesized that the mechanical properties coulddu® mmaroach that of bone.

In addition to compaction and crosslinking studies building upon the tuvoek, a feasibility study
to assess the extent that modification of the extruder ri@ynate extrusion instabilities would also
seem beneficial. Extruder modification may improve the degfréiber alignment for both the HLA and
LLA extrusion process types. Instabilities arise from the exeesurface shear and tensile stresses at
the wall of the die and after the exit, respectively. Thesses cause turbulent flow in the extrudate
exiting the die, which might be eliminated by funneling the ioteof the extruder body as it approaches
the die opening in order to create laminar flow [135]. Modifyihg extruder breaker plate with a

funneled approach design may address these issues. The funriblcveateé a gradual increase in the
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extrudate stresses, thus initiating the fiber alignment futthstream from the onset of the breaker plate
and prevent the extrudate fracture instabilities from distottuegfiber alignment. This work could be
included in the previously defined compaction and crosslinking scaffdidcation studies to best
optimize the composite.
7.4 Conclusions
7.4.1. Physicochemical Characterization of a Hydroxyapatite-Collagen Compites

The research concludes that the solution environment had a gféatepe the mineral fraction and
the calcium to phosphorus ratio than the resultant mineral phastike dther reports [34-37], these
results demonstrate that the effects of pH on the resultdcitroaphosphate phase appear to be
desensitized by the simultaneous fibrillogenesis of collag¢ne mineralizing solution (i.e. no alternate
calcium phosphate phases were found aside from HAp). While the plagsnot sensitive to changes in
pH, the crystallinity, unit cell lattice constantand Ca/P ratio were all affected. The changes in Ca/P
ratio may be indicative of the carbonate content. Minextiim duration does not influence the calcium
phosphate phase, but does affect the crystallinity and unit telelaonstant. This study showed that
a HAp/C composite, synthesized in an environment with a pH betWwdeio 8.0 and aged for 6 hours,
can be tailored to approximate the physicochemical properties of aibiblag/C composite.
7.4.2 Quantification of Collagen Fiber Alignment in a Three Dinensional HAp/C Composite
Scaffold

The application of extrusion and compaction fabrication methodsswesessfully employed to
induce a preferred collagen fiber alignment in a synthetic 3&p/@ composite scaffold. The
combination of extrusion and compaction significantly increasedctfiagen fiber alignment in the
preferential direction over baseline measures. Extrusion bretdtes imparted an increased degree of
alignment versus not using them. The larger hole dimension mgkd LLA extrusion method induced
greater alignment than the smaller hole dimension in the mefod. The optimal hole size and design
may be the current LLA extrusion process method. Although thaaesahisotropies in the study were

found to be relatively lowo( = 1 is completely aligned ard = O is isotropic alignment), it is expected
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that the degree of alignment can be increased with increlmemtgaction and modification to the
extruder design, as discussed above. Design modification maateniifber alignment earlier in the
extruder body and prevent the extrudate fracture instabilities diistarting the fiber alignment. Also,
compaction pressures two orders of magnitude greater than thmaaoon pressure used in this study
were shown to produce composite mechanical properties less thamieanof magnitude lower than
cortical bone [2]. The PLM technique was successfully emplaytddquantitative methods to analyze
and evaluate the degree of collagen fiber alignment in 3D HAp/C compositelds.
7.4.3 Mechanical Properties of a Preferentially Aligned Hydroxyagtite-Collagen Composite
Scaffold

The application of extrusion and compaction fabrication methods weressiigity employed to
induce a preferred collagen fiber alignment in a synthetic 3D HAp/C compaeaiteld and influence the
mechanical properties. Extrusion breaker plates with lahgée dimensions induced greater fiber
alignment in a preferred direction than smaller hole dimensiesslting in a significant interdependence
between mechanical properties and fiber alignment. Fiber adigihndependent mechanical properties
(strain and toughness) were increased as a result of incri@asedlignment. The results of the study
confirm the hypothesis that the induced alignment would result inasedemechanical properties. The
larger hole dimension improved fiber alignment which signifigaimfluenced the related mechanical
properties and may serve to be the optimal hole size, despiii éxjpectations that the smaller hole size

would be optimal.
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APPENDIX A

X-RAY DIFFRACTION PATTERNS OF ALL SAMPLES
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Figure Al: XRD pattern of sample 49LA he green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A2: XRD pattern of sample 51LA he green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A3: XRD pattern of sample 53RFPhe green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A4: XRD pattern of sample 55LA he green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A5: XRD pattern of sample 57Lhe green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A6: XRD pattern of sample 58RFPhe green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A7: XRD pattern of sample HAp-RShe green curve is the original Savitzky-Golay sthed XRD pattern, the
grey curve is the calculated background, and teueve is the background subtracted pattern (reeried
triangles are the peak identifiers).
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Figure A8: XRD pattern of sample pH68HApCIhe green curve is the original Savitzky-Golay sthed XRD pattern,
the grey curve is the calculated background, aadet curve is the background subtracted pattedhifwverted
triangles are the peak identifiers).
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Figure A9: XRD pattern of sample pH68HApCZhe green curve is the original Savitzky-Golay sthed XRD pattern,
the grey curve is the calculated background, aadet curve is the background subtracted pattedhifwverted
triangles are the peak identifiers).
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Figure A10: XRD pattern of sample pH68HApCBhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure Al1: XRD pattern of sample pH74HApCIhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A12: XRD pattern of sample pH74HApCPhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A13: XRD pattern of sample pH74HApCBhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure Al4: XRD pattern of sample pH80HApCTIhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtraciéén (red
inverted triangles are the peak identifiers).
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Figure A15: XRD pattern of sample pH80HApCEhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).



122

e I ——
rave data Background sripped data Background cortribution
100 —+ ‘
[~ I
s T
s L
LN
I =
[ra]
4 -
% 50
= 4
] -
23 +
a =+

5 10 15 20 25 30 35 40 45 =0 25 B0
2 theta ideq.
Figure A16: XRD pattern of sample pH80HApCBhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtraciéén (red
inverted triangles are the peak identifiers).
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Figure A17: XRD pattern of sample pH90HApCThe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracé&én (red
inverted triangles are the peak identifiers).
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Figure A18: XRD pattern of sample pH90HApCPhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgipand the red curve is the background subtraciéén (red
inverted triangles are the peak identifiers).
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Figure A19: XRD pattern of sample pH90HApCBhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A20: XRD pattern of sample 6HRpH80HApCIhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).



127

I I | e— |

rave data Background sripped data Background cortribution

130 L |l

125 +—

100 4 ‘

7a T

counts fa.u.

a0

[1

5 10 15 20 25 30 35 40 45 =0 25 B0
2 theta ideq.
Figure A21: XRD pattern of sample 6HRpH80HApCPhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A22: XRD pattern of sample 6HRpH80HApCBhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A23: XRD pattern of sample 122HRpH80HApClhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgipand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A24: XRD pattern of sample 122HRpH80HApCPhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgipand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A25: XRD pattern of sample 122HRpH80HApCEhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgipand the red curve is the background subtracié&émn (red
inverted triangles are the peak identifiers).
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Figure A26: XRD pattern of sample 24HRpH80HApCHhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A27: XRD pattern of sample 24HRpH80HApCPhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracé&én (red
inverted triangles are the peak identifiers).
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Figure A28: XRD pattern of sample 24HRpH80HApCEhe green curve is the original Savitzky-Golay sthed XRD
pattern, the grey curve is the calculated backgtpand the red curve is the background subtracié&én (red
inverted triangles are the peak identifiers).
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Figure A29: XRD pattern of sample ACP-RS.
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Figure A30: XRD pattern of sample of demineralipetiagen from rat femora.
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APPENDIX B

MECHANICAL TEST DATA: REGRESSION ANALYSIS
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Figure B1: Maximum load versus anisotropy in thpl&ne.
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Figure B2: Stiffness versus anisotropy in the Hipla
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Figure B3: Maximum strain versus anisotropy in Eiplane.
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Figure B4: UTS versus anisotropy in the E-plane.
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Figure B5: Young’'s modulus versus anisotropy inErplane.
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Figure B6: Work to failure versus anisotropy in Eglane.
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Figure B7: Maximum load versus anisotropy in thpldne.
Stiffness
140
A

120
__ 100 ¢
E a
2 80
ﬁ 60 / -
£
0 4o | = A

A [
20 / L2
* * n [ ]
O T A T T T
0.000 0.050 0.100 0.150 0.200 0.250

Anisotropy Index - T Plane

oRA = LLA A HLA

Figure B8: Stiffness versus anisotropy in the Thpla
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Figure B9: Maximum strain versus anisotropy in Thglane.
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Figure B10: UTS versus anisotropy in the T-plane.
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The synthesis of biomimetic hydroxyapatite-collagen composgedesirable from the
perspective of graft elimination and load-bearing support whetingedamaged or diseased
bone. Bone is an organized network of carbonated hydroxyapatiteafizied collagen, whose
strength and toughness is dependent on the organized array of madecalitagen fibers that
align with applied physiologic stresses. The apatitic@adgphosphate phase, hydroxyapatite, is
promising for the biomimetic mineralization of collagen. Hydroxyig@aollagen composites
are osteoconductive and resorbable. However, the mechanicattipopéthese composites are
one or more orders of magnitude less than bone. The aim of thisveigsdy produce a bone-
like hydroxyapatite-collagen composite with an induced collagen filignment in order to
improve the mechanical properties of the composite. In this studypemental and temporal
effects on the synthesis of a hydroxyapatite-collagen compesttee characterized and
compared to bone. Three dimensional hydroxyapatite-collagen compsusitiolds were
fabricated by a combined extrusion and compaction process produaegdifferent levels of
collagen fiber alignment, which were quantified and correlatechéorésultant mechanical

properties. The levels of collagen fiber alignment correspondedn texpected random
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alignment, low longitudinal alignment, and high longitudinal alignmethte rEsults showed that
a bone-like hydroxyapatite-collagen composite is best synthesizguysiologic to alkaline pH
(7.4 — 8.0) and allowed to react for 6 hours. Composite scaffoldedtda with the low
longitudinal alignment method produced the highest degree of alignmmemgathe fabrication
methods. Degree of collagen alignment produced the best strdinoaghness responses.
Compaction aided strength related mechanical properties. Thisgtadyproof of concept for
a collagen fiber alignment process and indicates that the meahgmaperties of a three
dimensional HAp/C composite scaffold fabricated by this proaesslependent on the degree of

collagen fiber alignment.
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