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Abstract

Due to an increasing demand for more functional bone-repair materials, implants com-

posed of mineralized collagen have garnered interest. The process as to how collagen

fibrils become mineralized both in situ and in vitro is not yet well understood. Addi-

tionally, preparing scaffolds possessing similar mechanical and structural features as

those found within bone remains a difficult process. The benefit of preparing an im-

plant composed of mineralized collagen that can be mechanically tailored and holds a

chemical and structural profile similar to bone is widely recognized. The studies con-

tained herein describe a novel process for preparing an acellular, naturally crosslinked

mineralized collagen scaffold based on a tailorable alternate soaking mineralization

procedure.

The developed mineralization procedure led to a close integration between bone-like

mineral and aligned collagen fibrils in produced scaffolds. Through adjustments in the

manufacturing procedure, the mechanics of both individual fibrils and whole sheets

were able to be controlled, as determined through nanoindentation and flexural test-

ing. It was found through in vitro investigations that mineralized scaffolds preferen-

tially promoted the differentiation of pre-osteoblast cells, measured by ALP activity

and OCN content.

Traditional methods of preparing mineralized collagen scaffolds often use reconsti-

tuted, randomly oriented collagen fibrils, mineralized in such a way that often ignores

the specific mineral-collagen association found in nature. The motivation behind this

work was to develop a mineralized collagen scaffold that paid particular attention to

fibril alignment as well as mineral integration and subsequent material mechanics.

The work described herein presents, for the first time, the ability to easily control

the mechanics of mineralized collagen fibrils and aligned sheets in a predictable way

through simple modifications in their mineralization procedure. Additionally, insights
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gained from detailed structural and chemical analyses allow for a wider understanding

of the effects various chemical additives have on prepared mineral crystals; widening

our understanding on biomineralization.

July 7, 2020
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Chapter 1

Introduction

1.1 Bone anatomy and physiology

The basic components of bone and bone-like tissues are a mineral phase, usually de-

scribed as hydroxyapatite (HA), and an organic phase, mainly comprised of type I col-

lagen1,2. Bones serve many important functions throughout our bodies and represent

a very dynamic organ system. Humans utilize this mineralized matrix in many ways,

including for mineral storage, as a site for cell development, enhanced locomotion,

acid-base balance, and fat storage2. Bone is essential for overall bodily homeostasis.

Our skeleton is also divided into many different unique structures such as the small

bones in the middle ear responsible for coupling sound energy, to the largest bone

in the body, the femur, which is vital for weight bearing and is an attachment point

for many muscles involved in locomotion. Bone is also found in different forms even

within the same bone structure, including both cortical (compact) bone and trabecu-
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1.1. Bone anatomy and physiology

lar (spongy) bone, where composition can be split evenly, such as in the femoral head,

or offset at a ratio of 25:75 in the vertebrae3.

1.1.1 Organic portion of bone

The organic portion of bone makes up roughly 30% of bone by dry weight. Type

I collagen accounts for roughly 85-90% of the total protein in bone, with various

non-collagenous proteins (NCP)s contributing towards the remainder1. Type I col-

lagen fibrils are made from the self-assembly of individual tropocollagen molecules.

Tropocollagen is formed once associated propeptides are removed from precursor pro-

collagen molecules by extracellular proteinases4,5. Type I collagen molecules are triple

helical in structure, composed of two α1-chains and one α2-chain4. In fibrils, these

300 nm long collagen molecules are arranged in parallel to one another in a quarter

staggered arrangement forming regions of gap and overlap with a 67 nm (D) banding

periodicity in the hydrated state (Fig. 1.1)4–6. Gap regions, in which one-fifth of the

collagen molecules are absent, are thought to be roughly 0.54D (36 nm) in length and

1-2 nm in depth (diameter of a single tropocollagen molecule)5,7. Individual collagen

fibrils ultimately form macroscopic collagen fibers and organized networks found in

larger tissues, such as bone. The orientation and specific patterns of collagen fibers

found within bone also determines the bone type. Fibers arranged in a regular parallel

array make up lamellar bone whereas woven bone is comprised of fibers possessing a

much more disordered and overall mechanically weaker configuration2.

2
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D-Band
 67 nm

 36 nm
 300 nm

Tropocollagen Triple Helix

Collagen Fibril

A

C80 nm200,000XB

α1(I)
α2(I)

Figure 1.1: A. Schematic illustrating the arrangement of collagen molecules into a larger
fibril structure with D-banding periodicity. B. Scanning electron micrograph of collagen
fibrils isolated from a bovine common digital extensor forelimb tendon C. Atomic force
micrograph of an individual collagen fibril. Adapted from8.

1.1.2 Inorganic portion of bone

The inorganic mineral portion of bone is complex and dynamic in its state. The

mineral phase of bone constitutes roughly 60% of the bone by dry weight3. This

mineral phase, often referred to as HA, is actually poorly crystalline carbonated HA

with various ion incorporations, such as magnesium, chloride, zinc, strontium, sodium,

potassium, cobalt, and fluoride9–11. These mineral crystals possess a hexagonal crystal

structure and are aligned with their c-axis ([001] crystallographic orientation) parallel
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1.1. Bone anatomy and physiology

to the long axis of the collagen fibrils in which they are associated with12. Dimensions

of these crystals are roughly 25-50 nm wide, 50-100 nm long, and 2-6 nm thick13–15.

Aside from HA, other mineral phases exist which are thought by some to serve as

precursors to mature bone mineral12,16–19. These phases include: amorphous calcium

phosphate (ACP), octa-calcium phosphate (OCP), and di-calcium phosphate dibasic

(DCPD)1. It is believed that ACP predominates the early phase of mineral formation

in bone followed by OCP and finally HA or DCPD1. Due to the role of ACP and OCP

as precursors to mature bone mineral, they are sometimes the target of biomimetic

bone implants.

Crystallization of bone mineral is thought to proceed via a non-classical pathway

where a transient kinetically driven mineral phase exists prior to the final thermody-

namic apatitic crystal structure13,20. In this process, particles from single nucleation

events combine to form mesocrystals, indistinguishable from classically mineralized

crystals (Fig. 1.2)21,22. Various ionic and molecular species present in areas under-

going mineralization are thought to affect the surface energy of forming crystals at

specific faces or may even prevent crystal formation altogether, instead forming a

fluidic mineral phase as was described by Gower et al.21,23. In the non-classical crys-

tallization pathway an initial amorphous mineral phase is thought to exist, which is

kinetically stabilized by ions and small molecules in solution (Fig. 1.2)21. The exact

precursor structures present during the non-classical pathway involved in biomineral-

ization, and to some degree during bio-inspired mineralization, are difficult to observe

however, largely due to their transient state21.
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CLASSICAL PATHWAY

NON-CLASSICAL PATHWAY

Stabilized amorphous
mineral phase

Stabilized 
nanoparticles/crystals

Stable prenucleation
clusters or 

liquid precursor

Mesocrystal

Nucleation clusters
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Nanoparticles 
(critical crystal nucleus)

Postcritical crystal 
nucleus

Final crystalSupersaturated solution

Assembly

Growth
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Unit replication

Stabilizing
ions & molecules

Growth &
assembly Fusion

Crystallization

Figure 1.2: Top. Classical nucleation theory outlines mineral crystal nucleation proceeding
through the addition of ions to a single precritical cluster. Bottom. The non-classical path-
way proceeds through the aggregation of amorphous precritical clusters or nanocrystals
forming mesocrystals or an amorphous mineral phase21.

1.2 Bone mechanics and structure

Most of the mechanical differences observed in bone from different locations and across

different individuals and species are a result of the degree of mineralization of collagen

as well as variations in structure, such as collagen alignment, resulting in structural

anisotropy2,24. Usually the mechanical profile of a particular bone region depends on

the functional role of that bone in the body in a highly controlled structure-function

relationship. Bone possesses a hierarchical structure spanning over multiple length
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1.2. Bone mechanics and structure

scales (Figs. 1.3, 1.4)25. Detailed understandings of these structural and mechanical

features of bone are important as they may provide insight towards the development of

devices aimed at bone repair and regeneration. Furthermore, mechanical evaluations

of potential bone repair devices should be evaluated at both the nano- and macro-

scopic levels in order to gain a better understanding of their mechanics compared to

bone and existing biomaterials. Nanomechanical testing allows for a characterization

of the material properties without the influence of stabilizing effects from surround-

ing structures, while macromechanical tests allow for an identification of the overall

mechanical features of the scaffolds.

1.2.1 Nanomechanics of mineralized collagen

Although multiple types of bone exist within the body, one commonality between

each type is that of the mineralized collagen fibril. These fibrils contribute towards

the unique stiffness, elasticity, strength, and energy dissipation capabilities of bone27.

The structure of the mineralized collagen fibril first consists of mineral plates located

within the characteristic gap regions of the fibril followed by interfibrillar mineraliza-

tion25. From a mechanical standpoint, this mineral reinforcement of the organic fibril

confers orthotropic qualities to the collagen25,28. Plastic deformation of mineralized

collagen fibrils in bone can occur in many different ways depending upon the hier-

archical scale in question. For example, intermolecular sliding or bond breaking can

occur at the nanoscale28. Sliding between the collagen fibrils themselves or damage

to intermolecular crosslinks can also occur giving rise to plastic deformation of the

bone28.
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1.2. Bone mechanics and structure

Figure 1.3: Schematic showing the hierarchical structure of bone. Organic and inorganic
components combine to form mineralized fibrils which ultimately, through differing arrange-
ments, form both trabecular and compact bone. From ref.26 Reprinted with permission
from Elsevier.

Few studies to date have examined the nanomechanical properties of isolated, indi-

vidual mineralized collagen fibrils from bone, largely stemming from the difficulty of

obtaining such specimens. Greater numbers of studies exist outlining the nanomechan-

ical profile of collagen within bone, however still contained in its native macrostruc-

tural configuration. Comparing the mechanical properties of individual mineralized

collagen fibrils, such as those produced in this project, to mineralized collagen in bone

should be taken with caution as mineralized collagen in bone is often surrounded by

stabilizing hierarchical structures which may make such a comparison difficult.
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Figure 1.4: Schematic showing the hierarchical structure of bone. This figure is similar to
the previous only now with representative images from each hierarchical level. From ref.26

Reprinted with permission from Elsevier.
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1.2. Bone mechanics and structure

Using an in silico model with molecular dynamics simulation, Nair et al.29 evaluated

the tensile properties of mineralized collagen microfibrils. Higher modulus values were

found as the mineral density of the fibrils increased, reaching 1.5-2.8 GPa for 40% min-

eral density samples (depending on strain)29. In order to better determine the effects

mineral has on the nanomechanics of collagen fibrils in bone, Tai et al.30 used atomic

force microscopy (AFM) to determine the elastic modulus of bone during multiple

stages of demineralization. It was found that mineralized collagen samples possessed

modulus values 2-6X that of demineralized bone sections (7-12 GPa vs. 1.9 GPa)30.

The relationship between the degree of mineralization of collagen and material stiff-

ness was demonstrated by Mulder et al.31 where this association was investigated in

developing trabecular bone. A significant relationship was found between the stiffness

of fetal and newborn trabecular bone and the degree of mineralization. Stiffness values

obtained through nanoindentation ranged from 7.4-17.0 GPa for fetal and newborn

bone samples31. Caution should be taken however when comparing mechanical values

across multiple groups, particularly nanomechanical values, as a multitude of param-

eters may affect results, such as temperature, humidity, and substrate effects32.

Computationally, work has been done to evaluate the mechanics of mineralized col-

lagen fibrils using 3D finite element (FE) modelling. Hambli et al.27 used such a

model and found the stiffness of microfibrils to increase following mineral addition to

collagen under tension, 0.25 GPa compared to 1.9 GPa. Values under compression

were lower for pure collagen fibrils at roughly 0.1 GPa compared to higher values

for mineralized fibrils at roughly 18 GPa27. Further, to highlight the importance of

scale on resultant elasticity, they found the elastic modulus of single tropocollagen
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1.2. Bone mechanics and structure

molecules to be 2.8 GPa whereas the value for collagen microfibrils were found to

be 0.25 GPa27. A study by Barkaoui et al.33 expanded the hierarchical mechanical

investigation further by looking at 3D FE modelling of both mineralized collagen

microfibrils as well as fibrils and fibers. The researchers defined a microfibril as an

arrangement of five tropocollagen molecules whereas a fibril was defined as collection

of cross-linked microfibrils, and a fiber, a collection of fibrils surrounded by a mineral

matrix33. It was found in this study that the resultant Young’s modulus values de-

pended upon the modulus values for constituent tropocollagen molecules and mineral.

Elastic modulus values were found to be roughly 0.4-1.1, 40-95, and 50-115 GPa for

mineralized microfibrils, fibrils, and fibers, respectively33. The authors reported these

values as corresponding well with those reported by others using FE and alternative

methods such as AFM and molecular dynamics computation.

1.2.2 Composite mechanics in relation to mineralized colla-

gen

Bone is an anisotropic composite material consisting of an inorganic mineral phase

intricately associated with organic material34. Mineral crystals within bone are stiff

and strong, carrying relatively large amounts of stress29. On their own, these crystals

are prone to brittle cracking, however reinforcement by the tough collagenous phase

acts to prevent crack growth and propagation29. Collagen on its own lacks the rigidity

needed to support compressive loads. Mineral addition to the collagen improves its

mechanics while also increasing yield strength by limiting slippage between collagen

molecules29,35. When the amount of collagen in bone decreases, and thus the relative
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amount of mineral is increased, the area under the corresponding stress-strain curve

and strain at yield experiences a decline, while Young’s modulus is increased36,37. This

mechanical response is a product of the ability for bone with a high collagen content

to form microcracks that are restricted spatially, whereas in bone with relatively high

mineral content, cracks are more likely to spread from one brittle mineral region to

another, possibly leading to failure before remodelling can occur36,38. It has been

proposed by Reilly and Burstein37 that the mineral in bone is largely responsible for

the initial stiffness (slope of the stress-strain curve) of the tissue in response to load,

while the collagenous matrix determines the slope of the curve post-yield. Taken to an

extreme, largely collagenous tissues, such as tendons, although very tough and strong,

do not provide adequate rigidity for bone. Highly mineralized bone tissues, such as

the whale tympanic bulla for example, are conversely highly brittle36,39. Other tissues,

such as antler in red deer, have relatively high amounts of organic matrix in relation to

mineral and can thus sustain extensive deformations before ultimate fracture40.

At the nanoscale, it have been suggested by Nair et al.29 through full-atomistic cal-

culations of the 3D structure of mineralized collagen, that the specifically controlled

shape and size of mineral crystals present within the gap regions of collagen fibrils

control deformation mechanisms of the fibrils as well as the effective modulus. It was

suggested that mineral crystals of such a small size no longer display brittle behaviour,

rather they display highly ductile characteristics29. At the whole bone level, strength

of the composite structure depends upon the total bone mass, the specific geometric

distribution of microscopic components, and the composition of the tissue at specific

locations34.
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Estimation of the mechanics of whole bone through analytical methods are sometimes

made through its correlation to the properties of the individual components of bone41.

For example, a relatively simple method for estimating these tissue mechanics, such as

elastic modulus, in terms of individual components is the rule of mixtures (ROMs)42.

In this method, there are two main models: the Voigt model applied to axial load-

ing (strains constant), and Reuss model for transverse loading (stresses constant)43.

ROMs, or the inverse ROMs, are sometimes applied to bone since bone can be thought

of as a fibre composite. Due to the many fibre orientations in bone, its mechanical

response should fall below the upper bound given by the Voigt model, and above the

lower bound given by the Reuss model. This method applied to whole bone estimates

that the stiffness of the tissue is greater in the direction parallel to the long axis of

bone (the direction of osteons)43.

The longitudinal elastic modulus estimated by the Voight model44 is given by:

E = (EcVc) + (EmVm)

The transverse elastic modulus estimated by the Reuss model45 is given by:

1/E = (Vc/Ec) + (Vm/Em)

Where the subscripts c and m refer to collagen and mineral, respectively, and V is

volume fraction.

Issues with these models may arise due to the heterogenous distribution of the indi-

vidual components of bone within the whole structure, the complex directional ori-

entation of collagen fibrils in some bone types, interpenetration of other tissue types,

and the presence of various defects46–49. For example, the Voigt and Reuss models
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only take into consideration volume concentrations of components, disregarding their

specific geometry, and are thus usually limited to only first estimates of mechanical

behaviour48. Due to these limitations, extensions to these models have been devel-

oped. In order to account for the arrangement of mineral platelets within collagen

fibrils, the shear-lag model was introduced Jager and Frayzl in 20007. Due to the com-

plex architecture of bone, numerical approaches, such as finite element methods are

sometimes applied to more precisely account for these effects when modelling bone50.

Recently, Alizadeh et al.51 estimated the anisotropic elastic properties of mineralized

collagen fibril arrays using a 3D finite element analysis and compared these results

to those calculated using the basic ROMs method and shear-lag model, as well as

the Mori-Tanaka scheme and upper/lower bounds by Hashin and Shtrikman. In this

study, the contribution of not only mineral plates was taken into consideration, but

also the contribution of NCPs in an extrafibrillar matrix. It was found that stress dis-

tributions in both mineralized collagen fibril and fibril array models reflected results

obtained from the shear-lag model51.

1.2.3 Macromechanics of bone

Analyses of the mechanical properties of certain bone types offer convenient snapshots

in time and allow for comparisons to be made. These measurements can sometimes

fault however as they may ignore the dynamic nature of bone, i.e. the change in

structure and resultant mechanics of bone over time. The macromechanical properties

of bone also vary depending on the location within the body, the species, age, and

disease status of the individual, as well as stage during the healing process, amongst
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other parameters, including the testing method and direction. For example, mid-

diaphyseal cylindrical cuts taken from human femurs of varying ages showed an elastic

modulus of 15.2 GPa at age 35, which decreased by 2.3% per decade thereafter52.

Modulus values presented by Baker and Haugh53 for bones tested under flexion range

from 0.6 GPa (rat femora) to 39.2 GPa (canine femora). It has also been reported

that differences in bone mass, depending on the location within an individual’s body,

can result in cancellous bone stiffness varying by 100-fold (4-453 MPa)54. Collagen

fibrils within bone align themselves according to specific mechanical demands placed

upon the region of bone within the body. This is reflected in the complex hierarchical

structure of bone and its variability throughout the body. Relative to an applied load,

collagen fibrils aligned in a longitudinal direction resist tension much greater than

fibrils aligned transversely, which preferentially resist compression55. For example,

Riggs et al.56 mechanically compared cranial and caudal cortices of the equine radius,

a bone frequently subjected to bending, in an attempt to determine the influence

collagen fibril orientation has on tissue mechanics. The cranial cortex is often placed

under tension during physiological loading whereas the caudal cortex is loaded under

compression56. The cranial cortex, with its collagen fibrils oriented predominately

in a longitudinal direction, was stiffer and had a higher tensile strength but lower

compressive strength than the caudal cortex, which has a largely oblique to transverse

fibril orientation composition56.
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1.3. Bone formation

1.3 Bone formation

1.3.1 Bone cells

There exist three main cell types in bone tissue; osteoblasts, which build bone, os-

teoclasts, which resorb bone, and osteocytes, which support bone metabolism (Fig.

1.5)2. These cells types in reality however exist as many transient phenotypes as

they progress towards terminal differentiation, sometimes defined as ranging from

pre- to mature in appearance and function57,58. Osteoblasts, which are derived from

mesenchymal stem cells (MSC)s found largely in the bone marrow stroma, make up

roughly 4-6% of total resident bone cells57,58 and possess a characteristic cuboidal

appearance58. Osteoclasts are multinucleated cells derived from mononuclear cells

responsible for bone resorption in response to signals from osteoblasts and osteo-

cytes57. Once osteoblasts become embedded in their secreted osteoid and become

resident within bone, they are termed osteocytes, which comprise roughly 90-95% of

the total resident bone cells57,58. Osteocytes, housed in lacunae within bone, are inter-

connected with one-another through a series of elaborate networks throughout bone

termed canaliculi, where protoplasmic cellular processes end in gap junctions just be-

fore that of the neighbouring cell (Fig. 1.5)59. Communication between osteocytes

and osteoblasts may also occur through similar cytoplastic extensions allowing for in-

tercellular transport57. These cellular connections allow for communication between

osteocytes and are vital to the regulation of bone remodelling and many other bodily

processes, including kidney function and ion homeostasis59. Other cell types exist

more transiently during various stages of bone formation and healing, such as chon-
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Figure 1.5: Left: HE-stained histological light micrograph of alveolar bone showing: B.
bony trabecula, Ob. Osteoblasts, Oc. Osteoclasts, and Ot. Osteocytes. Right: Light
micrograph of osteocytes with associated cytoplasmic processes (arrows) used for intercel-
lular networking through canaliculi. Image obtained using the silver impregnation method.
From ref.57.

drocytes which are involved in endochondral ossification and various progenitor cells,

including MSCs. All of these cell types orchestrate together, through direct contact,

communication via paracrine signalling and gap junctions, the dynamic structure of

bone60.

1.3.2 Intramembranous and endochondral ossification

The formation of bone occurs through two mechanistically distinct processes; in-

tramembranous (mesenchymal) ossification and endochondral (intracartilaginous) bone

formation2. During the development of the early skeletal system, pluripotent mes-

enchymal cells of embryonic origin migrate to the sites which will later become

bones61,62. These mesenchymal cells, now packed in regions of high cellular den-

sity, begin to form into arrangements representing the size and shape of the future
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1.3. Bone formation

Figure 1.6: Schematic showing the four steps involved in intramembranous ossification. A.
Precursor mesenchymal cells cluster together as ossification centers form. B. Osteoblasts
become encased in surrounding osteoid forming osteocytes. C. The periosteum and bony
trabecular matrix form. D. Compact bone forms. From ref.63.

bones61. These highly dense clusters of mesenchymal cells then differentiate into either

the cartilage forming cells, chondrocytes, which will form models of the soon-to-be

bones (endochondral ossification), or osteoblasts, which contribute to intramembra-

nous ossification (Fig. 1.6)61. Intramembranous ossification occurs predominantly

in craniomaxillofacial regions and in fracture repair and proceeds without cartilage

intermediate formation1.

Endochondral ossification occurs in the early development of the limb and trunk bones
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and during fracture repair1. In this process, the cartilage formed, or the early growth

plate, is subsequently replaced with mature mineralized bone (Fig. 1.7)61,62. En-

dochondral ossification begins with the differentiation of chondrocytes found within

the central portion of the cartilage model into a hypertrophic state followed by an

infiltration of osteoclasts, osteoblast progenitor, endothelial, and hematopoietic cells

from the perichondrium61,64. Osteoclasts that are recruited to the site of the hyper-

trophic chondrocytes resorb the cartilaginous matrix and secrete osteoid, which is the

unmineralized component of bone tissue matrix62. The osteoblast progenitor cells

then further differentiate and form both trabecular and cortical bone through the

mineralization of the osteoid, while the hematopoietic and endothelial cells form the

bone marrow, post resorption of the cartridge by the osteoclasts61,62,64. The previous

ossification process is termed the primary ossification center whereas secondary ossifi-

cation centers form on either end of bones undergoing development, which contributes

to the longitudinal epiphyseal growth of fetal bones61,62.

During bone remodelling and repair, these cell types are able to recognize and re-

spond to various mechano-chemical stimulatory cues and alter their morphology and

biochemical profile in response, a phenomenon first described as Wolff’s law65,66. If

bone is left under static, non-loading conditions, differentiation of osteoblasts is de-

creased along with an increased activity of osteoclasts67. Under dynamic loading

conditions, the opposite is true, where bone formation is favoured. Beginning with

the osteocytes, their morphology may differ from a rounded to elongated phenotype

depending on if they reside in trabecular or cortical bone, respectively24,57. This

adaptation can be summarized in a four-step model: Firstly, mechanocoupling allows
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Figure 1.7: Schematic showing the steps involved in endochondral ossification. A,B.
Recruited precursor cells differentiate into chondrocytes, which form a cartilage model of
the future bone. C. Cells infiltrate from the perichondrium and begin to form the early
ossification center. D-F. Ossification continues as chondrocytes continue to grow at bone
ends, contributing towards secondary ossification. From ref.63.
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the forces applied to bone to be converted to signals recognizable to cells, typically

through fluid shear stresses on osteocytes which are housed in interconnected fluid

filled lacunae68,69. Next, mechanotransduction takes place where these forces are con-

verted to biochemical responses. Third, transduction takes place where cells convert

signals. Finally, cells, largely osteoblasts and osteoclasts, respond via various mech-

anisms including differentiation and protein secretion65,67. During the remodelling

process of bone, osteoclasts begin to polarize, forming defined membrane phenotypes

via actin cytoskeletal rearrangement57. These membrane phenotypes in turn deter-

mine the function of the osteoclast. Osteoblasts similarly respond to signals produced

by the osteocytes in addition to cues given by osteoclasts. As osteoblasts mature,

they either undergo apoptosis or begin to alter their cytoplastic organization in an

attempt to begin their transition into resident osteocytes or more flattened bone lining

cells57,58.

1.3.3 Bone fracture types and natural repair

The regeneration of bone tissue is a complex process that requires the coordination of

many cells and signalling molecules (Fig. 1.8). The temporality in which this process

of repair occurs closely mimics that of initial embryonic bone formation, which was

mentioned previously70. Modes of bone fracture healing can be separated into primary

and secondary healing. The former of the two represents only reduced fractures (no

movement between bone ends in fracture) and involves no callus formation while the

latter represents the majority of fractures and involves the classical stages of tissue

injury, which are outlined below71.
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Immediately post injury to bone, the disruption of the local vasculature results in the

formation of a clot, which aims to provide hemostasis72. Associated platelets conse-

quently release various pro-inflammatory molecules that recruit inflammatory cells,

which enter the clot72,73. The major role of the recruited inflammatory cells, such as

the lymphocytes, macrophages, eosinophils, and neutrophils, is to remove cellular de-

bris and promote the formation of blood vessels (angiogenesis), and recruit fibroblasts

to the callus72. Furthermore, a deficit in the inflammatory macrophage population was

found to greatly delay the process of endochondral ossification73. Following inflamma-

tion, blood vessels and MSCs are recruited to the makeshift callus in a fibrovascular

phase which precedes the differentiation of these MSCs into osteoblasts and osteo-

clasts72. The cellular differentiation pathways in which the mesenchymal precursor

cells chart is dependent upon their chosen chondrogenic and osteogenic pathways74.

During this initial course of cellular differentiation, and serving as prerequisite to ad-

ditional tissue regeneration, angiogenesis takes place71. These newly formed effector

cells, which were recruited from the local fracture site or more distantly from systemic

circulation, lead to the formation of new bone through endochondral and intramem-

braneous ossification70. This immature woven bone is then remodelled via the recruit-

ment of osteoclasts and mature intramembraneous bone formation72. These cellular

processes in which mature bone formation results are controlled through the regulated

use of various bio-molecular signals, such as transforming growth factor-β (TGF-β),

bone morphogenetic proteins (BMP)s, and insulin-like growth factors (IGF)s74. The

overabundance of cells present at the site of fracture is progressively decreased through

a process of programmed cell death, or apoptosis74. In order to restore prior structure

and function, the regeneration of bone must be completed through the application of
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Figure 1.8: Schematic outlining the classical stages of bone healing post injury. From
ref.75 Reprinted with permission from Springer Nature.

mechanical loads to the bone tissue, which can be a lengthy process72.

1.4 Biomineralization of collagen in vivo

As evidenced through transmission electron microscopy (TEM) investigations, the

mineral phase of bone initially deposits within the gap regions of collagen fibrils7,76.

Gap regions are thought to contain clusters of both positively and negatively charged

amino acids, as well as side chains that provide favourable crystal nucleation environ-
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ments13. Due to the confined nature of the gap regions, constrained growth of the

mineral phase towards the naturally observed crystallographic orientation may also

provide as an important mechanism towards collagen biomineralization77–79. In vivo

studies supporting mineral formation beginning in the gap regions of collagen fibrils

can be found in models analyzing biomineralization in the turkey leg tendon, which

mineralizes in response to increased levels of applied stress12. Eventually, the mineral

crystals outgrow these gap regions in collagen and begin to occupy regions between

tropocollagen molecules and along the fibrils (extrafibrillar mineralization)7,80.

1.4.1 Role of non-collagenous proteins, small molecules, and

ions

Collagen is often combined with inorganic mineral to enhance its mechanics and bio-

functionality when used towards bone repair. In situ, collagen is complexed with

various NCPs to enhance its ability to become mineralized. Polyanionic domains

within NCPs are thought to aid in this process81,82. Examples of NCPs include bone

sialoproteins (BSP), osteopontin (OPN), and octeocalcin (OCN). BSPs are heavily

glycosylated and sulfated flexible phosphoproteins and are members of the small in-

tegrin binding ligand N-linked glycoprotein (SIBLING) family of proteins, which also

includes OPN62,82,83. BSPs contain a cell binding RGD motif, an N-terminal col-

lagen binding region, as well as mineral interacting polyglutamic acid repeats83. It

was recently found by Foster et al.83 that loss of BSP affects severely the process of

mineralization in bone of the alveolus and mandible, supporting the idea of its non-

redundant role in bone biomineralization. OCN, in addition to matrix gla protein,
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contains γ-carboxyglutamic acid, which is thought to aid in its ability to sequester and

bind calcium in solution and on HA crystals80,84. OCN has been found to associate

largely with mineralizing nodules in osteoid and is commonly used as a late-stage

marker for osteoblast differentiation in vitro 84.

In addition to these NCPs, various small molecules and ions have also been suggested

to contribute towards the enhancement of collagen mineralization in situ. Citrate

for example is thought to aid in the stabilization of amorphous mineral precursors

while also controlling the size and shape of nanocrystals85. This was highlighted re-

cently by Gomez-Morales et al.86 where type I collagen fibrils were mineralized with

and without the addition of citrate. Citrate was found here to slow the transforma-

tion of amorphous calcium phosphate (ACP) to mature apatite, enhancing collagen-

associated ACP stability86. Magnesium has been found to inhibit apatite crystalliza-

tion through competition with calcium ions for structural sites, along with its role in

osteoblast stimulation87. F−, Sr2+, and Zn2+ have also been shown to have roles in

the mineralization process11,88,89.

The exact mechanism as to how early mineral phases enter the gap region in collagen

fibrils and subsequently expands is not yet completely understood. Gower et al.90,

proposed the idea that acidic polyelectrolytes in solution stabilize an amorphous pre-

cursor phase with a fluidic character that subsequently enters the collagen gap regions

via capillary action. It is thought that NCPs fill this role during bone biomineraliza-

tion in vivo. An in vitro method, termed the polymer induced liquid precursor (PILP)

process, has been investigated broadly since and has been performed on both loosely

and densely packed collagen substrates12. Negatively charged polymer-mineral com-
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plexes have also been shown to interact with positive regions in the C-terminus end of

the gap region in collagen fibrils, which allows the ACP phase to enter13. The acidic

polymer used by Gower et al. to mimic the glycoproteins found naturally, specifically

regions rich in acidic amino acids, was that of polyaspartic acid (pAsp)23. Chosen

due to its availability over recombinant versions of NCPs, pAsp, although simplistic

in nature, serves the role of mimicking the functional domains of the NCPs.

It was found that the gap regions of collagen fibrils exclude molecules larger than

40 kDa, while allowing the diffusion of molecules smaller than 6 kDa, which led to

the theory of ‘mineralization by inhibitor exclusion’12,91,92. NCPs, which are thought

to prevent mineralization and stabilize ACP in solution, are therefore too large to

enter these gap regions. The smaller ACP can then enter these gap regions where no

inhibitor of mineralization is present and subsequently crystallize into larger mineral

structures (Fig. 1.9). This proposed method may allow for the presence of initial

nanoparticles as opposed to the required nanodroplet phase proposed in the PILP

process77.

1.4.2 Role of extracellular matrix vesicles

Traditionally, it was thought that biomineralization in animals occurred through the

precipitation of mineral from a supersaturated solution, a method frequently employed

in vitro 80,94. Recent evidence has challenged this belief and has pointed towards the

occurrence of more complex mechanisms and cellular/molecular interactions along

with the presence of transient precursor mineral phases1,95. Matrix vesicles (MV)s

play an important role in the mineralization of collagen9,81,96. MVs are small lipid
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A B C

Figure 1.9: Schematic illustrating the proposed mechanism for the intrafibrillar mineraliza-
tion of collagen fibrils resulting from the PILP process. A. Amorphous mineral precursors
(arrow) are formed in solution and are attracted to the collagen fibril gap regions. B.
The amorphous mineral phase enters the gap regions. C. The amorphous mineral phase
crystalizes forming a more mature mineralized collagen fibril. From ref.93. Reprinted with
permission from Elsevier.

bound spherical bodies roughly 40-200 nm in diameter thought to be derived from

the plasma membrane of hypertrophic chondrocytes and osteoblasts and were initially

discovered when observing the early stages of matrix mineralization in bone9,97. As

an inhibitor of pyrophosphate (PPi), which is the inhibitor to mineral precipitation in

serum, alkaline phosphatase (ALP) is important in the process of biomineralization

in bone where it cleaves PPi into Pi (inorganic phosphate, which is subsequently used

in bone mineral formation). Along with various other molecules, including calcium
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channel forming annexins and calcium binding entities, ALP has been found in the

membranes of MVs and has been determined to be important in collagen mineral-

ization97. Other molecules present on MVs are thought to inhibit mineral formation

externally, such as through increases in PPi concentrations, which allow preferen-

tial mineral formation intravesicularly97,98. It has been shown that these MVs can

bind to the native structure of type I collagen, possibly through RGD cell binding

domains98.

1.5 Collagen mineralization in vitro

Traditionally, to achieve collagen mineralization in vitro, collagen is immersed in a

simulated body fluid (SBF)80,96. Other methods include direct blending (mixing col-

lagen and mineral nanoparticles together99) and co-precipitation (mineral association

during collagen fibrillogenesis)80,96,100. In the co-precipitation method, solutions of

both collagen molecules and Ca2+ and PO3−
4 are combined in suspension followed

by raises in the pH in order to promote HA nucleation onto the assembling collagen

fibrils96. Mineralized collagen from co-precipitation techniques may additionally be

freeze dried to produce scaffolds of varying structures101,102.

Modifications to these methods often include various ionic or molecular additives to

either the substrate or the mineral phase to better mimic natural bone mineral, or

to mimic extracellular molecules thought to modify and aid in the organization of

crystal size and shape. For example, during SBF immersion techniques, enrichment

with various metal ions including, Ca2+, Ni2+, Zn2+, Fe3+, Mn2+, and Cu2+, is done

in an attempt to incorporate these ions within the mineral structure80.
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1.5.1 Mechanisms of sequestering and templating agents on

biomineralization

As was mentioned, during the biomineralization of bone in vivo, nanoscopic mineral

deposits accumulate within the gap regions of individual collagen fibrils, in addition to

further accumulation between fibrils, termed both intrafibrillar and extrafibrillar min-

eralization, respectively. Regulation of this process is thought to be achieved through

first, sequestering of ions from solution to form the initial ACP phase, and second,

templating of this early mineral phase onto collagen, encouraging its nucleation and

crystallographic transformation80,92. Polyanionic domains containing polycarboxylic

acid and phosphate functional groups are the active regions of NCPs that are thought

to aid in this sequestration mechanism and collagen binding92. It has been proposed

by Liu et al.92 that biomimetic collagen mineralization requires the reproduction of

noncollagenous matrix molecules found in bone that act as both sequestration and

templating agents92. This led the researchers to include a collagen phosphoryla-

tion step prior to mineralization using the polyphosphate sodium trimetaphosphate

(STMP) as a templating agent. The authors found that only when both methods

were employed, polyphosphate treatment along with polyacrylic acid (PAA) addition

to SBF as a sequestering agent, were mineralized collagen fibrils with intrafibrillar

mineral deposition able to be produced possessing levels of structural hierarchy found

in nature92.

Mechanistically, in vitro sequestering agents, such as pAsp or the previously men-

tioned PAA, are thought to contribute to collagen biomineralization similar to the

mechanisms occurring during NCP mediated collagen mineralization in vivo. Briefly,
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NCPs (and their sequestering agent mimics) possess a high density of negatively

charged regions, largely acidic carboxylated and phosphorylated domains103. These

functional regions are thought to alter crystallization pathways, including the struc-

ture and stability of a mineral precursor phase(s), in addition to aggregation kinet-

ics103. As initially suggested by Gower et al.90, this stabilized amorphous liquid-like

mineral precursor phase is able to enter the small gap regions within collagen fibrils

where it can then crystallize.

Post-translational modifications to collagen, prior to extracellular secretion, include

the formation hydroxylysine and its glycosylation104. Following secretion, individual

collagen molecules self-assemble into collagen fibrils in an entropy driven process, fol-

lowed by covalent crosslinking via lysyl oxidase action105. In addition to the previously

mentioned post-translational modifications, phosphorylation of collagen, specifically

Ser residues in type I collagen, is increasingly being investigated in regards to bone

mineralization106. Phosphorylation of various NCPs found in the mineralized matrix

of bone is important in order to promote their ability to facilitate bone mineraliza-

tion106. For example, the ability to nucleate HA by BSP has been enhanced through

phosphorylation of Ser107. It then follows that post-translational phosphorylation of

type-I collagen may be vital in regard to its ability to become mineralized in bone106.

In vitro, phosphorylation of collagen has been shown to be achieved through the use of

STMP, specifically via phosphoesterification of hydroxyl amino acids, which may indi-

cate a role for STMP in the preparation of collagen that is to become mineralized108.

Importantly, it has been found that following the hydrolysis of the six-membered ring

configuration of STMP to sodium tripolyphosphate (STP) in alkaline conditions, the
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covalent binding of STP to free hydroxyl groups in collagen can only occur if the

hydroxyl groups are kept highly reactive under alkaline conditions with a pH greater

than 9109.

1.5.2 Effects of pAsp molecular weight on biomineralization

The contribution of pAsp to the promotion of collagen intrafibrillar biomineralization

is highly dependent upon the molecular weight (MW) of the polymer. For example,

Jee et al.110 found that in the mineralization of bovine tendon, which was suggested

to contain calcification inhibitors, bone-like mineral was only formed when a MW

of 32,200 Da was used, in comparison to MWs of 5,500 Da and 10,300 Da110. The

lower MW pAsp polymers resulted in lack of XRD peaks for both HA and amorphous

calcium phosphate, lack of intrafibrillar mineral crystals, and resulted in an overall

lack of mineral content overall compared to tendon mineralized with pAsp at a MW

of 32,200 Da110. Additionally, in a study by Thula et al.111, the PILP mineraliza-

tion process was applied to a dense collagen substrate, that of demineralized manatee

bone. The influence of pAsp MW was investigated to the degree of collagen reminer-

alization using MWs of either 10,500 Da or 27,000 Da111. It was found that the higher

MW pAsp resulted in a greater degree of remineralization, 43 wt.% compared to 30

wt.%111.

The findings that relatively higher MW polyanionic molecules support the miner-

alization of collagen, including intrafibrillar mineral penetration, greater than their

lower MW counterparts may relate to their greater similarity to the MW of the NCPs

found within bone that they are suggested to mimic. For example, Goldberg et
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al.112 investigated the binding ability of the flexible and disordered phosphorylated

acidic glycoproteins BSP and OPN to HA. In this investigation, the MW of BSP and

OPN obtained through porcine calvaria extraction were reported to be 32,800 Da and

31,900 Da, respectively112. These MWs are similar to the MWs of the PILP process

directing agent, pAsp, that were found to result in the highest degree of collagen min-

eralization, in particular intrafibrillar mineralization110,111. Perhaps mimicking the

polyanionic domains of the NCPs found within bone is not the sole factor of impor-

tance when attempting to mimic their intrafibrillar collagen mineralization ability.

The close resemblance of the MW of pAsp to the MW of similarly active NCPs in

bone may also be of great importance towards biomimetic mineralization of collagen

in vitro.

1.5.3 Alternative PILP process directing polymers

In addition to pAsp, various other polymers have been suggested and used as PILP

process directing agents, such as poly-L-glutamic acid (PLGU), polyvinylphosphonic

acid (PVPA), and as previously mentioned, PAA113,114. Thula et al.115 investigated

the use of these three anionic polymers, PGLU, PVPA, and PAA, in comparison to

pAsp towards the mineralization of collagen scaffolds via the PILP process. It was

found that although PGLU alone did not result in mineralization, its combination with

pAsp could yield highly mineralized collagen scaffolds (65% w/w)115. Additionally,

it was found that PVPA and PAA, despite yielding success in achieving intrafibrillar

collagen mineralization in a demineralized human dentine model by Tay / Pashley116,

resulted in very little collagen mineralization115. Qi et al.113 similarly investigated the
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use of PAA in the preparation of mineralized collagen scaffolds. The authors suggest

that the carboxylate groups present in PAA allow it to serve as a polyelectrolyte

NCP analog, acting to stabilize fluidic ACP nanoprecursors113. It was found that at

a relatively high concentration (50 mg/L) in combination with a relatively low MW

(2 kDa), PAA did not produce mineralized collagen113. Conversely, when the MW of

PAA increased greatly to 450 kDa and the concentration was decreased to 10 mg/L,

complete mineralization of collagen occurred in a relatively unstable mineralization

solution113. The authors suggested that there exists a ‘sweet spot’ in regards to

PAA MW and concentration that allows for exclusive intrafibrillar mineralization of

collagen fibrils113.

1.6 Cellular interactions with materials

It is not surprising, given the sensitivity of bone cells, that many implant parameters,

including surface roughness and rigidity, determine the ability for cells to be recruited

to the defect site and further differentiate into cells capable of remodelling the bone

defect. Cells that adhere to an implant generate cytoskeletal forces in accordance to

the underlying substrate material stiffness117. These forces contribute to the overall

cell shape, which in turn, dictates the biochemical profile of the cell117–119. Cell mor-

phology has been linked to the growth pattern a cell adapts throughout its life cycle

in addition to its differentiation and associated gene expression120. In general, cells

respond with an elongated shape over a rounder phenotype when encountering stiffer

surfaces117. MSCs observed to adopt a rounded morphology were found to specify to

an adipogenic lineage, whereas MSCs flattened and more well-spread underwent os-
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teogenic differentiation121–123. The stiffness of a substrate has even been suggested to

provide more of a selective cue towards stem cell differentiation than soluble induction

factors124.

Scaffolds hold the potential to provide an environment that facilitates the bodies

innate capacity to repair bone tissue, such as through the recruitment and differen-

tiation of surrounding stem cells. This innate ability to repair itself points towards

the importance of implantable devices to exploit this process, through careful con-

sideration of substrate mechanics, and refrain from unnecessary complexity that may

equate to expensive or prohibitive redundancy.

1.7 Bone repair materials

After injury, such as that due to trauma or disease, bone may undergo a substantial

loss of structural integrity and mechanical and biological function. Roughly 20 million

orthopaedic surgeries occur each year worldwide, of which 70% require the use of

bone biomaterials for filling and repairing defects1 Table 1.2. Bone harvested from

a patient at a healthy site distant from their injury, such as from the ilium, tibia,

fibula, or mandible, may be used in repair125. These autologous bone grafts are

currently the gold standard in grafting material and are optimal in terms of avoiding

graft rejection1. Due to complications and the limited supply of autologous grafting

tissue, it may be used in combination with metallic devices or various biomaterials or

replaced with tissue from another human or species.

Traditionally, defects to bones substantial or complex enough to require surgical inter-
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vention were first reduced to bridge displaced bone segments followed by rigid fixation

in attempt to regain some mechanical stability as well as to allow the bone segments

to fuse. This method is termed open reduction internal fixation (ORIF) and is typi-

cally done through the use of metallic devices, with use of such devices dating back to

the late 19th century126. These early metallic devices were, however, prone to corro-

sion, which prompted researchers to develop devices made of non-corrosive, bio-inert

metals, such as stainless steel and titanium. As time went on it was observed that

the bone underneath these passive metallic implants had experienced a deterioration

in quality. This atrophy was later deemed to be a product of stress shielding caused

by the metallic devices. It is a requirement for the structural integrity of bone tissue

to be loaded in a delicate structure-function relationship, some bone regions more so

than others66,127. Bone holds the ability to increase in size in order to accommodate

and adapt to excessive or increasing loads, or conversely, become resorbed when me-

chanical function is reduced, such as during immobilization127. Metallic implants may

provide for early mobility, however, at the expense of accompanied future complica-

tions and possible need for eventual device retrieval due to bone atrophy.

An ideal engineered scaffold for use as a bone tissue repair device should possess many

characteristics. The scaffold should be osteoconductive in its surrounding tissue en-

vironment, that is, it should act as a substrate to promote new bone growth and

prevent encapsulation. The scaffold should be osteoinductive, meaning that it should

stimulate the development of pre-osteoblastic cells into bone forming osteoblasts. The

scaffold should possess the ability to degrade in the implanted physiological setting

not only into non-harmful by-products, but also at a rate that exposes the healing
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bone to gradual loading. The scaffold should possess mechanical properties that allow

it to adequately support the bone defect site under external mechanical loading but

no so much as to prevent all micromotion and cause stress shielding. Aside from being

functionally and biochemically ideal, the scaffold should be prepared in such a way

that allows for an ease of fabrication, including the production of complex geometric

shapes that can be tailored to individual patients128. Finally, the ideal scaffold should

allow for reliable commercialisation and potential for clinical integration through var-

ious reimbursement measures and regulatory adherence.
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Table 1.1: Comparison between materials currently used or targeted for use towards bone repair and regeneration.
Arrows signify the relative degree to which the corresponding material is either favourable in a particular category
(↑), unfavourable/lacking (↓), or is relatively neutral (↑↓). The number of arrows corresponds to the degree in which
the material is either favourable/lacking, with three arrows signifying the most extreme cases. Information used for
this relative comparison was obtained from references cited in each corresponding subsection.

Material Safety Biocompatibility Biofunctionality Biodegradable Availability Osteoconductive Osteoinductive Osteogenic Mechanics

Autograft ↑↑↑ ↑↑↑ ↑↑↑ ↑↑↑ ↓↓↓ ↑↑↑ ↑↑↑ ↑↑↑ ↑↓
Allograft ↑ ↑↑ ↑ ↑↑↑ ↑ ↑↑↑ ↑ ↑↓ ↑↓
Xenograft ↑ ↑↑ ↑ ↑↑↑ ↑↑ ↑↑↑ ↑ ↓ ↑↓
Metallic

Implants
↑ ↑↓ ↓↓↓ ↓↓ ↑↑ ↑↓ ↓↓↓ ↓↓↓ ↑↑↑

Synthetic

Polymers
↑↑ ↑ ↓ ↑ ↑↑↑ ↑↑ ↑↓ ↓ ↑↓

Natural

Polymers
↑↑ ↑↑ ↑↓ ↑↑ ↑↑↑ ↑↑ ↑↓ ↓ ↑↓

Bioactive

Glasses
↑↑ ↑ ↑ ↑ ↑↑↑ ↑↑ ↑ ↓ ↑

Ceramics ↑↑ ↑ ↑ ↑ ↑↑↑ ↑↑ ↑ ↓ ↑
Biologic

Devices
↑ ↑↑ ↑↑ ↑ ↑ ↑↑↑ ↑↑ ↑↑↑ ↑↓

Mineralized

Collagen
↑↑ ↑↑ ↑ ↑↑ ↑↑↑ ↑↑↑ ↑ ↓ ↑↓
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1.8 Current bone repair materials and devices

The structure of bone varies depending upon the location within the body. For these

different bone structures and types, different bone-repair materials are needed. Aside

from mineralized collagen-based devices, which will be outlined below, there are many

different medical devices and grafts aimed at the surgical repair of damaged bone.

Such devices and grafts include auto-, allo-, and xenografts, metallic devices, synthetic

polymeric implants, bioactive glass and ceramic implants, various composite devices,

and biologic-based implants125 Table 1.1.

1.8.1 Autografts, Allografts, and Xenografts

As mentioned, autografts are often considered the ‘gold standard’ implants for the

replacement and repair of bone defects due to their inherent osteoconductive, os-

teoinductive, and osteogenic properties88. These bone grafts make use of tissue found

elsewhere in the patient’s own body, and as such, are completely biocompatible and

eliminate the risk for transmissible infections or graft rejection. Types of autologous

graft material includes cancellous bone, cortical bone, bone marrow aspirates, and

other blood-based products88. Cancellous bone may be used to fill various bone de-

fects, is highly osteogenic, and is rapidly incorporated into a recipient site, however it

does come with poor mechanical properties129,130. Cortical grafts on the other hand

provide increased mechanics, which is why they are more often used in regions ex-

posed to great forces, however they contain few cells and revascularization of these

grafts is difficult given their dense structure129,130. Bone marrow aspirates or other

blood products may contain an abundant supply of osteogenic factors and stem cells,
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however their localization can be difficult, which is why they are often used with

carriers, such as demineralized bone matrix129. Downsides to autograft use are the

limited availability of donor bone, potential for donor site pain, and complications

including hematoma formation, infection, or fracture, as well as increased time under

anesthesia88,125. In order to avoid some of these limitations, allograft or xenograft

bone may be used.

Allograft bone is tissue that is harvested from another individual and stored until

future use. Allograft bone is processed through defatting and bone marrow removal,

and sterilized, which may reduce the levels of various osteoinductive factors as well

as potentially compromising some of the mechanical integrity of the implant125,131.

Allografts may be stored as frozen or freeze-dried at room temperature, with the

latter reducing the mechanical stability of the graft131. Due to allograft tissue being

from another individual, there also exists the possibility for disease transmission,

however this risk is quite low due to screening and processing techniques132. Types

of allogenic grafts include both cancellous and cortical bone as well as demineralized

bone matrix (DBM) among other tissues, which are included in the section below on

biologic devices88.

Xenografts are tissue grafts that originate from a species other than human; often

of porcine or bovine origin. These grafts allow for much greater tissue availability

at a reduced cost, however concerns have been raised in regards to possible disease

transmission and immune responses in the recipient patient88. Often xenograft tissue

is used as part of a composite repair device, such as the use of bovine collagen in

various mineralized collagen devices described below.
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1.8.2 Bone healing in response to allograft implantation

Allografts, and related xenografts, present as viable alternatives to autologous grafts,

largely due to the limited supply and related surgical complications associated with

autografts and their harvesting. Allograft tissue can be obtained from living donors,

such as done during hip replacement, or from post-mortem donors133. Processing

of this grafting tissue is done to reduce implant immunogenicity as well as to form

the graft into desirable dimensions. This processing is often done through the use

of detergents, ethanol, and other chemical methods, followed by sterilization, such as

through irradiation133. Healing in response to allografts differs from when autologous

grafts are used in many ways, including the observation that autograft treated defects

heal through both endochondral and intramembranous ossification, whereas allograft

treated bones heal largely through only the former mode134. The healing response to

an implanted allograft also relies partially upon the proper preparation of the host

site by the surgeon133. For example, the interface between host and graft should be

mechanically stable and the exposed tissue bed should be modified to provide bleeding

bone133.

As mentioned, allografts may be obtained and processed into many forms, including

both cortical and cancellous bone, and DBM. Cortical allografts allow for rigid fixa-

tion to take place thus restoring load-bearing ability to the donor tissue site relatively

quickly, such as during spinal augmentation procedures88,135. Cortical strut allo-

grafts, which are diaphyseal segments of donor bone, are sometimes used as biological

plates to reinforce periprosthetic fractures136,137. Following implantation of cortical

allografts, appositional bone growth begins into the graft beginning with inflamma-
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tion and progenitor cell recruitment, followed by osteoid production by osteoblasts

onto the graft surface and subsequent osteoclastic resorption in a remodelling pro-

cess termed “creeping substitution”88,134,135. The union rates associated with cortical

strut allografts have been reported to range from 89% to 99% when used in treating

periprosthetic femoral fractures and as high as 100% in the treatment of distal femoral

non-unions when combined with internal fixation and autologous grafts138.

Cancellous allografts may become remodelled via a similar process to cortical allo-

grafts88. Cancellous allograft resorption however is likely to occur much more quickly

than their cortical counterparts, yet fibrous encapsulation and lack of resorption may

still occur88. DBM on the other hand is limited to bone filling applications; often

used as an adjunct to other implants88,135 DBM has been shown to be osteoinductive,

however this property is highly dependent upon the preparation technique135.

Incorporation of bone allografts depends highly upon the structural form of the graft

tissue and the location of the donor site. For example, allograft chips have been

shown histologically to incorporate completely, resulting in new bone growth, whereas

fully intact (structural) allografts have been found to result in limited remodelling,

with lack of complete incorporation observed many years after implantation139. This

limited remodelling capacity for structural allografts is due in part to the lack of

access remodelling cells have beyond a limited depth on the surface of the graft139.

It has been identified through observations of retrieved allografts in humans, that

union is largely achieved through external callus formation bridging the implant-host

interface134. Although creeping substitution/replacement of the allograft proceeds

towards the interior of the graft, complete remodelling is often not achieved, leaving
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avascular tissue within the graft134. It has been reported by Judas et al.136 that

although some degree of creeping substitution occurs at the interface between the

host bone and allograft surface, the bulk of the cortical allograft remains dead, yet

structurally intact. Due to this lack of vascularization and host cell repopulation,

damage to this bone goes unresolved and microcracks eventually begin to accumulate

as a result of cyclic loading. This accumulation of microdamage may eventually lead

to complete mechanical failure at the graft site134.

The mode of failure associated with allograft use depends upon the type of allograft

used, implant location, surgical technique, along with many other physiological fac-

tors. In a review by Lash et al.140, the rates of complications and delayed union were

investigated for the use of various void fillers for opening-wedge osteotomies of the

knee. Delayed union/non-union rates were found to be significantly higher for allo-

grafts compared to autografts (4.6% vs. 2.6%)140. Allografts in turn had higher rates

of union than the synthetic bone graft substitutes investigated, with the latter having

varying rates depending upon the material used140. In regard to the specific mode

of implant failure, as was mentioned, due to the difficulty of remodelling allograft

tissue completely post implantation and also the use of sterilizing techniques, such

as gamma radiation, fatigue microcrack growth may occur, leading to eventual graft

failure141.

Additional complications associated with allograft use include the risk for an undesir-

able immunogenic response which may lead to device failure88. This immune response

would reduce any osteoinductive properties inherent to the implant as infiltrating im-

mune cells would result in implanted tissue necrosis and encapsulation88. Disease
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transmission is also a possibility associated with allograft use. Diseases that are diffi-

cult to identify and track include viruses, such as hepatitis C virus and HIV, as well as

possible prion exposure133. Advances in tissue bank screening and processing proto-

cols have led to a reduction in disease transmission to recipients from donor allograft

tissue88,133.

1.8.3 Metallic implants

Metals are amongst the oldest bone repair device materials used and offer great me-

chanical stability to bone defect sites and often allow a restoration of mobility quicker

than most non-metallic implants. The devices may be used for many different applica-

tions, including hip, knee, shoulder, or other joint replacement, spinal fixation, as well

as for the fixation of many bone fractures. Most commonly these implants are com-

posed of either stainless steel (typically 316L), titanium (Ti) and its alloys (typically

Ti-6Al-4V), or cobalt-chromium alloys142–145. Although metallic implants offer me-

chanical advantages, they are prone to stress shielding66,146,147, implant migration148,

and toxic ion leaching leading to metallosis149,150, which may require revision surgery

for device retrieval. Ion toxicity has been well reported and includes characterized

toxicity of V, Co, and Ni ions145.

Metallic implants lack the enhanced bioactivity many of the polymeric, ceramic, or

biologic implants possess. In response to this lack of bioactivity, various metallic

implants under development or recently placed on the market have been functional-

ized with coatings, including those of ceramic and bioactive glass origin142,143. Ad-

ditionally, recently entering the marketplace are metallic implants based on alter-
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native metals, such as magnesium, iron, and zinc, which may allow for biodegrada-

tion142,144,145,151. These metals may offer enhanced bioactivity as well as providing an

implant that better matches the mechanics of the underlying bone, such as a pure Mg

implant which has a Young’s modulus of 45 GPa vs. 15-30 GPa for cortical bone and

upwards of 200 GPa for stainless steel and cobalt-chromium implants143. In response

to the high elastic modulus of Ti-based implants, Takizawa et al.152 are developing

bone repair plates composed of Ti fibers. These plates have a Young’s modulus closer

to that of cortical bone than traditional Ti plates152. Issues surrounding fast degrada-

tion rates plague Mg-alloy implants however, leading to investigations towards surface

coating, such as with HA143,145. Other biodegradable metals proposed include pure

iron as well as iron and zinc alloys145. These metals are often alloyed with other

metals to better control degradation rates. In addition to the example of Mg-alloys

above, Fe is often alloyed to shorten its degradation rate, such as in Fe-35Mn and

Fe-Mn-Pd alloys153,154.

1.8.4 Bioactive glasses and ceramics

Many devices currently on the market have aimed to replicate the mineral phase

within bone. These materials include HA, calcium aluminate, tricalcium phosphate,

dicalcium phosphate dehydrate, calcium carbonate, octacalcium phosphate, calcium

sulfate, and biphasic calcium phosphate, and ceramic or bioactive glass-based cements,

among other products88,125,155,156. Ceramic constructs can also be tailored to conform

to various specific shapes, such as spheres, rods, sheets, or other 3D conformations155.

Ceramics serve as a source of Ca and P ions to the local environment surrounding
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osteogenic cells during bone tissue repair and regeneration. In addition to providing

materials necessary for natural apatite deposition, it was found that nano-CaP re-

sulted in an upregulation of various osteogenic factors, such as BMP-2, Runx2, and

OP, indicating osteoblastic differentiation155. In addition to the CaP based ceram-

ics, researchers have begun experimenting with ion doping, such as Mg incorporation

within apatite, which has been found to enhance osteogenesis due to reduced crys-

tallinity of the ceramic, better mimicking the ceramic phase of natural bone157. These

materials are commercially available in granular form, blocks, or even as injectable

systems125. Strength of ceramic only implants is one of the major limiting factors of

these products.

Originating with the work of Hench et al.158 in 1969, various silicate-based glass com-

positions have been found to possess heightened levels of biocompatibility as well as

the ability to bond with native bone tissue. Bioactive glasses, that is glasses with the

ability to form bonds between tissue and material surface, as Class A bioactive mate-

rials, hold both osteoconductive and osteoinductive properties159,160. 45S5 Bioglass,

the first described bioactive glass discovered161, is a biodegradable glass possessing a

Na2O-CaO-SiO2-P2O5 system. Bioglass implants have since expanded into many dif-

ferent formulations and include the addition of elements such as fluorine, magnesium,

strontium, iron, silver, boron, potassium, and/or zinc into the silicate network160.

An example of a device using 45S5 bioglass is the Ossimend R© scaffold by Collagen

Matrix, Inc., which is composed of bovine collagen and bone mineral and is indicted

for use in bony voids and/or gaps not intrinsic to stability (Table 1.2).

Although these single-phase ceramic systems may prove biocompatible or even osteo-
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conductive in vitro, there is benefit towards their incorporation with various biopoly-

mers. These composite preparations have been investigated widely in recent literature

and are generally found to possess heightened levels of osteogenic potential and me-

chanical stability as they are more biomimetic in nature and reinforce the brittle

nature of ceramics alone155.

1.8.5 Biologic devices

Biological devices are those that may be derived from donor tissue, such as DBM,

those that contain added biologics, such as growth factors, and blood products, such

a bone marrow aspirate88,125. These materials have been introduced largely to address

the lack of osteoinduction and osteogeneity of synthetic biomaterials. In regard to

the addition of biologics to existing devices, relatively few factors have seen clinical

testing and trials to date. These include various BMPs, fibroblast growth factors

(FGF)s, vascular endothelial growth factors (VEGF), parathyroid hormone (PTH),

and blood products, such as bone marrow and platelet rich plasma75,88. These prod-

ucts offer inherent osteoinductive capabilities, yet come at an increased cost as well

as manufacturing/storage difficulties, and sometimes unpredictable responses within

the body post implantation. Current products on the market include various allo-

grafts as well as DBM products such as InterGro R© (Zimmer Biomet Spine Inc., CO,

USA) and InduxTM (Zimmer Biomet Spine Inc., CO, USA) and products containing

growth factors such as the INFUSE R© bone graft (Medtronic, TN, USA) which de-

livers BMP-2 via a resorbable collagen sponge vehicle. Examples of biologic devices

currently under development include a BMP-2-HA-collagen based scaffold by Cai et
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al.162 and a 3D-printed HA scaffold coated with BMP-2-PCL nanoparticles by Kim

et al.163.

1.8.6 Synthetic polymeric materials

Polymer-based implants offer a wide range of mechanical, compositional, and struc-

tural properties and may be further subdivided into naturally derived or synthetic

polymers. Synthetic polymers may include the surface erodible polymers (polyphosp-

hazene, Poly(anhydrides), Poly(propylene fumarate), and Poly(ortho-esters)) and sat-

urated aliphatic polyesters (poly(lactic acid) (PLA), poly(glycolic acid) (PGA),poly(ε-

caprolactone) (PCL), and poly(p-dioxanone)164. Saturated poly-α-hydroxy esters,

such as PLA, PGA, and their co-polymer, poly(lactic-co-glycolic) acid (PLGA), con-

stitute the most frequently used synthetic biodegradable polymers164. Degradation

of these products at an undesired rate may however lead to premature device failure

along with the formation of an acidic environment caused by monomeric accumulation

leading to inflammation and a delay in bone tissue regeneration and repair164. Surface

eroding polymers are hydrophobic and undergo a heterogeneous hydrolysis course de-

grading from their exterior surface before internal degradation165. As these polymers

are not degraded in bulk they offer the unique properties of retaining their struc-

tural integrity over a longer period of time along with diminished acidic environment

production and enhanced bone ingrowth165.
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1.8.7 Natural polymeric materials

Naturally sourced biomaterials may include various polysaccharides (cellulose, chi-

tosan, alginate)166–169 and proteins (collagen, silk fibroin, soy)170–175. Chitosan is

a deacetylated derivative of the high molecular weight biopolymer found in marine

crustacean shells, mushrooms, jellyfish, coral, and cell walls of fungi, chitin168,176. Chi-

tosan may interact with various negatively charged molecules, such as proteoglycans

found naturally within bone. Complexing of chitosan with growth factor linked gly-

cosaminoglycans may enhance its use in bone tissue engineering176. Recently, Zhao et

al.177 developed a porous chitosan/nano-hydroxyapatite scaffold aimed at bone repair.

The compressive strength of the scaffold was found to be similar to trabecular bone

and the material demonstrated good biocompatibility when cultured with MC3T3-E1

cells177. Alginate polymeric materials may provide beneficial in terms of bone tis-

sue engineering due to their ability to delivery necessary cells and/or osteoinductive

factors along with their ability to form complexes with cell adhesion peptides178–180.

Alginate gels may also offer benefit as they possess easily customizable geometries,

allowing their incorporation into irregularly shaped defects181.

Of the natural polymers, collagen predominates as the most widely used in commer-

cially available products, as it is the main organic component of bone. Collagen,

along with many other biopolymers, is often combined with a mineral or bioactive

glass phase to increase mechanical properties as well as osteoconduction. Collagen

also degrades into by-products found naturally within the body and has even been

found to exhibit osteoinductive characteristics182. Examples of these collagen-based

composite devices can be found in Table 1.2 and are described below. Another protein
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under investigation for use as a bone repair material is silk183,184. Silk, which can be

processed into films, fibers, hydrogels, and sponges, and has heightened mechanicals

stiffness and toughness over many other natural biomaterials183.

1.8.8 Mineralized collagen devices

Multiple materials may be complexed together to create more advanced biomimetic

devices. These devices typically employ the use of a mineral phase, predominantly

HA, and biopolymers1,185. Synthetic polymeric composites with mineral offer a wide

range of customizable properties, however if bioinert, they may fail to degrade properly

within the body and may promote an unfavourable response due to their foreign

composition. Due to reduced toxicity and increased similarly to native tissue, natural

polymeric composites with mineral are undergoing increasing investigation for use in

bone repair1,186,187.

Although still a relatively new material system within the area of bone tissue engi-

neering, mineralized collagen is emerging rapidly as an alternative to many existing

materials188. One of the obvious reasons for this is the similarity of these devices to

bone. This bio-inspired approach has been shown to enhance the ability for the body

to recognize the implant as a bone-like material which in turn promotes the migration

and differentiation of osteogenic cells and subsequent bone defect repair189,190. Addi-

tionally, biocompatibility is enhanced by using materials found naturally within bone,

which leads to desirable degradation products191. Mineralized collagen-based devices

currently available on the market largely target bone defects caused by traumatic

injury and surgical wounds, including those from tumor resection191. Within these
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1.8. Current bone repair materials and devices

available products there exists a fair degree of structural heterogeneity, as pore sizes,

surface roughness, composition, and target defect site may vary greatly191. Table

1.2 summarizes mineralized collagen based medical devices currently on the market

aimed at bone repair and regeneration.

Indications of use for products summarized in Table 1.2 typically state regions of

the skeleton not essential to load bearing or stability as device target sites. Ex-

amples of this include CopiOs R© bone void filler (Centerpulse Spine-Tech Inc., MN,

USA), OssiMendTM (Collagen Matrix Inc., NJ, USA), Vitoss R© (Orthovita Inc., PA,

USA), MASTERGRAFT R© (Medtronic, TN, USA), Integra MAZAIKTM (Integra

LifeSciences Corp., NJ, USA), PlatFORMTM (Zimmer Biomet, IN, USA), and Nov-

aBone bioactive strip bone graft (NovaBone Products, FL, USA), all of which state:

“-indicated for bony voids or gaps, that are not intrinsic to the stability of the bony

structure” (Table 1.2). Most refer to regions of the skeletal system including the

extremities, pelvis, and spine that are a result of trauma or as a result of surgery.

Others are specifically targeted to dental and/or maxillofacial applications including

HEALOS R© (DuPuy Spine Inc., MA, USA), Bio-Oss Collagen R© (Geistlich, Switzer-

land), and SynOssTM (Collagen Matrix Inc., NJ, USA) (Table 1.2). These indications

may include augmentation or reconstruction of the alveolar ridge, filling of periodontal

defects and extraction sockets or defects resultant from root resection, apicocectomy,

and cyctectomy, or elevation of maxillary sinus floor. Other products have less spe-

cific indications for use or are indicated to be used as a graft extender for regions not

vital to overall stability, such as BonGoldTM (Allgens Medical Inc., China) and ReFit

(Hoya, Japan).

49



1.8. Current bone repair materials and devices

One of the major limitations of mineralized collagen use in bone repair systems is

its undesirable mechanical properties for use in certain load bearing regions within

the body188. The ability to tailor the mechanical properties of such materials has

been limited to date. As such, mineralized collagen based devices are still in their

clinical infancy. This can be seen with the devices listed in Table 1.2. Most, if not

all, of these devices are limited to regions not essential for overall skeletal stability.

This is a major area that products under development are aiming to address. By

allowing mineralized collagen devices to be targeted towards areas intrinsic to major

load bearing functions within the skeleton, a much greater market space opens up

and the replacement of many currently used products may be achieved.
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Table 1.2: Commercially available mineralized collagen based devices for bone repair and regeneration.

Product Composition Form
FDA Market

Approval
Handling Indications Company 510(K) Number

CopiOs R© Bone

Void Filler

Type I bovine

collagen,

67wt% calcium

phosphate

Sponge, paste

(hydrated

powder

discs)

2004,

2007

Combined with

autologous

blood products

(bone marrow)

Bony voids or

gaps in

skeletal system not

intrinsic to stability

Zimmer Biomet, USA

K033679,

K071237,

K072384

HEALOS R©
30wt% HA,

type I

bovine collagen

Strips or pads

2001,

2005,

2008

Direct application

Treat periodontal

or bony

defect of upper

and lower jaw

DePuy Spine,

Inc.

MA, USA

K012751,

K043308,

K081432

OssiMendTM

45% bovine

type I collagen,

55% bovine

bone mineral

Strips, pads,

or granular
2006

Hydrated with

autogenous

bone marrow

prior to use

Bony gaps (strips, pads),

bone voids

(granular) in skeletal

system that are not

intrinsic to stability

Collagen Matrix

Inc.

NJ, USA

K052812

Bio-Oss

Collagen R©

10% porcine

type I collagen

with 90% bovine

bone mineral

Block
1998,

2004

Trim and apply

directly to

defect dry or

moistened with saline

Augmentation of

alveolar ridge,

filling periodontal, root

resection, apicoectomy,

cystectomy, and extraction

defects, and elevation of

the maxillary sinus floor

Geistlich,

Switzerland

K033815,

K974399

BonGoldTM

Type I bovine

collagen

and HA

Strip, granule,

block, putty,

sponge, screw

hole back filler

2015

Used with autograft

as a

bone graft

extender

Bony voids or gaps
Allgens Medical

Inc.(TM), China
K141725

Vitoss R©
Bioactive,

Scaffold Foam

Type I bovine

collagen

with B-TCP

Cylinders, strips

2003,

2007,

2008

Direct application
Bony voids or gaps in skeletal

system not intrinsic to stability

Orthovita, Inc.,

Pennsylvania

USA

K032288,

K072184,

K081439,

K083033

MASTERGRAFT R©
Putty,

Strip, UltraMatrix

Type I bovine collagen

and biphasic

calcium phosphate

ceramic

(15% HA, 85%

B-TCP)

Strip

2007,

2009,

2013,

2014

Strip combined

with

autogenous bone

marrow

Bony voids or gaps in skeletal

system not intrinsic to stability

Medtronic,

Tennessee, USA

K082166,

K071813,

K082166,

K140375

Ossimend R© Mineral

Collagen

Composite

Bioactive Bone

Graft Matrix

Bovine tendon

type I collagen,

45S5 Bioactive Glass,

bovine bone mineral

Strip or

cylindrical

matrix

2019

Combined with

autogenous

bone marrow or

autograft with saline

Bony voids or gaps in skeletal

system not intrinsic to stability

Collagen Matrix,

Inc., NJ, USA
K182074
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Table 1.2: Continued. Commercially available mineralized collagen based devices for bone repair and regeneration.

Product Composition Form
FDA Market

Approval
Handling Indications Company 510(K) Number

Integra

MAZAIKTM

Bovine type I

collagen, B-TCP
Strip

2007,

2014

Combined with bone

marrow aspirate

Bony voids or gaps in extremities,

spine, and pelvis not

intrinsic to stability

Integra LifeSciences

Corp. NJ, USA

K063124,

K141841

ReFit

20wt% porcine

type I collagen,

20wt% poorly

crystalline HA

sponge 2010 Direct application Bony voids
Hoya,

Japan

SynOssTM

Bovine tendon

type I collagen,

synthetic calcium

phosphate

Granular,

block/plug,

putty

2007,

2009
Direct application

Augmentation of

alveolar ridge,

filling periodontal, root

resection, apicoectomy,

cystectomy, and extraction

defects, and elevation of

the maxillary sinus floor

Collagen Matrix,

Inc. NJ, USA

K072397,

K083742

NovaBone

Bioactive

Strip Bone

Graft

Type I collagen,

bioactive

synthetic granules

Strip 2014 Direct application

Bony voids or gaps

in extremities,

spine, and pelvis

not intrinsic to stability

NovaBone

Products,

Florida, USA

K141207

PlatFORMTM

CM

Blocks and Strips

Carbonate apatite

mineral (80%)

with bovine

type I collagen (20%)

Blocks,

strips
2013

Hydrated with

autologous

bone marrow

at time of use

Bony voids or gaps

in extremities,

spine, and pelvis

not intrinsic to stability

Zimmer Biomet,

Indiana, USA

PlatFORMTM

CM

Pads and Putty

Bone mineral (55%),

collagen (45%)

Pads,

granular
2012

Hydrated with

autologous

bone marrow at

time of use

Bony voids or gaps

in extremities,

spine, and pelvis

not intrinsic to stability

Zimmer Biomet,

Indiana, USA
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Chapter 2

Thesis Rationale and Objectives

2.1 Thesis rationale

Autologous and allogenic bone grafts remain the gold standard materials used for bone

repair procedures due to not only their associated biocompatibility and osteogenic

potential, but also due to their mechanical similarities to the host bone site192–194. As

was outlined in Chapter 1, there exists many limitations however for the use of such

grafting materials in bone repair, largely stemming from tissue availability88. Due to

these restrictions, and a general lack of alternative materials, there currently exists

an unmet demand for functional load-bearing graft material195,196.

The development of orthopaedic devices constructed from mineralized collagen has

gained increasing attention over the past decade due to the increasing demand for func-

tional implants and similarity of these devices to bone196. While there is demonstrated

efficacy in the use of mineralized collagen constructs for bone repair/regeneration188,191,

53



2.1. Thesis rationale

the structure of these constructs currently limits them to non-load bearing applica-

tions195,196. This is due in part to the structure of the collagen template used in

these devices and the collagen mineralization technique. Most mineralized collagen

constructs produced to-date have been constructed from reconstituted collagen, and

as such, lack well ordered fibrils.

which lacks the ordered alignment found within bone and natural crosslinking. In

addition, mineralization of this collagen template typically lacks intrafibrillar incor-

poration and may be limited to a thin superficial region.

The work described herein identified a sustainable source of collagen for such a device,

which was comprised of well-aligned, naturally crosslinked collagen fibrils, that served

as a suitably robust template for scaffold construction. Knowing that sourcing of col-

lagen, particularly natively crosslinked, tissue derived collagen, is an important issue

facing mineralized collagen scaffold development, I chose to utilize a waste product

from the food processing industry as a collagen source. Biomineralization of colla-

gen was performed in such a way as to take advantage of natural processes known to

achieve intrafibrillar collagen mineralization; largely collagen phosphorylation and the

incorporation of polyanionic molecules and other crystal modifying agents during the

mineralization process. This work provides a better understanding to the effect vari-

ous crystal modifying agents have on the mineralization of dense collagen substrates,

in particular, the role pAsp and citrate have to the final size of calcium phosphate

crystals and their integration with collagen fibrils.

Achieving an appropriate mechanical profile for an orthopaedic implant is important,

as cells respond differently to varying degrees of substrate stiffness117. Additionally,
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2.2. Thesis objectives

the ability to control device mechanics over multiple scales in a predicable way is

advantageous as the mechanical requirements for a bone repair device vary greatly

depending upon the body location, bone type, disease state and age of the patient.

This thesis aimed to achieve, for the first time, the creation of a highly aligned, nat-

urally crosslinked mineralized collagen scaffold with tailorable mechanical properties,

as evidenced at both the nano- and macro-scales. It is thought that this developed

mineralized collagen scaffold may serve as a base technology on which higher order

multilaminate constructs can be designed, ultimately reaching the goal of creating a

viable load-bearing bone graft material. The goal of this multilaminate graft material

would be to maintain the load-bearing requirements for a bone defect site as the graft

is gradually remodelled by surrounding bone cells, thus extending its use to multiple

defect sites. This approach is somewhat in contrast to existing bone scaffold prepara-

tion methods where a biodegradable scaffold is developed with the goal of degrading

at a rate matching the infiltration of new bone tissue, usually at very specified defect

locations.

2.2 Thesis objectives

The central objective of this work was to develop and characterize a novel, naturally

crosslinked mineralized collagen scaffold, with a focus on mineral chemistry, resultant

mineralized collagen fibril and scaffold mechanics, and in vitro biocompatibility.

Specific objectives were to:

1. Develop a method of mineralizing decellularized sheets of bovine tendon that

55



2.2. Thesis objectives

leads to close integration of mineral with collagen and a mineral phase that

compares favourably with that found in bone.

2. Determine the degree to which the mechanics of the mineralized collagen scaf-

folds produced using the system developed under objective one can be controlled

through small adjustments to the manufacturing process.

3. Evaluate the response pre-osteoblastic cells have to the prepared scaffolds and

determine the degree to which alterations of scaffold mechanics, as achieved

under objective two, influence cellular phenotypic and osteogenic biochemical

profiles.
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Chapter 3

Use of Tendon to Produce

Decellularized Sheets of

Mineralized Collagen Fibrils for

Bone Tissue Repair and

Regeneration*

*The experiments presented in this chapter have been published in the Journal of Biomedical

Materials Research Part B: Applied Biomaterials258.
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3.1 Introduction

Critical size defects in bone are those sufficiently large to prevent spontaneous heal-

ing and can occur due to injury, illness, or through surgical procedures, such as

osteotomy198,199. Defects that are large enough to require surgical intervention are

typically filled using autologous bone tissue, usually taken from the iliac crest140.

While success rates using autologous grafts are high, limited graft availability and

donor site morbidity remain serious concerns. To overcome these limitations, al-

ternatives including allografts, xenografts, and engineered materials have been used.

Other issues, however, exist for the currently available alternatives, including immuno-

genicity, undesirable degradation rates or by-products, and unfavourable mechanical

characteristics.

As an alternative to synthetic void filler materials, such as poly lactic acid, poly gly-

colic acid, polyurethanes, and others200, interest in engineered mineralized collagen

composite scaffolds is increasing. Commonly used methods for preparing mineral-

ized collagen scaffolds include formation of matrix from soluble collagen followed by

exposure to a mineral containing solution for several hours188, or co-precipitation of

mineral and collagen mixtures80. Mineralized collagen scaffolds may be ideal materi-

als for bone defect repair due to their chemical, structural, and mechanical similarity

to native bone. In a study conducted by Lyons et al.201, a collagen-hydroxyapatite

(HA) scaffold exhibited comparable healing to autologous bone grafts in a rabbit ra-

dius osteotomy defect model. These scaffolds were prepared through the dissolution

of collagen in an acidic solution followed by freeze-drying a mixture of mineral and

collagen201. Pugely et al.202 investigated two bone void fillers composed of HA, tri-
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calcium phosphate (TCP), and bovine collagen, with one also containing Bi-Ostetic

bioactive glass foam. Both fillers exhibited biocompatibility and efficacy in bone heal-

ing using an established rabbit posterolateral fusion model202. In a study conducted

by Zheng et al.203, a β-TCP/collagen composite filler (Cerasorb R© Orhto Foam) was

tested in a rabbit distal femoral condyle model and resulted in complete resorption

and bone formation without toxic or immunologic effects. A bilayered biomimetic

scaffold composed of an inner type I collagen layer and an outer layer of mineralized

collagen (30%) and Mg doped HA (70%) was evaluated by Calabrese et al.204 through

subcutaneous implantation in mice. This bilayered scaffold was able to recruit host

cells and produce new mineral formation by the host tissue throughout its ectopic

location as well as neovascularization204. Weisgerber et al.205 prepared mineralized

collagen-glycosaminoglycan (GAG) scaffolds through the lyophilization of a collagen-

calcium salt suspension in custom molds. These scaffolds were then crosslinked in a

solution of EDC and NHS before culturing with human MSCs where they exhibited

enhanced osteogenesis compared to non-mineralized controls205. In a study by Lin et

al.206, composite type I collagen-hydroxyapatite scaffolds were produced through low-

temperature additive manufacturing. Through in vitro investigations, these scaffolds

showed enhanced bone marrow stromal cell proliferation compared to non-printed

scaffolds (molded) and were remodeled successfully when used in a rabbit femoral

condyle defect model206. Additionally, Wang et al.188 constructed a mineralized col-

lagen scaffold through the immersion of type I collagen in a mineral containing solution

for 48 hours. This scaffold was found to promote MSC adhesion, proliferation, and os-

teogenic differentiation in vitro as well as ectopic bone formation and enhanced bone

growth in a skull-penetrating SD rat defect model when compared to blank control
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and collagen membrane groups at both 4 and 12 week timepoints188.

While the engineered mineralized collagen scaffolds mentioned above have shown

promise in their ability to aid tissue regeneration, further benefits and new surgi-

cal applications may be realized by developing scaffolds that: (i) possess mineral that

more closely mimics that present in native bone, and (ii) offer improved structural

control of the organic collagen phase.

Achieving the correct mineral structure when creating mineralized collagen scaffolds

may be biologically important. The mineral phase found within native bone tissue

has a non-stoichiometric, poorly crystalline apatite structure, close to that of hydrox-

yapatite (HA), Ca5(PO4)3(OH)93. The poorly crystalline nature of the mineral phase

is partly due to the incorporation of various chemical and ionic species within the

apatitic mineral, including carbonate (4-6%), Na (0.9%), and Mg (0.5%)93. Bone

graft substitutes have largely focused upon the use of CaP materials, such as HA, to

induce device integration at the defect site. Incorporation of cationic or anionic addi-

tives into these CaP based mineral preparations has received much less study. These

minor constituents may act to enhance recognition and remodelling of the implanted

materials via their interactions with native osteogenic cells. For instance, Mg2+ may

play an important role in the production of nitric oxide, which aids in the modulation

of angiogenesis96. Mg2+ may also help stimulate osteoblast proliferation207. When

added to HA, carbonate was found to enhance osteoconductivity and bioresorption of

mineral96.

Current mineralized collagen fillers are typically produced from aqueous collagen sus-

pensions or slurries that are precipitated or moulded into shape99–101,208–214. The
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resulting fillers are composed of randomly oriented collagen fibrils, which may addi-

tionally lack native enzymatic crosslinking if produced from suspensions of collagen

monomers. Because the mechanics of collagen materials depend highly on collagen fib-

ril alignment, improved control of collagen fibril alignment in mineralized fillers would

be highly advantageous. In terms of maintaining native intermolecular crosslinking

within fibrils, this may have biological in addition to mechanical importance. While

intermolecular crosslinking is required to both limit the rate of scaffold degradation

and improve mechanical stability, various forms of exogenous crosslinking have been

shown to promote proinflammatory response215, suggesting that incorporation of na-

tive lysyl oxidase (LOX)-mediated crosslinking may be important for optimization of

a scaffold’s regenerative potential. LOX crosslinking may also influence osteoblast

and osteoclast differentiation216, providing an additional means to influence osteoge-

nesis.

Biomimetic mineralization of well-structured collagen fibrils presents various chal-

lenges, however. First, in isolation from other matrix components, collagen fibrils

may lack the molecular functionality required to induce both intra- and extra- fibrillar

mineralization. For example, various acidic non-collagenous proteins rich in aspartic

and glutamic acid residues are found throughout the bone tissue micro-environment

and are thought to play a role in intrafibrillar mineralization of collagen fibrils. The

action of these proteins was simulated by Gower et al.90 where only after the addi-

tion of polyaspartic acid (pAsp) to the mineral containing solutions was intrafibrillar

mineralization achieved. It was thought that these process directing polymers caused

the mineral phase to form a polymer induced liquid-phase precursor (PILP) which
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was able to penetrate the small gap regions in the collagen fibrils before further nucle-

ation, forming mineralized collagen fibrils better resembling those found within native

bone tissue23,217. Second, the exact chemical structure and geometry of the poorly

crystalline, carbonated HA found within bone has proved difficult to reproduce ex

vivo 93,96. For intrafibrillar mineral integration and deposition to occur, the geometry

in which the incoming mineral phase exists as must be carefully regulated. If the

incoming mineral phase can nucleate and crystallize into relatively large crystals, size

constraints will inhibit occupancy within collagen fibrils23. Modifications to crystal

size and composition may affect how well a scaffold integrates with bone as well as

degradation rate and by-products.

In this study we describe a process for preparing mineralized collagen sheets, with

organic phase composed of highly aligned, natively-structured collagen fibrils, and

mineral phase sharing chemical similarities to that found in native bone. In character-

izing the resulting scaffold structures, the effects of pAsp and citrate additions during

the mineralization process are explored. Evaluations of scaffold mineralization and

surface architecture were made through use of scanning electron microscopy (SEM)

and transmission electron microscopy (TEM). Mineral phase identification and char-

acterization was performed using energy-dispersive X-ray spectroscopy (EDX), X-ray

powder diffraction (XRD), and Fourier transform infrared spectroscopy attenuated

total reflection (FTIR-ATR). The process that we describe for producing single, min-

eralized collagen sheets may be useful for creating larger, load-bearing, regenerative

orthopaedic devices.
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3.2 Materials & Methods

3.2.1 Tendon acquisition and decellularization

Common digital extensor (CDE) tendons were dissected from the forelimbs of steers

aged 24-36 months, killed for food at a local abattoir. Dissected tendons were stored in

phosphate-buffered saline (PBS) solution at 4◦ C to await decellularization treatment,

which was started within 12 h of dissection.

Decellularization treatment was conducted following a method previously described

by Woods and Gratzer218. Briefly, tendons were first exposed to a hypotonic 10

mM tris buffer, containing serine and metalloprotease inhibitors, along with 1% peni-

cillin/streptomycin and 1% amphotericin B for 36 h at room temperature. Tendons

were then moved to a high saline 50 mM tris buffer containing 1% Triton X-100 along

with antibiotics and protease inhibitors for 48 h at room temperature, followed by

Hanks’ buffer rinse and wash in a DNase/RNase solution. This was followed by a 48

h, room temperature soak in 1% Triton X-100 solution with 50 mM TRIZMA R© base

and antibiotics. Finally, the tendon samples were rinsed in PBS with antibiotics and

stored in a similar solution at 4◦ C until further use.

3.2.2 Cryosectioning and phosphorylation

Decellularized tendons were cryosectioned using a Leica SM2000R sliding microtome.

Tendons were cut into 2-cm-long segments, mounted on a steel block using OCT

compound, frozen in liquid nitrogen, and sectioned longitudinally to produce 200-µm-

thick collagen sheets. The collagen sheets were then phosphorylated via treatment
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with STMP in order to enhance mineralization108,219. A solution of 2.5 wt% STMP

was hydrolyzed at pH 12 for 5 h220. The solution was then adjusted to pH 10. Collagen

sheets were treated in STMP solution for 1 h at room temperature under constant

agitation. The sheets were then rinsed in ddH2O before beginning the alternate

soaking mineralization procedure.

3.2.3 Mineralization

Mineralization of the phosphorylated collagen sheets was performed using a modified

form of the alternate soaking process described by Taguchi et al.221. Using a stainless-

steel mesh basket, sheets were first soaked in 200 mL ddH2O before soaking in 200

mL of a magnesium doped (0.01M) calcium solution (CaCl2/MgCl2, 200 mM) within

a temperature-controlled water bath at 37◦ C for 120s at pH 7.4. The sheets were

then briefly rinsed in ddH2O before soaking for an additional 120s in a 120 mM

sodium phosphate solution containing 0.025M sodium carbonate at 37◦ C at pH 7.4.

The progression of collagen sheets through these four solutions constituted a single

mineralizing cycle (Fig. 3.1). For this study, sheets underwent 10 mineralization

cycles.

3.2.4 pAsp and citrate additions to the mineralization pro-

cess

To promote intrafibrillar mineralization, pAsp (mean MW 29 kDa, Alamanda Poly-

mers, AL, USA) was added to the alternate soaking process during the mineralization

of some of the collagen sheets. For the mineralization of those sheets, the calcium and
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Figure 3.1: Schematic of the alternate soaking process used to mineralize sheets of highly
aligned, natively structured collagen fibrils derived from decellularized bovine tendon.

phosphorous solutions each contained 100 µg/mL of pAsp. To better match the chem-

ical environment of natural bone tissue, citrate (Sigma-Aldrich, Ontario, Canada) was

also added to the alternate soaking process during the mineralization of some colla-

gen sheets. Citrate was only added to the calcium solution, at a concentration of

0.02M.

3.2.5 Sample groups

With the addition of pAsp and citrate to the mineralization process, the study in-

cluded four sample groups:
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Mineralized +pAsp/+citrate group: these scaffolds were mineralized with additions

of both pAsp and citrate to treatment process.

Mineralized +pAsp/-citrate group: these scaffolds were mineralized with addition of

pAsp, but without citrate addition.

Mineralized -pAsp/+citrate group: these scaffolds were mineralized with addition of

citrate, but without pAsp.

Unmineralized group: these scaffolds consisted of cryosectioned sheets of decellular-

ized tendon that were phosphorylated, but did not undergo subsequent mineraliza-

tion.

3.2.6 SEM & EDX

Ultrastructural and elemental analyses of both mineralized and unmineralized collagen

sheets were performed using a scanning electron microscope (model S-4700, Hitachi,

Tokyo, Japan) and integrated energy dispersive x-ray spectroscopy with precision ap-

proaching 0.1% (model X-Max, Oxford Instruments, Abingdon, UK). The collagen

sheets were prepared for analysis by fixation in 2.5% electron microscopy-grade glu-

taraldehyde in PBS for 1 h at room temperature under constant agitation, followed by

rinsing in ddH2O and dehydration in graded ethanol. Sheets were then critical point

dried, mounted on SEM stubs using carbon tape, and coated with gold-palladium.

The coated samples were viewed under SEM at 3-5kV, 10-15µA. To better visualize the

relationship between collagen fibrils and the introduced mineral phase, some scaffolds

were etched prior to glutaraldehyde fixation using 0.1M HCl under constant agitation
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for 2 min before rinsing in ddH2O. For each of the four sample groups, three scaf-

folds prepared from the CDE tendons of different animals and mineralized in different

treatment batches were examined using SEM. Only the mineralized +pAsp/+citrate

scaffolds were assessed via EDX, which was conducted at 10kV. For the three miner-

alized +pAsp/+citrate scaffolds assessed under SEM, EDX measurements were taken

at a total of eight locations, the results of which were then averaged.

3.2.7 TEM

Mineralized and unmineralized sheets were also assessed using a FEI Tecnai 12 TEM.

Samples were pulverized in liquid nitrogen, dispersed in ethanol, collected on copper

TEM grids, and examined unstained at 120 kV. For each of the three mineralized

sample groups, samples from three scaffolds prepared from the CDE tendons of dif-

ferent animals and mineralized in different treatment batches were examined using

TEM. A sample from an unmineralized scaffold was also examined.

3.2.8 XRD & FTIR-ATR

Mineralized +pAsp/+citrate scaffolds were assessed using XRD and FTIR-ATR and

compared to samples of bovine cortical bone and pure HA. Cortical bone samples were

prepared from the mid-diaphysis of metacarpals 3 and 4 from the collected bovine

forelimbs. 2-cm-long samples were cut, boiled in ddH2O for 30 min, dried at 100◦ C

for 22 h, processed into a coarse powder using a hacksaw, and then fine powder using

a mortar and pestle. A mortar and pestle was similarly used to produce fine powders

from the pure HA and prepared mineralized scaffolds. XRD was conducted using
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Cu-Kα X-ray radiation from a Siemens D500 Diffractometer at 30 kV and 30 mA,

using a step size of 0.05◦ over a 2θ range of 20− 50◦. XRD peaks were recognized by

referring to JCPDS file number 00-009-0432 (hydroxylapatite, syn). FTIR-ATR was

conducted using a Bruker Alpha Platinum-ATR FTIR spectrometer in the 400-4000

cm−1 range averaged over 24 scans per sample with a resolution of 4cm−1. For each

of the three mineralized sample groups, samples from three scaffolds prepared from

the CDE tendons of different animals and mineralized in different treatment batches

were assessed using XRD and FTIR-ATR.

3.3 Results

All numerical data are presented as mean ± SD.

3.3.1 Scaffold ultrastructure

SEM and TEM were performed on collagen sheets mineralized with additions of both

pAsp and citrate (mineralized +pAsp/+citrate group), without citrate (mineralized

+pAsp/-citrate group), and without pAsp (mineralized -pAsp/+citrate group). Un-

mineralized collagen sheets were also assessed.

SEM examination of unmineralized collagen sheets showed that the highly aligned fib-

ril arrangement typical of tendon was preserved during decellularization treatment and

cryosectioning (Fig. 3.2A,B). SEM examination of the mineralized +pAsp/+citrate

sheets showed that the introduced mineral phase formed plate-like crystals covering

the fibrils, with accumulation of extrafibrillar spherulites (Fig. 3.2C,D). Similarly
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prepared sheets etched prior to preparation for SEM using dilute HCl to better vi-

sualize the underling mineral-collagen interface showed mineral bridging between ad-

jacent collagen fibrils (Fig. 3.3A,B). When samples from the mineralized +pAsp/+

citrate scaffolds were viewed unstained under TEM, individual mineralized collagen

fibrils were observed with plate-like crystals longitudinally aligned with the fibrils

(Fig. 3.4A,B). Unlike the fibrils from scaffolds mineralized without pAsp or citrate,

described below, D-banding could not be seen on these fibrils under TEM, possibly

due to the abundance of mineral present.

For samples prepared with the absence of citrate only (mineralized +pAsp/-citrate

scaffolds), SEM after acid-etching revealed the presence of much larger plate-like

crystals than were observed when citrate was present (Fig. 3.3C,D) vs. (Fig. 3.3A,B).

TEM similarly showed that these samples contained larger plate-like crystals when

compared to the mineralization treatments that included citrate (Fig. 3.4C,D) vs.

(Fig. 3.4A,B).

Acid-etched sheets that were prepared in the absence of only the process directing

agent, pAsp, (mineralized -pAsp/+citrate scaffolds) were found to contain greater

amounts of extrafibrillar spherulites when observed under SEM (Fig. 3.3E,F). In

TEM, it was evident that the absence of pAsp greatly reduced the amount of min-

eral associated with the collagen fibrils. Compared to fibrils from the mineralized

+pAsp/+citrate scaffolds (Fig. 3.4A,B), those from the scaffolds prepared without

pAsp possessed noticeably fewer plate-like crystals (Fig. 3.4E,F).
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Figure 3.2: A, B: Low and high magnification SEM images of a decellularized sheet of
collagen fibrils from bovine tendon prior to mineralization. C, D: Low and high magnifica-
tion SEM images of a similar collagen sheet after mineralization via 10 cycles of alternate
soaking with both pAsp and citrate additives. Individual collagen fibrils are covered in
plate-like crystals, with larger spherical clusters of mineral frequently occurring. Unlike
the sheets shown in (Fig. 3.3), the sheets shown here are unetched.
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Figure 3.3: SEM images of acid-etched mineralized collagen sheets. A, B: Sheets prepared
with pAsp and citrate additions to the mineralization treatment process showed mineral
bridging between collagen fibrils. C, D: Absence of citrate from the mineralization process
led to extrafibrillar plate-like crystals growing much larger in size. E, F: Absence of pAsp
from the mineralization process led to excessive accumulation of extrafibrillar spherulites.
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Figure 3.4: TEM images of collagen fibrils removed from the unetched mineralized collagen
sheets. A, B: Sheets mineralized with pAsp and citrate additions contained collagen fibrils
incorporating a high density of small, longitudinally aligned crystals. D-banding was not
apparent, presumably due to the quantity of mineral present. C, D: For sheets mineralized
without citrate, much larger plate-like crystals were seen. E, F: Sheets prepared without
addition of the PILP process directing agent pAsp contained fibrils with a reduced quantity
of closely associated mineral. 72
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Figure 3.5: EDX-derived elemental composition of collagen sheets mineralized with pAsp
and citrate additions showed a Ca/P wt% ratio of approximately 1.89, similar to native
bone, with small quantities of Mg and Na present within the prepared mineral phase.

3.3.2 Mineral phase analysis

3.3.3 EDX

Elemental compositions for three mineralized +pAsp/+citrate scaffolds were assessed

by EDX. Mean weight percent (wt%) for O, C, Ca, P, Na, and Mg within the mineral

phase of the sheets was 47.13, 12.42, 26.23, 13.90, 0.25, and 0.08 wt%, respectively

(Fig. 3.5), yielding a Ca/P ratio of 1.89.
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3.3.4 XRD

XRD was performed on the mineralized +pAsp/+citrate scaffolds, cortical bone pow-

der, and pure HA. XRD patterns for the mineralized +pAsp/+citrate scaffolds were

similar to those of native cortical bone, with peak positions similar to pure HA but

significantly broadened (Fig. 3.6), indicating small crystallite size and presence of

chemical substitutions. Both cortical bone and mineralized scaffolds contained the

(002) peak found at approximately 26◦ for pure HA, and the (211), (112), and (300)

peaks for pure HA appeared as a single broadened peak in both bone and mineralized

scaffolds. Compared to cortical bone, peaks for the mineralized scaffolds were some-

what weaker and broader. While both bone and pure HA contained smaller peaks

near 40◦, 47◦, and 50◦, these were not observed for the mineralized scaffolds.

3.3.5 FTIR-ATR

Absorption bands for the mineralized +pAsp/+citrate scaffolds, cortical bone, and

pure HA were obtained through FTIR-ATR. The characteristic banding of the PO43

groups was visible in all three samples (Fig. 3.7), with the asymmetric O-P-O bend-

ing modes occurring at approximately 560 cm−1 and the asymmetric P-O stretching

mode visible at approximately 1020 cm−1 222,223. As expected, weak intensity bands

between 3100 and 3500 cm−1 attributed to the N-H of the amide of collagen, were

observed for both cortical bone and mineralized scaffolds. Doublet peaks at around

1450 and 1640 cm−1 and a peak at 873 cm−1 were also present, attributable to the

vibrational frequencies of carbonate ions substituted into apatite at the phosphate

and OH- sites223,224. The band at approximately 1650 cm−1 on both cortical bone
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Figure 3.6: XRD peaks of collagen sheets mineralized with pAsp and citrate additions,
compared to those from native bovine cortical bone and pure HA.

and mineralized scaffold spectra is most likely attributable to OH−, carbonate ions,

H2O, or a combination of the former with contribution from the amide I band of

collagen222,225–227.

3.4 Discussion

Many of the previous approaches to creating mineralized collagen scaffolds for bone

tissue repair and regeneration have relied upon the use of reconstituted collagen, with

the mineral phase either incorporated into the scaffold during tropocollagen aggrega-
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Figure 3.7: FTIR-ATR spectra of collagen sheets mineralized with pAsp and citrate addi-
tions, compared to those from native bovine cortical bone and pure HA.

tion99–101,208,212,214 or following assembly of a collagen template209–211,213. Although

desirable from an ease-of-manufacturing standpoint, approaches based on reconsti-

tuted collagen monomer assembly have not been able to re-create scaffolds of well-

aligned, natively crosslinked collagen fibrils, potentially limiting their functionality. In

this work we have taken a different approach, using cryosectioned sheets of decellular-

ized bovine tendon to provide an acellular template of highly-aligned, well-crosslinked

collagen fibrils into which carbonated hydroxyapatite has subsequently been incorpo-

rated. By combining sheets of densely packed, uniaxially aligned collagen fibrils to
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form a multi-laminate construct, it may be possible to produce a scaffold with the

regenerative potential inherent to mineralized collagen201, and load-bearing capacity

required to effectively support the defect site.

Early crystal nucleation on the surface of collagen fibrils in vivo is thought to be

inhibited by various ionic or macromolecular constituents, allowing amorphous min-

eral phases to penetrate the gap regions of collagen fibrils, resulting in intrafibril-

lar mineralization90. Non-classical crystallization pathways may allow for kinetically

rather than thermodynamically driven crystal formation mechanisms, leading to de-

velopment of the complex crystal structures found in bone and elsewhere in nature21.

Kinetically driven crystal formation is usually supported through the presence of poly-

electrolytes, or other soluble macromolecules or ions, that affect the surface energy of

forming crystals at specific faces or, as is thought to be the case for bone, may initially

prevent crystal formation altogether by creating a liquid precursor21. In the current

study, mineralization treatment of the collagen sheets without addition of pAsp led

to the development of extrafibrillar spherulitic clusters (Fig. 3.3E,F), consistent with

the work of others77,228. When mineralization was conducted with pAsp, fewer ex-

trafibrillar spherulites were formed and an increase in plate-like crystals intimately

associated with individual collagen fibrils was observed (Figs. 3.2B, 3.4B). These ob-

servations are consistent with previous experiments where reduction in crystal size

and increase in intrafibrillar mineralization were thought to be promoted by the ad-

dition of pAsp to the mineralization solutions through a crystal nucleation-limiting

mechanism23,229,230.

Along with pAsp, it is likely that citrate and inorganic ions, such as Mg2+ and PO43−,
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contributed to the crystal structures seen in the current study. It has been proposed

that citrate penetrates collagen fibrils where it then provides additional nucleation

sites for intrafibrillar calcium-phosphate crystal growth231. Additionally, when ad-

sorbed on collagen fibrils, citrate has been reported to improve wetting between colla-

gen and the mineral precursor phase231. These effects appear to promote intrafibrillar

mineralization, even in the absence of pAsp85. It has also been reported that the

presence of citrate during mineralization contributes to a reduction in extrafibrillar

mineral plate size232–234. This was indeed observed in the current study, where miner-

alization solutions containing pAsp but lacking citrate lead to the formation of large

extrafibrillar mineral plates (Fig. 3.4D) vs. (Fig. 3.4B). Use of citrate during collagen

mineralization for scaffold production may be important for increasing intrafibrillar

mineralization, increasing scaffold homogeneity, and increasing potential sites for cel-

lular interaction through reduction in extrafibrillar mineral plate size. As with other

additives to the mineralization solutions, further investigations however towards the

extent and complete characteristic profile of citrate incorporation within the mineral

phase structure may be warranted, along with a complete analysis of its effects on

scaffold functionality, to support its use in the manufacture of future bone repair

devices.

In addition to pAsp and citrate incorporation into the mineralization process, the

present study also used phosphorylation via STMP treatment, and Mg and carbon-

ate additives. Unlike pAsp and citrate, these were used in the preparation of all

mineralized scaffolds produced, and no attempt was made to assess their individ-

ual contributions to the mineralized structures produced. STMP has a long history
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for phosphorylation of proteins in the food industry235,236, and phosphorylation of

collagen using STMP has previously been described in detail108,219,220. Under alka-

line conditions, STMP is hydrolyzed to produce sodium tripolyphosphate, which is

believed to phosphorylate serine, threonine, and tyrosine residues through covalent

bonding with side chain oxygens219. That STMP is effective in aiding collagen min-

eralization, likely via the ability of phosphate groups to attract amorphous calcium

phosphate precursors, is supported by prior studies of in vitro mineralization of dentin

and dermal collagen219,236. Meanwhile, the presence of Mg2+ during mineralization

has been shown to improve the stability of PILP and amorphous mineral phases237,238,

and allow wetting of protein matrices by PILP239, while incorporation of carbonate

during synthetic apatite formation has been shown to result in crystal structures with

high similarity to those present in native bone214,240–242.

To examine the atomic composition and crystallographic structure of the mineral

phase within the prepared collagen sheets, EDX, XRD, and FTIR-ATR were em-

ployed. EDX analysis of the scaffolds indicated a Ca/P molar ratio of 1.46, close

to known Ca/P molar ratios for various forms of calcium phosphates: 1.33 for oc-

tocalcium phosphate, 1.5 for amorphous calcium phosphate and calcium deficient

hydroxyapatite, 1.67 for precipitated hydroxyapatite, 1.8 for Na and carbonate con-

taining apatite and 2.0 for heavily carbonated hydroxyapatite243. For human bone,

Ca/P molar ratios typically range from 1.19-2.28244–246. Contribution from the un-

derlying phosphorylated collagen to the EDX peaks is unlikely due to the thickness

of the mineral coating on samples.

As summarized by Driessens and Verbeeck247, the atomic fraction by wt% of O, C, Ca,
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P, Na, and Mg in bone are 43.5, 15.5, 22.5, 10.3, 0.1, and 0.2, respectively, similar to

the mineral phase composition of the scaffolds that were produced in the current work

(Fig. 3.5). XRD comparisons between the prepared sheets and bovine cortical bone

indicated similar broad profiles with conserved hydroxyapatite-like peaks at around

26◦ (002) and 32◦ (211, 112, 300) indicating that both mineral phases consisted of

poorly crystalline or amorphous hydroxyapatite. XRD profiles for the mineralized

collagen sheets were somewhat duller and possessed broader peaks, perhaps indicat-

ing a more amorphous mineral composition compared to that of the 2 to 3-year-old

bovine cortical bone (Fig. 3.6). Greater content of amorphous mineral would be rep-

resentative of that found earlier in bone tissue development17,89, which may benefit

healing by providing starting materials more similar to those found naturally.

3.5 Conclusion

Using an alternate soaking procedure, it is possible to use decellularized sheets of

natively structured collagen fibrils to produce a scaffold of mineralized collagen rea-

sonably matching the chemical makeup and structural organization seen in native

bone, as determined using EDX, XRD, ATR-FTIR, SEM, and TEM. During the min-

eralization process, use of pAsp was confirmed to be important for close integration

between collagen fibrils and the introduced mineral phase, as was citrate for limiting

the plate size of crystals. The process described here may be a useful alternative

approach for the development of bone regeneration scaffolds.
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3.6 Contributions

3.6.1 Author contributions

The original conception of the research goal described in this chapter was carried out

by myself and Dr. Samuel Veres. Detailed experimental and procedural design were

carried out by myself. More specifically, tendon acquisition, decellularization, cryosec-

tioning, collagen mineralization, SEM, EDX, TEM, FTIR-ATR, and data analysis and

presentation, including chapter writing and illustration, were completed myself with

minor technical support (initial set-up) from Patricia Scallion for SEM and EDX and

Dr. Ping Lee for TEM. Dr. Veres acted as a mentor for this chapter, providing feed-

back, editing, and formal analysis assistance where required, in addition to Dr. Kathy

Singfield and Dr. Paul Gratzer. Detailed experimental design, set-up, and execution

of the collagen mineralization process was carried out myself.

3.6.2 Contributions to the field

The work described in this chapter offers, to the best of my knowledge, the first de-

scription of alternate-soaking mineralization of tendon. Additionally, as most biomin-

eralization studies focus upon the use of reconstituted collagen or mineralization dur-

ing fibrillogenesis, this work highlights an ability to mineralize natively structured and

crosslinked, highly aligned collagen fibrils, which better resembles biomineralization

in vivo. Insight to the effect both pAsp and citrate have to final crystal morphol-

ogy in biomineralization gained from this work is applicable to not only collagen

mineralization, but also to the fabrication of many other mineral coated orthopaedic
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implants.
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Chapter 4

Alternate Soaking Enables Easy

Control of Mineralized Collagen

Scaffold Mechanics from Nano- to

Macro-scale*

*The experiments presented in this chapter have been published in the Journal of the

Mechanical Behavior of Biomedical Materials197.

4.1 Introduction

The mechanical properties of biological scaffolds are critical to cellular interactions

and hence functional response within the body119. For adherent cells, cytoskeletal

83



4.1. Introduction

forces generated depend on substrate stiffness117, with cell shape changing accord-

ingly118. In turn, cell shape can be a defining factor for biochemical profile, including

programmed death and differentiation pathway117–119. Material stiffness may even be

more selective towards stem cell differentiation than soluble induction factors117,124.

In the case of scaffolds developed for bone regeneration, mechanical property require-

ments must consider both the ability to provide an appropriate level of structural

support, as well as the ability to optimally trigger cell differentiation and promote

proliferation117,118,124,248. With differing requirements, an ability to control the me-

chanics of scaffold materials is crucially important to scaffold design.

Along with the mechanical properties of scaffolds influencing cellular responses, struc-

tural and chemical features also strongly influence how cells will interact with the

material post implantation. Structurally, nanofibrous materials tend to better pro-

mote osteogenesis than their flat material counterparts249, most likely due to their

ability to better facilitate protein adsorption and cell attachment250. It is known

that cells adhere to and proliferate better on fibrillar surfaces, particularly those con-

taining Arginine, Glycine, Aspartate (RGD) adhesion sites, and may even alter their

differentiation pathway dependent on surface roughness251. Additionally, increases in

nanophase roughness and surface texture will likely result in greater surface wettabil-

ity, which in turn results in greater protein adsorption and subsequent cell adhesion252.

In a study by Dalby et al.253, it was found that mesenchymal stem cells (MSCs) could

be directed to an osteogenic phenotype by modification of surface topography alone

in poly(methyl methacrylate) scaffolds.

Being the predominant organic component of bone, collagen is a highly desirable al-
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ternative to other resorbable polymeric materials for creating the basic structure of

scaffolds. Many of the collagen-based scaffolds produced to date have used aqueous

collagen suspensions or slurries that are molded into desired shapes99–102,209,210,213,214.

Rather than highly organized collagen fibril arrays, as found in bone, these methods

produce randomly oriented collagen fibers that lack well-structured nanoscale fibrils.

In order to tailor degradability and mechanical stability, these scaffolds are often ex-

ogenously crosslinked, which can result in the accumulation of toxic residues that pro-

mote proinflammatory responses post-implantation215,254. While physical crosslinking

methods such as dehydrothermal treatment may be used to avoid such responses, heat

treatments may cause molecular denaturation255. Thus, use of natively assembled

and crosslinked collagen, such as the well-aligned tendon-derived collagen used in this

work, is desirable.

Along with crosslinking, modification to collagen-based scaffold mechanics has been

achieved through the introduction of a mineral phase1,256. An advantage of incorpo-

rating a mineral phase within collagen-based scaffolds is increased osteoconductive and

osteoinductive potential due to a resulting microstructural organization and chemical

profile resembling bone257. Collagen mineralization in vitro has traditionally been ac-

complished through immersion of collagen in a simulated body fluid (SBF)77,80,92.

Other methods for mineralizing collagen include direct blending (mixing collagen

and mineral nanoparticles together) and co-precipitation (mineral association dur-

ing collagen fibrillogenesis)80,96,99,100. A somewhat more recent method of preparing

mineralized-collagen materials has come largely from the work of Gower et al.23,90

where an acidic polymer is added to the mineralization solution in an attempt to
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mimic the role of various non-collagenous proteins during the intrafibrillar mineral-

ization of collagen within bone in vivo. This method has been termed the polymer

induced liquid precursor (PILP) process, indicating the role these acidic polymers

have in stabilizing an amorphous liquid mineral precursor phase that is thought to

enter the gap regions within individual collagen fibrils and promote intrafibrillar min-

eralization12,77. In addition to acidic polymers, other additives such as magnesium,

carbonate, and citrate have been included in an attempt to create a mineral phase

closely matching that in bone258.

The ability to control scaffold mechanics in a predictable way over multiple scales

would be useful in the creation of scaffolds, but to date such an ability has not

been well demonstrated. Heinemann et al.259, described an increase in compressive

modulus when collagen was mineralized with hydroxyapatite (HA) through a sol-gel

process. However, mechanical properties were only tested for 25 wt% HA incorpora-

tion, and therefore whether mechanically tailored scaffolds can be produced using this

method is unclear. Cunniffee et al.260 found an increase in scaffold modulus values

following additional mineral incorporation to collagen-nanoHA scaffolds, however a

clear predictable relationship between nanoHA wt% and Young’s modulus was not

evident.

From a chemical and structural standpoint, mineralized collagen fibrils offer significant

advantages as a scaffold material for bone regeneration. Needed now is a means for

tailoring the mechanical properties of these next generation scaffold materials. Here

we describe a process for producing sheets of well-ordered, mineralized collagen fibrils

that allows easy control of macroscale flexural modulus of the sheets and nanoscale
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radial indentation modulus of the constituent collagen fibrils.

4.2 Materials & Methods

4.2.1 Collagen acquisition and initial processing

Forelimbs of steers aged 2-3 years, killed for food at a local abattoir, were used as

the source for common digital extensor (CDE) tendons. Tendons post dissection were

stored in a phosphate-buffered saline (PBS) solution at 4◦C until decellularization

treatment begun, which was started within 6 h of dissection.

Decellularization treatment followed a method previously described by Woods and

Gratzer261. The CDE tendons were first exposed to a hypotonic 10 mM tris buffer,

containing serine and metalloprotease inhibitors, along with 1% penicillin/streptomycin

and 1% amphotericin B for 36 h at room temperature. Tendons were then moved to a

high saline 50 mM tris buffer containing 1% Triton X-100 along with antibiotics and

protease inhibitors for 48 h at room temperature, followed by Hanks’ buffer rinse and

wash in a DNase/RNase solution. This was followed by a 48 h, room temperature

soak in 1% Triton X-100 solution with 50 mM TRIZMA base and antibiotics. Finally,

the tendons were rinsed in PBS containing antibiotics and stored in a similar PBS

solution at 4◦C until further use.

Decellularized tendons were cryosectioned using a Leica SM2000R sliding microtome.

Tendons were cut into 2-3 cm long segments, mounted on a steel block using optimal

cutting temperature compound (Fisher Healthcare, Ottawa, ON), frozen in liquid

nitrogen, and sectioned longitudinally to produce 200-µm-thick sheets of collagen for
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AFM, SEM, and TEM work and 300-µm-thick sheets for macroscale flexural testing.

As previously done258, the collagen sheets were then phosphorylated via treatment

with sodium trimetaphosphate (STMP) in order to enhance mineralization108,219. A

solution of 2.5 wt% STMP was hydrolyzed at pH 12 for 5 h220. The solution was

then adjusted to pH 10. STMP treatment of collagen sheets occurred for 1 h at

room temperature under constant agitation. The sheets were then rinsed in distilled

deionized water (ddH2O) prior to the start of the alternate soaking mineralization

procedure.

4.2.2 Alternate soaking mineralization

Mineralization of the phosphorylated collagen sheets was performed following the

method of Grue & Veres258. Using a stainless steel mesh basket, sheets were first

soaked in 200 mL ddH2O before soaking in 200 mL of a magnesium (0.01 M) and

citrate (0.02 M) doped calcium solution (CaCl2/MgCl2, 0.2 M) within a temperature-

controlled water bath at 37◦C for 120 s at pH 7.4. The sheets were then briefly rinsed

in ddH2O before soaking for an additional 120 s in a 0.12 M sodium phosphate so-

lution containing 0.025 M sodium carbonate at 37◦C at pH 7.4. Both the calcium

and phosphate solutions contained 100 µg/mL pAsp (mean MW 29 kDa, Alamanda

Polymers, AL, USA). This concentration and MW of pAsp was chosen based upon

their successful use in achieving intrafibrillar mineralization of collagen fibrils by oth-

ers115,262–264. Previous evidence suggests that higher MW pAsp promotes collagen

mineralization to a greater extent than lower MW pAsp263,264. Additionally, MWs

greater than the one used here are not typically used in PILP systems, possibly due

88



4.2. Materials & Methods

to the risk of their precipitation out of solution23. The progression of collagen sheets

through these four solutions constituted a single mineralizing cycle.

4.2.3 Sample groups

Four sample groups of scaffolds were created by varying the number of mineralization

cycles that the collagen sheets underwent, with scaffolds produced using 0, 5, 10, or

20 mineralization cycles.

4.2.4 Scaffold surface architecture under SEM

Surface architecture of scaffolds from the four sample groups (0, 5, 10, or 20 min-

eralization cycles) was assessed using a Hitachi S-4700 scanning electron microscope

(SEM). For each of the four samples groups, three scaffolds were examined using SEM.

Scaffolds were prepared for analysis by fixation in 2.5% electron microscopy-grade glu-

taraldehyde in PBS for 1 h at room temperature under constant agitation, followed by

rinsing in ddH2O and dehydration in graded ethanol. Sheets were then critical point

dried, mounted on SEM stubs using carbon tape, and coated with gold-palladium.

The coated samples were viewed under SEM at 5 kV, 10 µA.

4.2.5 Collagen fibril ultrastructure under TEM

Ultrastructure of individual collagen fibrils from the scaffolds of each sample group

were assessed using a FEI Tecnai 12 TEM. Scaffolds were pulverized in liquid nitrogen

and dispersed in ethanol. Collagen fibrils were then collected on copper TEM grids

and examined unstained at 120 kV.
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4.2.6 Nanomechanics of scaffold fibrils using AFM

Nanomechanics of individual collagen fibrils extracted from the prepared scaffolds were

assessed using AFM. 12 fibrils from each of the 0, 5, 10, and 20 mineralization cycle

groups were tested, with the 12 fibrils in each group extracted from scaffolds prepared

in four separate processing batches. To extract fibrils, scaffolds were pulverized in

liquid nitrogen, dispersed in 95% ethanol, allowed to adsorb onto the bottom of glass

dishes, and then dried under nitrogen gas.

All AFM experiments were performed with a Bioscope Catalyst atomic force mi-

croscope (Bruker, USA) mounted on an IX71 inverted microscope (Olympus, Tokyo,

Japan). AFM cantilevers (BudgetSensors, Bulgaria) were made of silicon with a nom-

inal spring constant of 7.2 N/m. Each cantilever was calibrated using the thermal

noise method yielding an average spring constant of 8.04 ± 1.33 N/m (n = 6). The

radius of the tip was determined by imaging a titanium surface in PeakForce Quanti-

tative Nanomechanical Mapping (QNM) mode at a peak force set point of 40 nN, an

oscillation frequency of 1 kHz, a peak-force amplitude of 200 nm, and a raster scan

frequency of 0.5 Hz. The image used for the tip reconstruction had 512x512 pixels

and a size of 1.5x1.5 µm (Tip Check routine in NanoScope Analysis, v1.40, Bruker,

USA). The average tip radius was 10.06 ± 1.80 nm at an indentation depth of 10 nm

and 17.57 ± 3.35 nm at a depth of 20 nm. Relative humidity ranged from 15-26%

during testing with an average ambient temperature of 21◦C.

Each fibril to be assessed was first imaged. A 256x256 pixel image covering 2x2 µm

was taken using a peak force set point of 60 nN, oscillation frequency of 1 kHz, a

peak-force amplitude of 200 nm, and raster scan frequency of 1 Hz. Using this image,
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10 points were randomly chosen along the longitudinal axis of the collagen fibril for

nanomechanical assessment via point-and-shoot indentation. At each point, force-

distance curves were acquired using a ramp speed of 100 nm/s and ramp size of 500

nm, with max force set to 300 nN. The radial modulus at each point was calculated

using SPIP software (Image Metrology, Lyngby, Denmark) with sphere indentation,

using the Derjaguin-Muller-Toporov (DMT) model of fitting including adhesion, along

with a baseline and hysteresis correction, as previously used for studying collagen fib-

rils via PeakForce QNM265,266. The DMT model, which is based on the Hertz model,

uses the unloading region of the force-separation curve and accounts for adhesive in-

teractions between collagen fiber and AFM probe265,267. Calculation of a fibril’s radial

modulus using the DMT model is described by the following equation:

F =
(

4
3

E
(1−ν2)

√
R(d− d0)3

)
+ FADH

Where F is the force acting on the AFM tip from the sample, E is the radial modulus,

ν is Poisson’s ratio (0.5), R is tip radius, d – d0 is the deformation of the sample, and

FADH is the adhesive force between the AFM probe and the surface during contact.

Bueckle’s rule of only fitting indentations up to 10% of the fibril height in order

to avoid any influence of underlying stiff substrates was adhered to for all modulus

measurements268.
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4.2.7 Fibril and mineral volume quantification

Using the previously described 2x2 µm AFM images, fibril volumes were calculated

using Gwyddion software (Version 2.51, Czech Metrology Institute, Czech Republic).

Briefly, height images of control (0 cycle) and mineralized (5, 10, and 20 cycle) collagen

fibrils were first levelled, followed by a line by line background subtraction using

linear fit. Height profiles were then taken across the width of each fibril over a

length of 1 µm, which were then averaged and integrated giving fibril volume per unit

length. To estimate the amount of extrafibrillar mineral attached to the mineralized

fibrils, median volume of the unmineralized control fibrils was subtracted from the

corresponding value for the mineralized fibrils in each treatment group.

4.2.8 Macroscale scaffold mechanics under flexural testing

Flexural testing was conducted on 12 scaffolds from each of the 5, 10, and 20 miner-

alization cycle groups (the 0 cycle group lacked sufficient rigidity to be tested), with

the 12 scaffolds in each group prepared in four separate processing batches. Following

mineralization, scaffolds destined for flexural testing were placed into the bottom of

6-well plates and dried under a weighted PLA mesh to ensure that scaffolds remained

flat prior to mechanical testing. The flexural mechanics of rehydrated scaffolds were

assessed following the ASTM D790 standard269. Testing was done in room tem-

perature PBS using a custom-built electro-mechanical system with series A1 Servo

Cylinder (Ultra Motion, NY), GS0-1K load cell (Transducer Techniques, CA), and

cylindrical loading nose and sample supports with 5-mm-radius. More information

on the three-point bending system can be found in Appendix B. Scaffold samples for
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testing were prepared from 300-µm-thick collagen sheets, cut to 7.0 mm width and

18.0 to 22.0 mm length. Testing was done using a support span length of 15.0 to 18.0

mm, fixed strain rate of 0.1 mm/mm/min, and maximum strain of 0.05 mm/mm.

After rehydration for 5 minutes, each sample underwent 8 repeated flexion cycles,

with average material properties calculated for the final 3 cycles.

Deflection data, measured at the sample midpoint using actuator displacement, and

force data were converted to strain and stress following the D790 standard. Strain

was calculated as:

ε = 6Dd/L2

Where D is deflection, d is the sample thickness, and L is support span. Stress was

calculated as:

σ =
(
3PL
2bd2

)
[1 + 6

(
D
L

)2 − 4
(
d
L

) (
D
L

)
]

Were P is load and b is the width of the scaffold tested. Modulus of elasticity

was calculated as the tangent modulus of the steepest portion of each stress-strain

curve.
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4.2.9 Presentation and statistics

Numerical data are presented as mean± SD. Box plot whiskers show maximum/minimum

values. Differences between quantitative measurements for the scaffold groups were

tested using one-way ANOVA with post hoc Tukey-Kramer HSD test, with results of

p ≤ 0.05 considered statistically significant.

4.3 Results

4.3.1 Scaffold ultrastructure

SEM was used to assess the surface architecture of the prepared collagen scaffolds.

Unmineralized (0 cycle) sheets showed that the native, highly aligned arrangement

of collagen fibrils characteristic of tendons was conserved after processing treatments,

i.e. decellularization, sectioning, and phosphorylation (Fig. 4.1A,B). After 5 miner-

alization cycles, whole scaffold surface architecture was variable, with collagen fibrils

completely occluded by mineral in some regions and absent of mineral in others (Fig.

4.1C,D). After 10 cycles, few instances of exposed fibrils existed. In numerous loca-

tions, the trajectory of individual fibrils could be seen, though the fibril surface was

completely covered with mineral (Fig. 4.1E,F). After 20 cycles, collagen fibrils were

completely hidden from the scaffold surface (Fig. 4.1G,H).

TEM images taken of isolated fibrils from unmineralized and mineralized sheets

showed a greater abundance of mineral present as the number of mineralization cycles

increased (Fig. 4.2A-H). The mineral phase was observed as multiple plate-like struc-

tures which tended to be aligned with the longitudinal axis of the collagen fibrils. As
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the number of mineralization cycles increased, a greater abundance of extrafibrillar

mineral spherulites adjoined to fibrils were seen. (Fig. 4.2A-H).

Topography of individual fibrils extracted from scaffolds were quantified by AFM (Fig.

4.3). For fibrils from the 0 cycle (unmineralized) group, fibril height was 130 ± 27 nm

for collagen fibrils from the 0 cycle (unmineralized) scaffolds (Fig. 4.4A), consistent

with previous assessments of collagen fibrils from similar tissue sources270,271. While

fibril heights from the different scaffold groups were statistically similar, median fibril

height and mineralization cycles completed nearly reached a significant linear rela-

tionship (Fig. 4.4B). Being less sensitive than height to the uniformity of mineral

growth, the relationship between fibril volume and progressive mineralization treat-

ment was stronger, with statistically significant increases in collagen fibril volume

seen with increasing number of mineralization cycles completed (Fig. 4.5A). When

the median volume of the unmineralized fibrils was subtracted from those for the min-

eralized groups to provide a measurement of mineral volume only, a significant linear

relationship with increasing mineralization cycles was observed (Fig. 4.5B).

4.3.2 Change in nano-scale mechanics with progressive min-

eralization cycles

The nanomechanics of individual collagen fibrils extracted from scaffolds prepared

with differing numbers of mineralization cycles (0, 5, 10, and 20) were assessed using

AFM. Radial modulus for fibrils from unmineralized (0 cycle) scaffolds was 215 ± 125

MPa and increased significantly following 5, 10, and 20 mineralization cycles to 334

± 177 MPa, 596 ± 387 MPa, and 778 ± 302 MPa, respectively (Fig. 4.6A). Plotting
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A         0 cycle            10,000X 2 um B         0 cycle          25,000X

D         5 cycle          15,000XC         5 cycle            5,000X

E        10 cycle            5,000X

G        20 cycle          5,000X

F        10 cycle         15,000X

H        20 cycle       15,000X

800 nm

900 nm3 um

3 um

3 um 900 nm

900 nm

Figure 4.1: A, B: A 0 cycle (unmineralized) collagen sheet showing the highly aligned
native collagen fibril arrangement characteristic of tendon. C, D: Scaffolds that underwent
5 mineralization cycles showed heterogenous regions of mineral association with collagen
fibrils. E, F: 10 cycle mineralized collagen scaffold. While fibrils are completely occluded
with mineral the longitudinal trajectory of fibrils is still visible. G, H: 20 cycle mineralized
collagen scaffold where mineral has completely obscured the underlying collagen fibrils.
Images on the right show magnified views of the boxed regions in images on the left.

96



4.3. Results

A               0 cycle      0.5 um

C               5 cycle      

B               0 cycle      

D               5 cycle      

E               10 cycle      

G               20 cycle      

F               10 cycle      

H               20 cycle      

0.5 um

200 nm

200 nm

0.5 um

0.5 um

200 nm

200 nm

Figure 4.2: A, B: A collagen fibril extracted from a 0 cycle (unmineralized) scaffold
showing native collagen fibril structure. C, D: Collagen fibrils extracted from scaffolds that
underwent 5 mineralization cycles showed heterogenous mineral association. E, F: Collagen
fibrils from 10 cycle scaffolds showed increased mineralization. G, H: For scaffolds that
had undergone 20 mineralization cycles, extracted collagen fibrils showed an abundance of
plate-like crystals closely associated with the fibrils, as well as an increase in extrafibrillar
spherulites. Images on the right show magnified views of the boxed regions in images on
the left.
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DC

BA

Figure 4.3: Representative 3D height images of collagen fibrils extracted from the prepared
scaffolds. A: Collagen fibril from a 0 cycle (unmineralized) scaffold showing native collagen
structure. B: After 5 mineralization cycles, many fibrils had regions of exposed collagen
and mineralized collagen. C: Following 10 cycles, fibrils were completely covered in mineral,
with none of the fibrils D-band showing. D: Fibrils from scaffolds that had undergone 20
mineralization cycles appeared similar to those from the 10 cycle scaffolds.

median fibril radial modulus vs. number of mineralization cycles showed a highly

significant linear relationship with p = 0.0004 and R2 = 0.9993 (Fig. 4.6B). Plotting

median fibril radial modulus vs. fibril mineral content similarly showed a significant

linear relationship, with p = 0.0128 and R2 = 0.9746 (Fig. 4.7).
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Figure 4.4: A: While the volume and radial modulus of fibrils both increased significantly
with mineralization cycles completed (Figs. 4.5, 4.6), fibril height did not. B: Median fibril
height measurements vs. mineralization cycle. A linear fit to the data was not significant
with p = 0.0684.
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Figure 4.5: A: Volume measurements for single collagen fibrils taken from scaffolds fol-
lowing progressive mineralization. For mineralized groups (5, 10, 20 cycle), volume mea-
surements include fibril plus attached extrafibrillar mineral. Whiskers represent min/max
values. *p≤0.05, **p≤0.01. B: Linear regression of median mineral volume vs. mineral-
ization cycle. p = 0.0113, R2 = 0.9775.
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Figure 4.6: A: As measured by AFM, radial modulus of single collagen fibrils extracted
from the prepared scaffolds increased significantly with increasing number of mineraliza-
tion cycles. Whiskers indicate min/max values. **p≤0.01, ****p≤0.0001. B: Linear
regression of median fibril radial modulus vs. mineralization cycles. p = 0.0004, R2 =
0.9993.

4.3.3 Change in macro-scale mechanics with progressive min-

eralization cycles

The macroscale mechanics of scaffolds produced using 5, 10, and 20 mineralization

cycles were assessed using flexural testing. Scaffolds prepared without mineralization

(0 cycles) lacked the required rigidity for testing. Representative stress-strain curves

can be found in (Fig. B.17) as well as hysteresis data in (Fig. B.18) in Appendix B.

Flexural stiffness increased significantly with increasing mineralization, from 18 ± 7

MPa for the 5 cycle group, to 156 ± 50 MPa for the 20 cycle group (Fig. 4.8A). Again,

plotting median modulus vs. mineralization cycles completed showed a significant

linear relationship with p = 0.0227 and R2 = 0.9987 (Fig. 4.8B).
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Figure 4.7: For single collagen fibrils extracted from scaffolds progressively mineralized via
alternate soaking (0, 5, 10, or 20 mineralization cycles), a significant linear relationship
was observed between median fibril radial modulus and fibril mineral content. p = 0.0128,
R2 = 0.9746.
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Figure 4.8: A: Box plot showing the relationship between the number of mineralization
cycles and the flexural modulus of mineralized scaffolds. Whiskers represent min/max
values. **p≤0.01, ****p≤0.0001. B: Linear regression of median fibril flexural modulus
measurements vs. mineralization cycle. p = 0.0227, R2 = 0.9987.
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4.4 Discussion

There has been a shift in bone scaffold technology towards providing bioactivity in

addition to stability. It has been shown extensively in previous research that scaffolds

composed of materials similar to those of native bone provide cues for the surrounding

bone forming cells to begin repairing the associated bone defect157,272–279. The ability

to draw pre-osteoblastic cells towards the repair site and promote their differentiation

as well as provide an adequate housing environment is termed osteoinduction and

osteoconduction, respectively. The focus of the current research was to construct a

biologically inspired biphasic scaffold composed of natively structured collagen and

inorganic mineral using a production process that would allow easy control over the

resulting mechanical properties. Our process for treating tendon-derived collagen

sheets using an alternating soaking technique achieves this, with both nanoscale and

macroscale scaffold mechanics increasing in a linear fashion with mineralization cycles

completed.

Cells interact with scaffolds post-implantation in a multitude of ways, one of which is

through cytoskeletal interactions with the substrate—a parameter that is influenced

by scaffold mechanics. Cytoskeletal interactions in turn affect migration, morphology,

and differentiation of cells117. This was highlighted by Khatiwala et al.280 in an ex-

periment where MC3T3-E1 pre-osteoblastic cells were cultured on collagen-modified

hydrogels with varying mechanical properties. The migration, proliferation, and dif-

ferentiation of the cells were assessed in relation to scaffold mechanics. Cell migration

and proliferation were found to increase following an increase to ECM stiffness280.

Osteoblastic differentiation was also found to favour stiffer scaffolds (tensile modu-
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lus of 39 kPa vs. 22 kPa)280. Engler et al.124 found that stiffer materials (25-40

kPa) promoted the lineage specification of stem cells towards an osteogenic pheno-

type compared to softer collagen-coated gels that promoted neurogenic (∼0.1-1 kPa)

and myogenic (∼8-17 kPa) differentiation. This highlights the importance of design-

ing scaffolds that mimic the stiffness of the tissue type to be repaired. Ideally, bone

scaffold mechanics should match those of the developing bone tissue. Prior measure-

ments of a repairing rat fracture callus by nanoindentation have shown moduli of

0.6-1.3 MPa for granulation tissue, 1.4-4.4 MPa for chondroid tissue, and 27-1010

MPa for woven bone281. The radial moduli measured for mineralized collagen fibrils

in the current study fall within the range for woven bone at the fracture callus site

(Fig. 4.6). With an ability to easily control the stiffness of scaffolds through altering

the number of mineralization cycles, substrate stiffness-based influence on cell differ-

entiation can be taken advantage of. This may allow for the production of scaffolds

that select for osteogenesis over the formation of other tissue types.

Along with responding to external loads, the mechanical environment within a scaffold

and its effect on cellular response is an important design parameter282,283. Bruels et

al.117 distinguishes these effects as “active” vs. “passive” mechanical stimulation.

Active mechanical stimulation arises from external forces that act on the implanted

scaffold during physiological movement, whereas passive stimuli describe the response

cells have to material stiffness post implantation117. In referencing various modes of

stimulation that promote the differentiation of stem cells to the osteoblastic lineage,

it is understood that soluble factors, cell-ECM interactions (stemming largely from

nanostructural characteristics of the scaffold, such as porosity and roughness), as well
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as mechanical stimulation all play key roles117,124,284–287. With a means of controlling

passive stimulus in a material with innate chemical and structural advantages, our

process for controlling mineralized collagen scaffold mechanics offers the potential to

harness the intrinsic mechanotransduction pathways of stem cells.

Our ability to easily control the stiffness of the scaffolds was confirmed at both the

nano- and macro-levels (Fig. 4.6, 4.8). This is likely a direct reflection of the degree to

which alternate soaking allows control of the volume of mineral deposited on individual

collagen fibrils (Fig. 4.5). Previous studies have shown that the mechanics of collagen

scaffolds are altered on mineral incorperation but have not shown a process for doing

this in a controlled way. For example, Heinemann et al.259 constructed collagen

scaffolds mineralized with silica and/or hydroxyapatite (HA) powder through a sol-gel

process. Mineralization with HA (25 wt%) increased compressive modulus values by

a factor of roughly 3. Cunniffee et al.260 produced collagen-nanoHA scaffolds through

both suspension and immersion methods. No significant improvement in compressive

modulus was found when nanoHA was added during suspension methods at 100 wt%

(relative to collagen weight used). An 18-fold increase, however, was found when 500

wt% nanoHA was used260. Kane et al.288 prepared HA containing freeze-dried collagen

scaffolds with varying degrees of HA incorporation. It was found that the compressive

modulus significantly increased following increases to the collagen:HA weight ratio,

with values ranging from roughly 20 kPa for 1:1 collagen:HA scaffolds to 200 kPa for

1:4 collagen:HA scaffolds288. Liu et al.289 described the preparation of mineralized

collagen using poly(acrylic acid) and sodium tripolyphosphate as sequestration and

templating analogs, respectively. AFM-based nanoindentation measurements of their
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mineralized collagen fibrils gave radial moduli of 13.7 ± 2.6 GPa; significantly greater

than for non-mineralized collagen at 2.2 ± 1.7 GPa289.

Relatively few studies have examined the nanomechanical properties of natively min-

eralized collagen fibrils. Balooch et al.290 used AFM-based nanoindentation to deter-

mine the mechanical properties of mineralized collagen fibrils in human molar during

demineralization. Modulus values reduced from 1.5 GPa to 50 MPa as collagen fib-

rils were gradually demineralized290. These values correspond reasonably well with

those obtained in the current experiment: 778 ± 302 MPa for fibrils from scaffolds

that underwent 20 mineralization cycles down to 215 ± 125 MPa for the fibrils from

the unmineralized scaffolds(Fig. 4.6). Using AFM to perform tensile experiments,

Hang and Barber291 described the nanomechanical properties of individual mineral-

ized collagen fibrils from antler. It was found that these mineralized fibrils exhibited

tensile moduli of roughly 2.4 GPa291. Tai et al.30 used AFM-based nanoindentation

to determine the elastic modulus of bone during demineralization. It was found that

mineralized collagen samples possessed modulus values 2-6x that of demineralized

bone sections ranging from about 7-12 GPa vs. 1.9 GPa30.

In terms of the micro- or macromechanical properties of bone, 3-point micro-bending

tests by Choi et al.292 of subchondral, trabecular, and cortical bone samples gave

flexural modulus values of 1.2 GPa, 4.6 GPa, and 5.4 GPa, respectively292. Ascenzi

et al.293 investigated the mechanics of single osteons through bending tests and found

flexural moduli of roughly 2-3 GPa. Lettry et al.294 used 3-point bending to determine

the Young’s modulus of bone obtained from the human mandible, which ranged from

4.7 – 16 GPa. Using a similar 3-point testing set-up, Lee et al.295 found the bending
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modulus of human skull bone to be roughly 1 – 4 GPa. Rahmoun et al.296 found the

elastic modulus of human cranial bone through 3-point testing to range from about 2

– 6 GPa, with highest values found in the left temporal region and the lowest found

in the coronal suture region. From these values, the flexural moduli of our 20-cycle

mineralized collagen sheets appear to be about an order of magnitude below that of

mature bone (Fig. 4.8). How much this could be further increased with additional

mineralization cycles remains to be seen, as does whether matching the modulus

of mature bone, or a lower modulus for developing bone is of greatest benefit to

healing.

4.5 Conclusion

We have developed a process for easily producing sheets of mineralized collagen fibrils

with tailorable mechanics. The mechanics of individual collagen fibrils from the sheets

are comparable to natively mineralized collagen fibrils, while the flexural modulus of

whole sheets is about an order of magnitude below that of native, mature bone.

With chemical and structural characteristics of mineralized collagen fibrils having

innate osteoinductive qualities, and now with a means of additionally controlling

their mechanics, the sheets we describe may be of use in creating larger, multilaminate

constructs with physiologically relevant mechanical profiles.
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4.6 Contributions

4.6.1 Author contributions

The original conception and experimental design of the research described in this

chapter was carried out by myself and Dr. Samuel Veres. More specifically, tendon ac-

quisition, decellularization, cryosectioning, collagen mineralization, SEM, TEM, and

data analysis and presentation, including chapter writing and illustration, were com-

pleted myself. Nanomechanical evaluation of collagen fibrils through AFM was carried

out by myself after initial equipment training and assistance in selecting appropriate

testing conditions by Dr. Laurent Kreplak. Collagen fibril and mineral volume quan-

tification was carried out myself with minor technical assistance from Dr. Laurent

Kreplak. All procedural work, including data analysis and figure presentation, for the

flexural testing of whole mineralized collagen sheets was carried out myself after initial

equipment set-up and software design by Research Assistant Luke Vincent.

4.6.2 Contributions to the field

This work describes, to the best of my knowledge, the first evidence for the ability

to control the mechanics of in vitro mineralized collagen. Control over mechanical

properties of mineralized collagen was demonstrated to be possible at both the nano-

and macro-scale. Tailoring of scaffold mechanics over multiple scales is an important

design parameter, as bone mechanics is highly variable depending on the location

within the body, stage in healing, and individual. Additionally, this control of scaf-

fold mechanics is crucial for optimizing the cellular response to the implant. The
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nanomechanical evaluation of mineralized collagen fibrils is an area of little dedicated

research, thus, this work allows for an expansion of the current knowledge base in the

area. This work also highlights important design parameters that others may utilize

to perform similar mechanical testing on related biomaterials.
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Chapter 5

Effect of Increasing Mineralization

on Pre-osteoblast Response to

Native Collagen Fibril Scaffolds for

Bone Tissue Repair and

Regeneration

5.1 Introduction

Serving as the current gold standard bone repair material, autografts offer many

advantages over alternative materials, including inherent biocompatibility and os-

teogenic potential1,297. Availability of autograft tissue remains a strong limitation for
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its use however, along with donor site morbidities and extended time under anesthe-

sia for tissue harvesting. While allografts are available in larger quantities, supply

remains limited and concerns regarding disease transmission exist1,205. Alternative

materials, including various synthetic and natural biopolymers, are under widespread

investigation to fulfill the increasing clinical demand for bone scaffolds and to avoid

limitations associated with graft use298. With the potential to use these scaffolds for

a wide variety of defect treatments that require different levels of load-bearing ability,

methods for creating mechanically tailored scaffolds are required, and an understand-

ing how such changes impact cellular response developed.

Bone grafts for internal fixation may be indicated for use in some fractures to bridge

bone ends and provide stability to the fracture site in an attempt to facilitate repair

and regeneration. The specific healing processes that occur following surgical inter-

vention are directed in part by the origin of bone graft material selected and bone

type, i.e. cortical or cancellous299,300. Remodelling of autologous bone grafts proceeds

similarly to normal physiological bone remodeling due to the presence of preserved

mesenchymal stem cells (MSC) and osteogenic proteins301–303. This process begins

by apposition of bone, including initial osteoclast resorption followed by graft vas-

cularization and fibroblast ingrowth299,300. Osteoblasts fill resorption pits created by

the osteoclasts with osteoid, which eventually becomes mineralized and subsequently

remodelled299,304. Complete resorption and replacement of the autograft with new

bone typically occurs within 6-12 months but may take years if the graft is derived

from dense cortical bone88,300. A subset of autograft tissue includes bone marrow

aspirate (BMA). BMA contains many similar osteogenic factors as bone autografts
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and is often used along with other graft materials as an extender302.

Grafts foreign to the recipient host include xeno- and allografts, including demineral-

ized bone matrix, which is available in fresh, frozen, or freeze-dried forms302. Due to

the foreign nature of these grafts and depending on processing techniques, the initial

stages of remodelling may involve undesirable immune responses88. As a result, inte-

gration of allografts or xenografts may be delayed in comparison to autografts305. For

example, Zhang et al.306 compared the use of autograft to allograft for instrumented

atlantoaxial fusions in 32 pediatric patients. Although similar fusion rates were ob-

served with both grafting materials, fusion time was 3 months longer when allografts

were used306. Interestingly, the overall incidence of surgery-related complications was

significantly higher for the autograft group, including a seroma formation and pelvic

fracture associated with the donor site306. In a comparative study by Shibuya et al.307

of 61 foot and ankle surgery patients, xenograft incorporation into human bone was

found to be slower than incorporation of autografts and allografts. For xenografts,

while supply is significantly less constrained compared to allografts, processing meth-

ods, including decellularization and sterilization techniques vary greatly, which may

result in variable clinical outcomes299,308.

Materials being explored as graft substitutes include various synthetic and natural

polymers, bioactive glasses, minerals, ceramics, and many composite preparations

thereof302. Cellular responses to these graft substitutes vary depending on their

chemical composition, structure, and mechanics309. While some graft alternatives

have been shown to allow progressive healing similar to that occurring with graft

use, healing typically progresses more slowly due to a general lack of osteoinduc-
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tive potential88. To accelerate repair and remodelling, various biological factors have

been incorporated into graft substitutes. These include bone morphogenetic pro-

teins (BMP), fibroblast growth factors (FGF), vascular endothelial growth factors

(VEGF), platelet-rich plasma (PRP), and many bioinorganic ions such as zinc, mag-

nesium, cobalt, and strontium88,310. Biologic incorporation within graft substitutes

may improve the rate of bone formation and remodelling, however their use comes

with increased cost and possible post-operative complications, including heterotopic

bone growth and oncogenic concerns88,302,310,311.

Aside from collagen, the extracellular matrix (ECM) of bone contains various proteins

involved in important osteogenic processes; more than 200 of which have been reported

to date1. Some of the major non-collagenous proteins (NCP) found within bone in-

clude, osteonectin, osteocalcin (OCN), fibronectin, osteopontin, and bone sialopro-

tein1,312. Of these, OCN in particular has been widely used as a late stage biomarker

for osteogenic differentiation1. OCN is thought to bind bone mineral with its N-

terminal domain, contributing towards the rate of mineral crystal growth or matura-

tion, while aiding in the regulation of bone matrix production via its C-terminal

domain313,314. Another widely used marker for osteogenic differentiation is alka-

line phosphatase (ALP), otherwise known as tissue non-specific alkaline phosphatase

(TNAP)315. ALP is expressed early on in the development of bone and decreases as

development progresses315. ALP is thought to play a role in promoting collagen miner-

alization through its hydrolysis of pyrophosphate (PPi), a mineralization inhibitor316.

Additionally, NCPs and various ions and small molecules, such as magnesium and

citrate, are thought to alter crystallization kinetics and promote the intrafibrillar
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mineralization of collagen during bone formation and repair191. To mimic the role

of these NCPs, polyanionic macromolecules of varying molecular weights (MW) are

frequently used during mineralization, including poly(acrylic acid) and poly(aspartic

acid) (pAsp)191,298.

Our laboratory recently developed a process for producing mineralized collagen scaf-

folds that feature highly aligned and natively crosslinked collagen fibrils combined with

a mineral phase closely matching that of native bone258. We subsequently demon-

strated that the mineral content of these scaffolds can be easily controlled during

production, allowing tuning of the scaffolds resulting mechanical properties, both in

terms of macroscale flexural modulus and nanoscale collagen fibril stiffness197. In the

present study, we make use of our developed scaffold production process to investigate

how variations in the mineral content of aligned, natively crosslinked collagen scaffolds

affect the osteogenic activity of cells. Our results provide new insights into how varia-

tions in scaffold mineralization may alter the functional response of osteoblasts.

5.2 Materials & Methods

An overview of the experimental design is shown in Figure 1.

5.2.1 Collagen acquisition and initial processing

Common digital extensor (CDE) tendons were dissected from the forelimbs of steers

aged 2-3 years, which were killed for food at a local abattoir. Tendons were stored

immediately in phosphate-buffered saline (PBS) solution at 4◦ C to await decellular-
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CDE forelimb tendon
subdivided and 

decellularized

Cryosectioning 
into 200 µm sheets

Phosphorylation

Alternate soaking 
mineralization treatment

(0, 5, or 20 cycles)

Day 0

0 
cycles

5 
cycles

20 
cycles

3 hr, 70% etOH sterilization,
overnight media soak

37 °C

Seeding with
 MC3T3-E1 cells

Non-adherence transfer
after 3 h

Culture
(1, 7, or 14 days)

Day 1
Day 7
Day 14

Analyses for each
of the 9 treatment/

culture duration
groups

SEM
DNA
ALP
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(n=2)
(n=6)
(n=6)
(n=6)

Figure 5.1: Overview of the experimental design. Collagen sheets underwent three different
treatments (0, 5, or 20 mineralization cycles) with samples from each treatment cultured
for three durations (1, 7, or 14 days) yielding 9 sample groups for analysis.
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ization treatment, which was started within 8 h.

Decellularization was conducted following a method previously described by Woods

and Gratzer261. Briefly, tendons were first exposed to a hypotonic 10 mM tris buffer,

containing serine and metalloprotease inhibitors, along with 1% penicillin/streptomycin

and 1% amphotericin B for 36 h at room temperature. Tendons were then moved to a

high saline 50 mM tris buffer containing 1% Triton X-100 along with antibiotics and

protease inhibitors for 48 h at room temperature, followed by Hanks’ buffer rinse and

wash in a DNase/RNase solution. This was followed by a 48 h, room temperature soak

in 1% Triton X-100 solution with 50 mM TRIZMA base and antibiotics. Finally, the

tendon samples were rinsed in PBS with antibiotics and stored in a similar solution

at 4◦ C until further use.

Decellularized tendons were cut into 2-cm-long segments, mounted on a steel block us-

ing optimal cutting temperature compound (Fisher Healthcare, Ottawa, ON), frozen

in liquid nitrogen, and cryosectioned longitudinally using a Leica SM2000R sliding mi-

crotome to produce 200-µm-thick collagen sheets. As previously done258, the collagen

sheets were then phosphorylated via treatment with STMP in order to enhance miner-

alization108,219. A solution of 2.5 wt% STMP was hydrolyzed at pH 12 for 5 h220. The

solution was then adjusted to pH 10. Collagen sheets were treated in STMP solution

for 1 h at room temperature under constant agitation. The sheets were then rinsed

in ddH2O before beginning the alternate soaking mineralization procedure.

115



5.2. Materials & Methods

5.2.2 Alternate soaking mineralization

Mineralization of the phosphorylated collagen sheets was performed following the

method of Grue & Veres258. Using a stainless steel mesh basket, sheets were first

soaked in 200 mL ddH2O before soaking in 200 mL of a magnesium (0.01 M) and

citrate (0.02 M) doped calcium solution (CaCl2/MgCl2, 0.2 M) within a temperature-

controlled water bath at 37◦ C for 120 s at pH 7.4. The sheets were then briefly

rinsed in ddH2O before soaking for an additional 120 s in a 0.12 M sodium phosphate

solution containing 0.025 M sodium carbonate at 37◦ C, pH 7.4. Both the calcium

and phosphate solutions contained 100 µg/mL pAsp (mean MW 29 kDa, Alamanda

Polymers, AL, USA). The progression of collagen sheets through these four solutions

constituted a single mineralization cycle. Scaffolds were prepared with either 5 or

20 mineralization cycles, or without mineralization (0 cycle control). Prior to cell

culture, scaffolds were sterilized in 70% etOH for 3 h followed by rinsing in complete

media overnight at 37◦ C and 5% CO2.

5.2.3 Cell culture

MC3T3-E1 osteoblast precursor cells derived from mouse calvaria (Sigma-Aldrich,

MO, USA) were cultured in α-minimum essential medium, supplemented with 10%

heat inactivated fetal bovine serum, 50 mg/mL ascorbic acid (AA), and 5% antibi-

otic/antimycotic mixture. The cells were maintained at 37◦ C and 5% CO2 with media

changes every 2 days. Cells used for scaffold seeding were obtained from passage 6.

The MC3T3-E1 cells were seeded on scaffolds with a density of 150,000 cells/well for

morphological evaluations and 50,000 cells/well for subsequent cell proliferation, ALP
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activity, and OCN content measurements. Cells were allowed to adhere to scaffolds

for 3 hours prior to conducting a non-adherence transfer to fresh 24-well ultra-low

adhesion cell culture plates.

5.2.4 Visualization of cell morphology on scaffolds

Two scaffolds from each treatment group (0, 5, and 20 mineralization cycles) were

examined under SEM following 1, 7, and 14 days of culture. Scaffolds were removed

from the culture plates and transferred to fresh 24-well plates and fixed in 2.5%

electron microscopy-grade glutaraldehyde in PBS for 1 h at room temperature under

constant agitation, followed by rinsing in ddH2O and dehydration in graded ethanol.

Scaffolds were then critical point dried, mounted on SEM stubs using carbon tape,

coated with gold-palladium, and examined at 5 kV, 10 µA using a Hitachi S-4700

SEM.

5.2.5 Sample groups for biochemical analyses

Biochemical analyses for dsDNA content, ALP activity, and OCN content were un-

dertaken. For each of the three culture durations (1, 7, and 14 days), the tests were

performed on n=6 scaffolds from each treatment group (0, 5, and 20 mineralization

cycles). In addition to these 54 scaffolds, an additional 6 scaffolds per treatment

group were prepared and cultured for 14 days without the addition of AA. As a

no-cell control, analyses were also performed on a single scaffold for each of the 9

treatment/culture duration combinations that was prepared and maintained under

the same conditions, but in the absence of cells. For each scaffold, biochemical mea-
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surements were made in duplicate and then averaged.

5.2.6 Cell proliferation

DNA, measured via Quant-ITTM PicoGreen R© dsDNA assay kit (Invitrogen-Thermo

Fisher Scientific, Berlin, Germany) was used as a proxy for the number of cells present

on scaffolds317,318. At days 1, 7, and 14, scaffolds were transferred to a new 24-well

plate, washed with sterile PBS, and incubated in TrypLE Express reagent (Invitrogen-

Thermo Fisher Scientific, Berlin, Germany) for 30 minutes. Cell-TrypLE suspension

was drawn off and centrifuged at 3000 rpm for 15 minutes followed by resuspension of

cells in sterile PBS. The cells were then lysed through three freeze-thaw cycles followed

by further centrifugation at 3000 rpm for 15 minutes to remove cellular debris. From

the supernatant, 50 µL samples were used for dsDNA measurement.

Cellular dsDNA measurement was performed according to the kit manufacturer’s

instructions. Briefly, lambda DNA standards were prepared by 8-point serial dilution

of a 2 µg/mL lambda working solution, which was in turn prepared through a 50-fold

dilution of a 100 µg/mL stock solution in 1X TE buffer (10mM Tris-HCl, 1mM EDTA,

pH7.5) supplied by the kit manufacturer. 50 µL of 1X TE buffer was added to each

well of a 96-well plate followed by 50 µL of sample or standard. 100 µL of the Quant-

iT PicoGreen reagent working solution was then added to each well and allowed to

incubate for 2-5 minutes protected from light. Fluorescent measurements were then

made using a Varioskan LUX multimode plate reader (ThermoFisher Scientific, MA,

USA) with an excitation wavelength of 480 nm and emission wavelength of 520 nm.

dsDNA content was calculated via standard curve according to kit manufacturer’s
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instructions.

5.2.7 ALP activity

To evaluate early osteogenic differentiation of the MC3T3-E1 cells, ALP activity was

assessed using an alkaline phosphatase, diethanolamine detection kit (Sigma-Aldrich,

MO, USA).

Cells lysates were used from the previously described proliferation assay. ALP mea-

surements were performed according to manufacturer’s instructions. Briefly, 5 µL of

each test sample, including a ddH2O blank, a 0.15 U/mL alkaline phosphatase en-

zyme control, and a similar enzyme control that underwent the previously described

3X freeze-thaw cycles for comparison, were added to the wells of a 96-well plate in

duplicate. A premixed solution containing 245 µL reaction buffer and 5 µL of 0.67 M

ρ-nitrophenol phosphate (pNPP) was subsequently added to each well. Absorbance

values at 405 nm were read for 5 minutes at 37◦ C, from which each sample’s linear

rate of absorption was calculated and converted into ALP activity following the kit

manufacturer’s instructions. A maximum of 15 wells were read at once to ensure

similar incubation time for all samples. For each scaffold assessed, ALP activity was

normalized to the dsDNA content obtained from the PicoGreen assay for that same

scaffold.

5.2.8 OCN content

OCN content was measured from the cell lysate using a mouse osteocalcin ELISA

kit (MyBioSource, CA, USA). Briefly, 100 µL of standard or sample was added to
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each well of a coated 96-well plate in duplicate in addition to 100 µL sterile PBS

in duplicate to serve as a blank control. 10 µL of balance solution was added to

each sample followed by 50 µL of conjugate (excluding the blank controls). Plates

were incubated at 37◦ C for 1 hour. Plates were then washed 5 times with 1X wash

solution followed by the addition of 50 µL substrate A and 50 µL of substrate B to

each well including blank control. Plates were further incubated at 37◦ C for 15-20

minutes before the addition of 50 µL stop solution. The optical density of the wells

was then read at 450 nm. OCN content for each scaffold was calculated via standard

curve according to the kit manufacturer’s instructions and normalized to the matching

dsDNA content obtained from the PicoGreen assay for that same scaffold.

5.2.9 Statistics

Numerical data are presented as mean ± SD. DNA, ALP, and OCN results were

analyzed using full-factorial two-way ANOVA, performed on rank transformed data to

improve normality. This was followed by nonparametric Kruskal-Wallis tests and then

Wilcoxon tests between individual pairs. Differences with p≤0.05 were considered

statistically significant.

5.3 Results

5.3.1 Cell morphology and scaffold ultrastructure

The response of MC3T3-E1 pre-osteoblast cells to culture on aligned collagen fibril

scaffolds following 0, 5, or 20 alternate soaking mineralization cycles was assessed using
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SEM (Fig. 5.2). Cells on the unmineralized scaffolds exhibited mostly unidirectional

cytoplasmic extension well-aligned with the direction of collagen fibrils after one day

of culture (Fig. 5.2A). By day 7, the elongated cells had started to spread laterally

(Fig. 5.2B). By 14 days, the cells had become confluent (Fig. 5.2C).

Cells on the 5 cycle mineralized scaffolds exhibited similar unidirectional cytoplasmic

extension after one day of culturing, however the direction of elongation was more

random due to the partial coverage of underlying collagen fibrils by mineral (Fig.

5.2D). After 7 days of culture, cells appeared more elongated and fusiform compared

to cells on the unmineralized scaffolds (Fig. 5.2E vs. B). By 14 days, the cells had

spread laterally taking on a polygonal morphology (Fig. 5.2F) appearing similar to

those on the unmineralized scaffolds after 7 days of culture (Fig. 5.2B).

Cells grown on the 20 cycle mineralized scaffolds exhibited similar elongation patterns

as cells grown on the 5 cycle scaffolds after one day of culture but with cellular

extensions more commonly observed (Figs. 5.2G, 5.3A,D). By day 7, cells began to

spread laterally, similar to what was observed on the 5 cycle mineralized scaffolds,

with a small number of cells taking on a polygonal morphology (Figs. 5.2H, 5.3E). At

14 days, cell appearance had not changed appreciably compared to at 7 days (Figs.

5.2I, 5.3). Cells grown on the mineralized scaffolds exhibited close association with

the underlying mineral phase at all timepoints, with cells gradually becoming more

embedded and integrated with the mineral as culture time increased (Fig. 5.3).

Observed at all timepoints, cells on both the control and mineralized scaffolds pos-

sessed microvilli on their surfaces along with evidence of ECM production after 7 days

(Fig. 5.4), indicating increased activity during the culturing period319.
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A         Day 1, 0 cycle            3,000X 4 um

C         Day 14, 0 cycle            3,000X 4 um F         Day 14, 5 cycle            3,000X 4 um

G         Day 1, 20 cycle            3,000X 4 umD         Day 1, 5 cycle            3,000X 4 um

B         Day 7, 0 cycle            3,000X 4 um E         Day 7, 5 cycle            3,000X 4 um H         Day 7, 20 cycle           3,000X 4 um

I         Day 14, 20 cycle            3,000X 4 um

Figure 5.2: SEM images of MC3T3-E1 cells cultured on collagen scaffolds of varying
mineral content, achieved via 0, 5, or 20 cycles of alternate soaking mineralization. A-C:
On mineralized collagen scaffolds, cells had elongated by day 1, had begun to spread at day
7, and had reached confluence at day 14. D-F: On scaffolds treated with 5 mineralization
cycles, cells elongated and spread, but spreading did not occur to the same extent as
in controls. G-I: On scaffolds treated with 20 mineralization cycles, cells showed little
spreading after 14 days.

5.3.2 Cell proliferation

On unmineralized scaffolds, DNA content did not change over 14 days of culture (Fig.

5.5A). With SEM observations having shown monolayer coverage of the unmineral-

ized scaffolds by 14 days (Fig. 5.2C), the DNA and SEM results together suggest
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A         Day 1, 5 cycle            3,000X 4 um

B         Day 7, 5 cycle            3,000X 4 um

C         Day 14, 5 cycle            3,000X 4 um F         Day 14, 20 cycle           3,000X 4 um

D         Day 1, 20 cycle            3,000X 4 um

E         Day 7, 20 cycle            3,000X 4 um

Figure 5.3: SEM images of MC3T3-E1 cells cultured on mineralized collagen scaffolds. A:
5 cycle mineralized collagen scaffold showing close association between cells and mineral
after one day of culture. B: 5 cycle mineralized scaffold after 7 days of culture showing
cells partially covered by mineral. C: 5 cycle mineralized scaffold after 14 days of culture.
D: 20 cycle mineralized collagen scaffold showing similar cell-mineral interactions following
one day of culture. E: 20 cycle mineralized scaffold after 7 day of culture. F: After 14
days of culture, some cells on scaffolds from the 20 mineralization cycle group were almost
entirely covered by mineral.
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A         Day 7, 0 cycle            10,000X 2 um B         Day 7, 0 cycle            30,000X 500 nm

Figure 5.4: SEM images of MC3T3-E1 cells cultured on an unmineralized collagen scaffold
for 7 days. A: Cells showing surface microvilli (solid red arrows) and evidence of ECM
deposition (hollow red arrows). B: Magnified region of A. Both features, microvilli and
ECM deposition, were also seen for the mineralized scaffolds.

that surface coverage was largely achieved via cell spreading over the 14 day culture

duration.

On mineralized scaffolds, DNA content dropped significantly within the first 7 days

of culture, and then remained unchanged to 14 days (Fig. 5.5A). This was consistent

with SEM observations, showing a sparsity of cells after 7 days of culture on the 5 and

20 cycle mineralized scaffolds compared to the unmineralized scaffolds (Fig. 5.2E, H

vs. B).

5.3.3 Cell differentiation

The potential for differentiation of the MC3T3-E1 pre-osteoblast cells on both unmin-

eralized and mineralized collagen scaffolds was assessed by measuring ALP activity

124



5.3. Results

Day 1 Day 7 Day 14
0

50

100

150

D
N

A
 (n

g/
m

L)

0 cycle
5 cycle
20 cycle

**
**

a
c

db b d

**
**

Day 1 Day 7 Day 14
0

1

2

3

4

A
LP

 a
ct

iv
ity

 (U
/µ

g 
D

N
A

)

0 cycle
5 cycle
20 cycle

c

d

e
*

**

**
**

**

a

b b

Day 1 Day 7 Day 14
0.0

0.2

0.4

0.6

O
C

N
 (n

g/
ng

 D
N

A
) 0 cycle

5 cycle

20 cycle

a,b

c
f

a

d

f
b

e

g

**
**

**

*

A

B

C

Figure 5.5: A. DNA measurements indicated that cell numbers remained consistent on
unmineralized (0 cycle) scaffolds, while initially decreasing and then remaining constant for
mineralized scaffolds (5 and 20 cycle). B. ALP activity normalized to DNA concentration
showed increases for the mineralized scaffolds only, with a greater increase after 14 days of
culture for the 20 cycle group compared to the 5 cycle group. C. OCN content normalized
to DNA concentration similarly showed increases only for the cells cultured on mineralized
scaffolds. After 14 days of culture, levels of OCN for the 20 cycle group nearly reached
significance over the 5 cycle group with p=0.0552. Bars represent differences between
treatment groups for a given culture time while letters represent differences between culture
times for a given treatment group. *p≤0.05,**p≤0.01

.
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and OCN production.

ALP enzyme activity is an early biomarker of osteoblast differentiation320,321. On

unmineralized scaffolds, ALP activity did not change over the 14 days of culture (Fig.

5.5B). On mineralized scaffolds, ALP activity increased significantly for both the 5

and 20 cycle groups within the first 7 days of culture (Fig. 5.5B). While ALP activity

did not change between 7 and 14 days of culture for the 5 cycle group, a significant

increase was observed for the 20 cycle group (Fig. 5.5B).

To ensure that the freeze-thaw cycling used to lyse cells didn’t negatively impact

the ability to measure ALP activity, a test was done comparing the kit-provided

enzyme control to the same enzyme control after undergoing 3X freeze-thaw cycles.

No difference was found between ALP activity of the fresh enzyme controls vs. those

that experienced freeze-thaw cycling (p=0.9889; n=9).

OCN production is thought to occur during the later stages of osteoblast differenti-

ation321. On unmineralized scaffolds, OCN content did not increase during the 14

days of culture (Fig. 5.5C). OCN content increased significantly for the 5 cycle group

within 7 days of culture followed by a decrease when measured at day 14 (Fig. 5.5C).

For the 20 cycle group, OCN content was unchanged after 7 days of culture, but

increased significantly after 14 days of culture, nearly reaching significance over the 5

cycle group (Fig. 5.5C).
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5.4 Discussion

5.4.1 Visualization of cell morphology on scaffolds

Cell morphology is closely tied to a wide variety of cellular processes, including cell

growth, cytoskeletal organization, cell differentiation, and gene expression120. For ex-

ample, MSCs possessing a flattened and well-spread morphology are more likely to

differentiate into osteoblasts and contribute to osteogenesis compared to cells more

rounded in appearance, which are thought to become adipocytes121–123. This has been

shown by Somaiah et al.123 where MSCs were cultured on either uncoated tissue cul-

ture treated plastic or type I collagen coated tissue culture plates. Cells grown on the

uncoated plastic were found to exhibit high levels of adipogenic differentiation, while

the collagen coated surfaces enhanced cell proliferation and spreading, and promoted

osteogenic differentiation123.

In the current study, cells cultured on unmineralized collagen fibril scaffolds exhibited

a flattened morphology and gradual cell spreading over time, with neighbouring cells

coming into contact and forming a confluent monolayer within 14 days (Fig. 5.2A-C).

Cells grown on the mineralized scaffolds showed a more elongated morphology along

with overall lesser cell density (Fig. 5.2D-I). Cells cultured on the 5 cycle scaffolds

appeared more polygonal-like after 14 days of culture compared to cells on the 20 cycle

scaffolds (Figs. 5.2F, I, 5.3). Cells also appeared more elongated and spindle-like on

the 20 cycle scaffolds as compared to the 5 cycle and unmineralized groups (Fig. 5.2).

This resultant cell morphology may indicate less of an osteoblastic phenotype or may

be a result of the highly mineralized surface of these scaffolds which may have required
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the cells to spread from mineral peak-to-peak, bridging topographical gaps or pores,

resulting in a ‘stretched out’ morphology. Cells were also observed within pores of the

20 cycle scaffolds with some extending under mineral clusters (Fig. 5.3D-F).

These morphological results, including cell flattening and spreading, are similar to

those found by Cheng et al.120 who cultured MC3T3-E1 cells on poly-dopamine func-

tionalized graphene oxide substrates. Following 7 days of culturing, cells appeared

flattened and well-spread, a trend similarly found in our study for cells grown on 0 and

5 cycle scaffolds and 20 cycle scaffolds to some extent. The authors also reported the

resultant morphology of the MC3T3-E1 cells to be a product of the underlying surface

morphology and structure120. For example, cells grown on bare glass exhibited re-

duced attachment, spreading, growth, and fewer microvilli and pseudopods than cells

grown on the graphene oxide substrates120. This phenomenon of cells morphologi-

cally responding to underlying substrates was found in our study where cells favoured

an initial elongated morphology in the direction of underlying collagen fibrils on the

unmineralized scaffolds (Fig. 5.2A).

Cellular production of ECM was observed to begin on all scaffolds following 7 days

of culture (Fig. 5.4). This observation resembles what was found by Quarles et

al.322 where extracellular matrix deposition by MC3T3-E1 cells was found to peak

after 7 days of culture. In addition to ECM production, cells appeared to possess

numerous microvilli on their surfaces (Fig. 5.4), pointing to heightened activity319.

These findings are similar to what was observed by Cheng et al.120, where an increase

in microvilli and ECM formation occurred following 7 days of culturing MC3T3-E1

cells.
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5.4.2 Cell proliferation and differentiation

dsDNA content was found to remain stable throughout the 14 days of cell culturing

on the unmineralized collagen scaffolds (Fig. 5.5A). This is similar to what was found

by Nijsure et al.323, where the number of human osteosarcoma cells remained constant

on unmineralized aligned-collagen scaffolds over 7 days of culturing. dsDNA content

for mineralized scaffold groups was observed to decline after 7 days of culture (Fig.

5.5A). The increased relative cellular proliferation associated with unmineralized scaf-

folds compared to mineralized scaffolds may be due in part to the increased protein

surface area available for cell adhesion. Pre-osteoblasts express the ability to adhere

to collagen through RGD-dependent integrin binding324. This binding affinity is likely

reduced when collagen fibrils are covered with mineral, which may result in a relative

increase in cellular proliferation on unmineralized collagen scaffolds. In addition to

this, osteogenic differentiation was observed to be greater for cells grown on the min-

eralized scaffolds compared to cells cultured on the unmineralized control scaffolds

(described below) (Fig. 5.5A,B). It is known that the proliferation of MC3T3-E1

cells decreases during periods of differentiation, thus possibly accounting in-part for

the lack of proliferation on mineralized scaffolds322. The decrease in dsDNA content

observed for mineralized scaffold groups following 7 days of culture may indicate a de-

gree of cell detachment or death on these scaffolds compared to the stationary dsDNA

levels found on unmineralized scaffolds (Fig. 5.5A).

ALP is considered a prominent biomarker of early-stage bone formation321,325. In

bone, ALP is a homodimeric glycoprotein enzyme thought to act as an inhibitor to the

inhibitor of hydroxyapatite formation and growth, PPi, through its ability to cleave
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PPi into inorganic phosphate325,326. ALP contains a calcium-binding domain site in

addition to a region capable of binding matrix proteins, including type I collagen,

and is found associated with the membranes of osteoblast secreted matrix vesicles in

bone325,327.

After one day of culturing, ALP activity was similar for all treatment groups (0, 5,

and 20 cycles) (Fig. 5.5B). After 7 days of culture, cells on mineralized scaffolds ex-

hibited significantly greater ALP activity than cells grown on unmineralized scaffolds;

a trend that continued after 14 days of culturing (Fig. 5.5B). This increase in ALP

activity observed for cells cultured only on mineralized collagen scaffolds could indi-

cate increased early stage osteogenic differentiation for these cells321. This trend is

consistent with results found by Xu et al.328 where MSCs expressed increasing levels

of ALP activity over 14 days of culturing, beginning on day 7 when grown on bioglass-

collagen scaffolds. Further, Ngiam et al.329 compared the ALP activity of osteoblasts

when cultured on either a PLGA/collagen scaffold or a mineralized PLGA/collagen

scaffold. After 7 days of culturing, ALP activity was significantly greater for cells

grown on the mineralized scaffolds compared to the unmineralized scaffolds329.

OCN is one of the most abundant NCPs found within bone330,331. Produced mainly

by osteoblasts, OCN is a 5.6 kDa secreted protein that in its carboxylated form

is one of the two main γ-carboxyglutamic acid (Gla) proteins in bone, the other

being matrix Gla protein (MGP)330,332. The Gla residues of OCN align and bind

to calcium ions in hydroxyapatite, which is thought to contribute to its role as an

inhibitor of bone mineralization and as a bridge between the mineral and matrix

portions of bone330,331,333. Due to its role as a regulator in bone mineralization, OCN
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is commonly considered an important biomarker for bone formation, particularly late-

stage osteoblast activity321,334.

OCN content for cells cultured on the unmineralized scaffolds remained low for the

14 days of culture, while significant increases occurred for the mineralized scaffolds

(Fig. 5.5C). In addition to the previously mentioned ALP results, increases in OCN

content indicate that mineralized scaffolds better promoted osteogenic differentiation.

Similar findings were reported by Chou et al.335 who compared MC3T3-E1 growth

and osteoblastic differentiation on PLGA and apatite-coated PLGA scaffolds. In that

work OCN content increased for the mineral coated group compared to the uncoated

group after 4 weeks of culture335. In another study by Lee et al.336, the effect that

mineralization had on the osteogenic activity of collagen-glycosaminoglycan scaffolds

was evaluated using MSCs. It was found that mineralization of the scaffolds increased

the expression of OCN after 14 days of culture, suggesting that mineralization may

help cue cellular osteogenic differentiation336.

The mechanical properties of substrate materials are critical factors in defining the

resultant morphology and differentiation of adherent cells119. For example, Khati-

wala et al.280 observed increased proliferation, migration, and eventual osteoblastic

differentiation of pre-osteoblast cells with increasing stiffness of collagenous hydro-

gels. From our previous work, progressive mineralization of collagen fibril templates

by alternate soaking was shown to increase individual collagen fibril stiffness and

macroscale scaffold flexural modulus in proportion to the number of mineralization

cycles complete197. From the current study, it appears that the increase in scaf-

fold mechanics moving from 5 to 20 mineralization cycles is sufficient to enhance
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osteogenic differentiation of pre-osteoblasts, as measured by ALP activity and OCN

content.

As is also demonstrated by the current work, there is a disadvantage to increased scaf-

fold mineralization, with occlusion of collagen fibril surfaces by mineral appearing to

significantly reduce cell adhesion. Considering how best to design future mineralized

collagen scaffolds given these disparate effects of increasing mineralization may lead to

the creation of new scaffolds with enhanced repair and regeneration potential.

5.5 Contributions

5.5.1 Author contributions

The original conception and experimental design of the research described in this

chapter was carried out by myself with consultation by Dr. Samuel Veres. More

specifically, tendon acquisition, decellularization, cryosectioning, collagen mineraliza-

tion, SEM, and data analysis and presentation, including chapter writing and illus-

tration, were completed myself. Culturing of cells, including the design and selection

of culturing conditions, in addition to cell proliferation analysis, ALP activity analy-

sis, and OCN content determination were all carried out myself with minor technical

assistance from Darren Cole. Formal data analysis was carried out by myself and Dr.

Samuel Veres.
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5.5.2 Contributions to the field

It is crucial to the development of mineralized collagen devices for bone repair and

regeneration that the method of mineralization used stimulate an osteogenic cellular

response. Further, understanding how increasing levels of mineralization affect cellu-

lar response is important for the optimization of scaffold design. Knowledge on the in

vitro osteogenic response of pre-osteoblast cells to mineralized scaffolds prepared from

dense collagen templates is limited, in particular those prepared with varying degrees

of mechanical stiffness. It was found in this work that the conditions necessary for

an osteogenic response limit cellular proliferation. Therefore, when attempting to de-

sign mineralized collagen scaffolds, one should take into account that non-mineralized

pathways will promote cell proliferation, while stiffer material regions will help pro-

mote an osteogenic response. This chapter additionally offers, for the first time,

knowledge of the effects serial freeze-thawing has on the stability of ALP, which has

since influenced manufacturer recommendations.
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Chapter 6

Summary and Future Outlook

6.1 Clinical need and existing technologies

The clinical demand for bone grafting biomaterials is increasing as uses in traumatol-

ogy, spinal surgery, tumor resection operations, oral and craniomaxillofacial surgery,

and revision arthroplasty become more popular337. Part of the reason for the in-

creasing rates of these procedures is due to our aging population, in addition to a

population with increasing rates of chronic diseases338. For example, a reflection of

this demographic shift can be seen in the numbers of hip and knee replacements from

2017-2018 in Canada, at nearly 130,000339. Compared to numbers from 2012-2013,

this represents an overall increase of over 17%339.

As was mentioned in Chapter 1, to repair injuries to bone that require surgical in-

tervention, metallic implants are often used and/or the current gold standard bone

grafting material, autologous bone, depending upon the region and indication. Metal-
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6.2. Summary of work completed

lic implants offer heightened mechanical properties and easy availability, however, they

lack biofunctionality and may result in many complications, such as migration and

stress-shielding, requiring additional revision surgeries. In addition to this, in growing

patients, eventual device retrieval may be required. Although autologous grafts offer

many osteogenic advantages over most other materials, their availability is limited,

and donor tissue harvesting may result in further complications.

In response to the need for alternative bone grafting materials, various research groups

have focused their attention to the development of mineralized collagen-based materi-

als. Although still in their relative clinical infancy compared to autologous or metallic

implants, various iterations of these materials have been developed and approved for

clinical use as shown in Table 1.2. As these materials advance further, considerations

for not only their chemistry, but also for their structural features and both nano- and

macromechanical properties are being taken further. As was mentioned in Chapters 1,

4, and 5, most mineralized collagen materials to-date fail to consider the importance

of collagen fibril alignment, in addition to mechanical characteristics that may affect

the cellular response to the material post-implantation. For these reasons, the work

described herein aimed, and succeeded, at developing a mineralized collagen scaffold

with controlled collagen fibril alignment and the ability to be easily tailored in regard

to both nano- and macromechanics.

6.2 Summary of work completed

In accordance with the first thesis objective, a method for mineralizing decellularized

sheets of bovine tendon was successfully developed. This method led to the close
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integration of a mineral phase with collagen that resembled mineral found in bone.

Through chemical and structural analysis, it was found that the prepared scaffold rea-

sonably resembled both the chemical makeup and mineralized collagen microstructure

found in bone. It was found that pAsp and citrate play important roles in determin-

ing crystal structure, findings not well reported previously. Evaluations of exogenous

crosslinking agents were also conducted to assess their possible use towards the future

construction of multilaminate scaffolds as outlined in the appendix. From this work,

it was found that the natural crosslinking agent genipin can significantly increase

collagen stability, indicating that it may possess some of the functional benefits of

glutaraldehyde, while avoiding cytotoxic side effects.

As mentioned, most work done on the development of mineralized collagen scaffolds

to-date fails to describe an ability to easily control scaffold mechanics over multiple

scales. This design parameter is important if the scaffold is to be used throughout

the body as mechanical demands vary greatly depending on the location and cause

for surgical intervention. In order to address this gap in knowledge for the developed

mineralized collagen scaffold described herein, both nano- and macromechanical test-

ing was done using AFM and 3-point flexural testing, respectively, as set in the second

thesis objective. From these experiments it was shown that both nano- and macrome-

chanics can be easily controlled through modifications in the collagen mineralization

process.

In order to validate the ability for this scaffold to promote bone repair, an in vitro

investigation using MC3T3-E1 pre-osteoblastic cells was conducted, as was set in the

third thesis objective. From this phenotypic and biochemical study, it was observed
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that cells were able to adhere and spread on unmineralized and mineralized collagen

scaffolds to some extent, with ECM production appearing following 7 days of culture

on all treatment groups. It appeared from this work that an increase in scaffold me-

chanics, achieved through an increase in the number of mineralization cycles, results

in enhanced osteogenic differentiation of cells, with no evidence of differentiation ob-

served on unmineralized collagen, measured by ALP activity and OCN content. This,

coupled with the knowledge that occlusion of the fibrillar collagen surface by mineral

appears to reduce cell adhesion, will help to inform future scaffold design.

6.3 Future research goals and objectives

The overall goal of my doctoral thesis was to develop a novel mineralized-collagen

scaffold for bone repair and regeneration. Through fundamental chemical, mechanical,

structural, and in vitro experiments, promise towards this goal was achieved. In order

to progress the research presented here further towards its clinical application, the

following research directions and proposed steps are suggested. Briefly:

1. Selected area electron diffraction during TEM would allow for a more complete

characterization of the mineral phase associated with individual collagen fibrils.

2. Extension to the in vitro culturing timeline from 14 to 21 days would allow for

a more comprehensive evaluation to be done towards the differentiation profile

of adherent MC3T3-E1 cells.

3. The addition of an in vitro collagen control group consisting of randomly ori-

ented collagen fibrils in addition to a clinically available mineralized collagen
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scaffold group would allow further comparisons to be made.

4. The preparation of multilaminate scaffolds through layering and exogenous

crosslinking may allow for the production of more clinically relevant scaffolds.

5. A natural extension of this work towards possible clinic translation would be

to conduct in vivo investigations, beginning with biocompatibility experiments

and progressing towards clinical trials.

6. Looking towards possible alternative applications of the developed technology

described herein, a possible research direction may be in the construction of

scaffolds possessing regions of both mineralized and non-mineralized collagen

for tendon/ligament to bone/tooth interfaces.

In order to better confirm the occurrence and type of intrafibrillar mineral formed from

the described alternate soaking procedure, selected area electron diffraction methods

may be used. Electron diffraction performed on mineralized collagen fibrils performed

during TEM, such as that shown by Liu et al.114 and Zhang et al.340, would allow for

a characterization of the crystal orientation as well as specific mineral phase. This

would allow for a comparison to the crystal orientation and apatitic phase found

within bone (c-axis parallel to the direction of the collagen fibril).

As a natural extension to the previously described in vitro work, further characteri-

zations may be done through an increase to the duration in which cells are cultured

on the prepared scaffolds. More specifically, with the addition of a 21-day timepoint

to the existing 1, 7, and 14 days timepoints, a more complete evaluation of the os-

teogenic differentiation of MC3T3-E1 cells could be achieved. As OCN is considered
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a late-stage differentiation marker for MC3T3-E1 cells, this timeline extension may

show a more complete increasing trend in its expression over time. Additionally, as

ALP activity is thought to be tied to earlier osteogenic differentiation, such a timeline

extension may show its decline as levels of OCN increase further.

This work included a comparison between both mineralized and non-mineralized col-

lagen scaffolds in regard to their ability both support the growth and osteogenic

differentiation of MC3T3-E1 cells. An extension of this investigation would be to

include alternative substrate materials for cells, such as sheets of randomly oriented

collagen fibrils and/or existing clinically approved mineralized collagen scaffolds. The

incorporation of randomly oriented collagen sheets in such an in vitro study would

allow for a more in depth evaluation of how cells respond to changing fibrillar align-

ment including not only their growth patterns, but also their subsequent biochemical

response. Comparisons between the scaffold described here and currently clinically

approved scaffolds would better allow the scaffold described here to be placed amongst

existing technologies.

The development of layered, mutli-sheet scaffolds may follow from the already devel-

oped and well-characterized single mineralized collagen sheets. Based upon prelim-

inary investigations of crosslinking agents as outlined in the appendix, the natural

crosslinker genipin may be used in this multilaminate scaffold construction. As men-

tioned in Chapter 1, and shown in Fig. 1.4, the orientation of collagen fibrils varies

depending upon the location within the skeleton, and ultimately as a product of the

specific loading requirements placed upon that bone region. Layering of aligned col-

lagen fibril sheets may better allow scaffold mechanics and structure to be tailored
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to specific donor tissue sites. The preparation of such multilaminate scaffolds may

be done through the layering of sheets within a custom designed 3D printed mold

containing a crosslinking agent, such as genipin. Once scaffolds are created, simi-

lar flexural testing experiments that were done on single sheets could be conducted,

in addition to other relevant tests, such as delamination evaluations. Final design

parameters should also be formulated in consultation with those who would be the

end-stage users of such a device; clinicians. Through such consultations, practical

design goals may become better recognized which would allow for a more streamlined

clinical translation and a reduction in clinician rejection or apprehension.

Ultimately, in order for the scaffolds described herein to be translated to the clinic,

in vivo evaluation must be conducted. These experiments would begin with an ap-

propriate animal model in accordance with appropriate research ethics guidelines,

such as those from the Canadian Council on Animal Care. Using this animal model,

preliminary biocompatibility tests would be done, such as through implantation of

the scaffold subcutaneously to elucidate the immunological response from the host in

response to the material. This model would also allow for evaluations to be done in

regard to the possibility of the scaffold contributing to ectopic bone formation. Fol-

lowing this, use of the scaffold for the repair of a non-critical size bone defect may be

done to determine initial bone biocompatibility. Subsequently, or directly following

subcutaneous implantation, a critical size defect model, such as the C57BL/6 mouse

(from which MC3T3-E1 cells were established) calvarial bone defect model used by

Zhang et al.341, may be used to determine the ability for the scaffold to promote

new bone growth in comparison to controls and existing devices. Evaluation may in-
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clude micro-CT imaging of the defect region post-treatment in addition to histological

characterizations. Once these investigations are complete and a better picture of how

the developed scaffold presents itself within the body is obtained, controlled clinical

investigations may begin to take place in accordance with established clinical testing

guidelines outlined by Health Canada and other governing bodies.

Further, the application of the developed collagen mineralization procedure may be

applied to the development of biomaterial grafts destined for alternative regions

throughout the body. One such region may be at the interface between tendon and/or

ligaments with bone and teeth where mineralized meets non-mineralized collagen. The

need for such multiphasic scaffolds has been recently described in detail by Lausch et

al.190 where a central challenge to their production is achieving cohesion between lay-

ers. Due to the nature of how the collagen sheets are organized and mineralized in this

work, it would be easy to mineralize only part of the tendon sheet, thus allowing for

a seamless transition between scaffold regions. Additionally, due to the nature of the

collagen material described here, that of bovine tendon origin, the collagenous phase

already resembles highly the region in which it would intend to replace or repair.

6.4 Conclusion

The research work described herein not only highlights a novel method of preparing

decellularized sheets of aligned mineralized collagen fibrils, it also allows for a better

understanding of the mechanisms involved in collagen mineralization in vitro. I have

presented, to the best of my knowledge, the first demonstration of the production of

decellularized, naturally crosslinked and aligned, tendon-derived sheets of mineralized

141



6.4. Conclusion

collagen fibrils. I have shown that through alternate soaking mineralization of collagen

sheets, mineral crystal morphology may be modified through the addition of various

chemical additives, such as pAsp and citrate. This identification of collagen mineral-

ization mechanisms may contribute and guide future work related to the development

of mineralized collagen-based scaffolds for bone repair and regeneration.

Due to the growing clinical need for sustainable, reliable, safe, and functional bone

repair materials, research towards their development is vital. This work focused upon

three central objectives: first, to develop a method of producing mineralized collagen

sheets in a bio-inspired way and to examine their chemical and structural properties

compared to bone, second, to perform both nano- and macromechanical evaluations

on the developed scaffolds, and finally to perform initial in vitro phenotypic and bio-

chemical evaluations using MC3T3-E1 preosteoblastic cells grown on the prepared

scaffolds. Each objective was successfully achieved and resulted in the development

of a novel mineralized collagen scaffold capable of mechanical tailorability and the

promotion of cellular osteogenic differentiation. Both mechanical and in vitro work

was conducted on scaffolds prepared with varying exposures to the number of alter-

nate soaking mineralization cycles. This comparison between groups, largely between

scaffolds mineralized for either 0, 5 or 20 cycles, allows for design optimization to be

performed where increased scaffold mineralization, and thus mechanics, was found to

promote the osteogenic differentiation of pre-osteoblast cells, with however, reduced

cell adhesion.

Questions still remain, such as the degree of biocompatibility of the described scaffold

post implantation in vivo as well and the ability for the scaffold to promote bone repair
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in a critical size bone defect model. These questions require the implementation of

a in vivo model system, such as the previously mentioned C57BL/6 mouse model.

Further, expansion to the already performed in vitro work described herein, largely

in regard to culturing duration, may be of benefit prior to the commencement of in

vivo investigations in order to better inform scaffold design parameters.
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Appendix A

Genipin Crosslinking of Tendon

Collagen

A.1 Genipin crosslinking

The following work explores the natural corsslinking agent genipin as a less cytotoxic

alternative to glutaraldehyde for crosslinking tendon collagen, for the purpose of un-

derstanding whether it might be an appropriate method of creating multilaminate

scaffolds.

A.1.1 Collagen acquisition and processing

Common digital extensor (CDE) tendons were dissected from the forelimbs of steers

aged 24-36 months, killed for food at a local abattoir. Dissected tendons were stored in

phosphate-buffered saline (PBS) solution at 4◦C to await decellularization treatment,
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A.1. Genipin crosslinking

which was started within 12 h of dissection.

Decellularization treatment was conducted following a method previously described

by Woods and Gratzer261. Briefly, tendons were first exposed to a hypotonic 10

mM tris buffer containing serine and metalloprotease inhibitors, along with 1% peni-

cillin/streptomycin and 1% amphotericin B for 36 h at room temperature. Tendons

were then moved to a high saline 50 mM tris buffer containing 1% Triton X-100 along

with antibiotics and protease inhibitors for 48 h at room temperature, followed by

Hanks’ buffer rinse and wash in a DNase/RNase solution. This was followed by a 48

h, room temperature soak in 1% Triton X-100 solution with 50 mM TRIZMA base

and antibiotics. Finally, the tendon samples were rinsed in PBS with antibiotics and

stored in a similar solution at 4◦C until further use.

Decellularized tendons were cryosectioned using a Leica SM2000R sliding microtome.

Tendons were cut into 20-mm-long segments, mounted on a steel block using optimal

cutting temperature compound (Fisher Healthcare, Ottawa, ON), frozen in liquid

nitrogen, and sectioned longitudinally to produce 200-µm-thick collagen sheets.

Sheets were subsequently exposed to either 0.1%, 0.3%, or 0.5% w/v GP or 0.3% v/v

GTA at 37◦C in PBS for 72h followed by rinsing in ddH2O. Collagen sheets maintained

under the same conditions but in PBS only served as controls.

A.1.2 Differential scanning calorimetry

Following their respective treatments, the thermal stabilities of the prepared collagen

samples were assessed by DSC. For each treatment group (control, 0.1%, 0.3%, and
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0.5% w/v GP), five collagen samples acquired from five different animals were assessed.

For the second comparative study, between control, 0.3% w/v GP, and 0.3% v/v GTA,

new samples from the same decellularized tendons were prepared for each treatment

group. From the prepared samples, 2-mm-long subsamples were cut, blotted dry to

remove excess surface liquid, and weighed. Wet weights of the subsamples ranged from

4-6 mg. Subsamples were gently pressed into the bottom of aluminum DSC pans and

hermetically sealed. Each collagen subsample was run against an empty aluminum

pan using a Q100 DSC (TA Instruments, New Castle, DE). Following equilibration

at 20◦ C, the temperature was ramped to 100◦ C at 5◦ C/min. Following DSC runs,

pans were pierced and dried in a vacuum desiccator overnight before being reweighed

to acquire sample dry weight.

A.1.3 Presentation and statistics

Numerical data are presented as mean± SD. Box plot whiskers show maximum/minimum

values. Differences between groups were tested using one-way ANOVA with post

hoc Tukey-Kramer HSD test, with results of p≤0.05 considered statistically signifi-

cant.

A.1.4 Results

DSC was used to evaluate the thermal properties of the GP and GTA crosslinked

collagen samples. Crosslinking with 0.3% and 0.5% w/v GP resulted in a statistically

similar increase in both peak denaturation temperature (Tpeak) and onset temperature

(Tonset) of the collagen sheets compared treatment with 0.1% w/v GP (Figs. A.1A,
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Table A.1: DSC data for collagen samples treated with varying concentrations of GP in
PBS for 72h. Tpeak and Tonset increased similarly for both 0.3% and 0.5% treated samples
compared to those treated with 0.1% GP. FWHM and enthalpy values were statistically
similar for all three concentrations of GP. Dissimilar letters indicate a significant difference
between groups with p≤0.05.

Concentration of

GP (w/v)

Peak Temp.

(◦C)

Onset Temp.

(◦C)

FWHM

(◦C)

Enthalpy

(J/g)

0.1% 76.8 ± 0.6a 75.6 ± 0.8c 1.5 ± 0.3 8.9 ± 4.3

0.3% 78.1 ± 0.5b 76.8 ± 0.6cd 1.7 ± 0.1 11.9 ± 1.6

0.5% 78.5 ± 1.0b 77.3 ± 1.0d 1.7 ± 0.2 12.4 ± 2.1

A.2A,B). Enthalpy and Full-width half-max (FWHM ) values, which measures the

homogeneity of the collagen thermal stability and structure, remained statistically

similar regardless of the concentration of GP used (Figs. A.2C,D, A.1).

Based on the above results, GP treatment of 0.3% w/v was chosen for comparison

to GTA treatment. Treatment with 0.3% v/v GTA significantly increased Tpeak and

Tonset both in comparison to the native collagen and the GP crosslinked samples (Figs.

A.3A,B, A.1B). FWHM values were similar following both GP and GTA crosslinking

(Figs. A.3C, A.1B, A.2). Specific enthalpy of denaturation, calculated based on

dry sample weights, was statistically similar for all treatment groups (Figs. A.3D,

A.1B).
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0.1% (w/v) GP
0.3% (w/v) GP
0.5% (w/v) GP

Control PBS
0.3% (w/v) GP
0.3% (v/v) GTA

A

B

Figure A.1: Representative DSC endotherms of collagen scaffolds. A. Endotherms for
collagen crosslinked with either 0.1%, 0.3%, or 0.5% (w/v) GP showing Tpeak, Tonset,
(FWHM), and enthalpy values. B. Endotherms comparing control collagen samples to
those treated with 0.3% (w/v) GP and 0.3% (v/v) GTA.
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Figure A.2: A. DSC peak temperatures for bovine tendon collagen treated with varying w/v
concentrations of genipin. B. DSC onset temperatures for sheets treated with genipin,
C. FWHM, D. specific enthalpy of denaturation. Whiskers represent min/max values.
*p≤0.05,**p≤0.01.
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Figure A.3: A. DSC acquired peak temperatures for collagen obtained from bovine extensor
tendons crosslinked with either 0.3% w/v GP of 0.3% v/v GTA, B. onset temperatures
C. FWHM, D. specific enthalpy of denaturation. Whiskers represent min/max values.
****p≤0.0001.
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Table A.2: DSC data for collagen samples treated with 0.3% w/v GP or 0.3% v/v GTA
compared to untreated controls. Both GP and GTA treatment significantly increased
Tpeak and Tonset and decreased FWHM. Enthalpy values were statistically similar between
all groups. Dissimilar letters indicate a significant difference between groups with p≤0.05.

Peak Temp.

(◦C)

Onset Temp.

(◦C)

FWHM

(◦C)

Enthalpy

(J/g)

Control 66.3 ± 0.6a 63.9 ± 0.8d 3.0 ± 0.3g 9.2 ± 2.5

0.3% w/v GP 77.4 ± 0.5b 76.2 ± 0.4e 1.5 ± 0.2h 10.0 ± 3.3

0.3% v/v GTA 84.4 ± 0.4c 83.5 ± 0.4f 1.3 ± 0.1h 9.2 ± 3.5
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Appendix B

Flexural Testing of Mineralized

Collagen Scaffolds

B.1 3-point bending

The following appendix complements work presented in Chapter 4 through a presen-

tation of detailed design parameters for the three-point bending system in addition

to representative stress-strain curves for mineralization treatment groups. Hysteresis

data for the three-point bending tests conducted in Chapter 4 is also presented.
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Flexural Test Apparatus
TITLE:

5 4 3 2 1

All units in mm unless otherwise specified
DWG NO:

SCALE: 1:5

MATERIAL:

Assembly

Figure B.1: Flexural test apparatus: assembly.

B.1.1 Custom-built electro-mechanical system component de-

signs

The 3-point bending system consisted of a custom 316 stainless steel frame, Ultra

Motion A1 series Servo Cylinder, Transducer Techniques GSO-1K load cell, and

Transducer Techniques TMO-2 amplifier/conditioner module interfaced with a PC

via a National Instruments NI 6351 DAQ board. Engineering drawings of the loading

frame are shown in Figs. B.1 to B.16.
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ITEM NO. PART NUMBER QTY.
1 Base 1
2 Actuator Support R 1
3 Actuator Support L 1
4 Actuator Mount 1
5 Foot 4
6 Base-Foot Connector 4
7 Bath Brace 4
8 Loading Nose 1
9 Nose-Cell Connector 1
10 Sample Support 2
11 Actuator-Cell Connector Plate 1
12 Rail Support Plate 6
13 Rail 1

Flexural Test Apparatus
TITLE:

5 4 3 2 1

All units in mm unless otherwise specified AssemblyDWG NO:

MATERIAL:

Figure B.2: Flexural test apparatus: assembly.

B.1.2 3-point bending system calibration

In order to confirm the movement accuracy of the Ultra Motion A1 series Servo

Cylinder, its absolute position, as measured via the actuator’s integrated Phase Index

system, was compared against micrometer-measured actuator displacements during

system commissioning. In order to calibrate the Transducer Techniques GSO-1K load

cell, shunt calibration was used with linearity checked using a set of seven standard

masses.
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Figure B.3: Flexural test apparatus: base.

B.1.3 Hysteresis measurements

Representative stress-strain curves for the three sample groups tested in three-point

bending are shown in (Fig. B.17). For the samples that underwent three-point bend-

ing, hysteresis was calculated as follows:

Hysteresis = (WL −WU)/WL ∗ 100
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Where WL and WU refer to the areas below the loading and unloading regions of the

stress-strain curves, respectively.

The final three loading cycles for each mineralized collagen scaffold were used for

hysteresis measurements. These three values were then averaged for data analysis.

From this, it was found that hysteresis increased significantly with an increase in the

number of mineralization cycles to scaffolds (Fig. B.18). These data may indicate

that like unmineralized tendon, interfibrillar sliding remained the main mechanism of
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extension within the mineralized scaffolds, with greater levels of mineralization caus-

ing greater internal sliding friction and greater energy dissipation342,343. Differences

between sample groups may additionally have been partly caused by differences in

the surface charateristics of samples, leading to differences in friction between the

scaffolds and fixed loading supports.
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Tampieri, Gianmario Martra, Jaime Gómez-Morales, and José Manuel Delgado-
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Fatiha Chandad, and Yufeng Zhang. Osteogenic gene array of osteoblasts cul-

tured on a novel osteoinductive biphasic calcium phosphate bone grafting ma-

terial. Clinical Oral Investigations, 21(3):801–808, 2017. ISSN 14363771. doi:

10.1007/s00784-016-1825-0.

218



Bibliography

[278] Ting Wang, Xiaoyan Yang, Xin Qi, and Chaoyin Jiang. Osteoinduction

and proliferation of bone-marrow stromal cells in three-dimensional poly

(-caprolactone)/hydroxyapatite/collagen scaffolds. Journal of translational

medicine, 13(1):152, 2015.

[279] Juliette van den Dolder and John A Jansen. The response of osteoblast-like cells

towards collagen type I coating immobilized by p-nitrophenylchloroformate to

titanium. Journal of Biomedical Materials Research Part A: An Official Jour-

nal of The Society for Biomaterials, The Japanese Society for Biomaterials, and

The Australian Society for Biomaterials and the Korean Society for Biomateri-

als, 83(3):712–719, 2007.

[280] Chirag B Khatiwala, Shelly R Peyton, and Andrew J Putnam. Intrinsic mechan-

ical properties of the extracellular matrix affect the behavior of pre-osteoblastic

MC3T3-E1 cells. American Journal of Physiology-Cell Physiology, 290(6):

C1640–C1650, 2006. ISSN 0363-6143.

[281] P L Leong and E F Morgan. Measurement of fracture callus ma-

terial properties via nanoindentation. Acta biomaterialia, 4(5):1569–

1575, sep 2008. ISSN 1742-7061. doi: 10.1016/j.actbio.2008.02.030.

URL https://www.ncbi.nlm.nih.gov/pubmed/18400573https://www.ncbi.

nlm.nih.gov/pmc/articles/PMC2575108/.

[282] Bradley T Estes, Jeffrey M Gimble, and Farshid Guilak. Mechanical Signals as

Regulators of Stem Cell Fate. pages 91–126. Academic Press, 2004.

[283] Hongwei Lv, Lisha Li, Meiyu Sun, Yin Zhang, Li Chen, Yue Rong, and Yulin Li.

219

https://www.ncbi.nlm.nih.gov/pubmed/18400573 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2575108/
https://www.ncbi.nlm.nih.gov/pubmed/18400573 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2575108/


Bibliography

Mechanism of regulation of stem cell differentiation by matrix stiffness. Stem

cell research & therapy, 6(1):103, 2015.

[284] Amanda M Malone, Ratul Narain, and Christopher R Jacobs. Biomechanical

regulation of mesenchymal stem and progenitor cells and the implications for

regenerative medicine. Current Opinion in Orthopaedics, 16(5):363–367, 2005.

[285] Yu-Ru V Shih, Kuo-Fung Tseng, Hsiu-Yu Lai, Chi-Hung Lin, and Oscar K Lee.

Matrix stiffness regulation of integrin-mediated mechanotransduction during os-

teogenic differentiation of human mesenchymal stem cells. Journal of Bone and

Mineral Research, 26(4):730–738, 2011.

[286] Laura Macri-Pellizzeri, Elena M De-Juan-Pardo, Felipe Prosper, and Beatriz

Pelacho. Role of substrate biomechanics in controlling (stem) cell fate: impli-

cations in regenerative medicine. Journal of tissue engineering and regenerative

medicine, 12(4):1012–1019, 2018. ISSN 1932-6254.

[287] Jin Hao, Yueling Zhang, Dian Jing, Yu Shen, Ge Tang, Shishu Huang, and Zhihe

Zhao. Mechanobiology of mesenchymal stem cells: Perspective into mechanical

induction of MSC fate. Acta Biomaterialia, 20:1–9, 2015.

[288] Robert J Kane and Ryan K Roeder. Effects of hydroxyapatite reinforce-

ment on the architecture and mechanical properties of freeze-dried colla-

gen scaffolds. Journal of the Mechanical Behavior of Biomedical Materi-

als, 7:41–49, 2012. ISSN 1751-6161. doi: https://doi.org/10.1016/j.jmbbm.

2011.09.010. URL http://www.sciencedirect.com/science/article/pii/

S175161611100244X.

220

http://www.sciencedirect.com/science/article/pii/S175161611100244X
http://www.sciencedirect.com/science/article/pii/S175161611100244X


Bibliography

[289] Yan Liu, Dan Luo, Xiao-Xing Kou, Xue-Dong Wang, Franklin R Tay, Yin-Lin

Sha, Ye-Hua Gan, and Yan-Heng Zhou. Hierarchical intrafibrillar nanocarbon-

ated apatite assembly improves the nanomechanics and cytocompatibility of

mineralized collagen. Advanced Functional Materials, 23(11):1404–1411, 2013.

ISSN 1616-301X.

[290] M Balooch, S Habelitz, J H Kinney, S J Marshall, and G W Marshall. Me-

chanical properties of mineralized collagen fibrils as influenced by demineraliza-

tion. Journal of Structural Biology, 162(3):404–410, 2008. ISSN 1047-8477. doi:

https://doi.org/10.1016/j.jsb.2008.02.010. URL http://www.sciencedirect.

com/science/article/pii/S104784770800035X.

[291] Fei Hang and Asa H Barber. Nano-mechanical properties of individual miner-

alized collagen fibrils from bone tissue. Journal of the Royal Society Interface,

8(57):500–505, 2010. ISSN 1742-5689.

[292] K Choi, J L Kuhn, M J Ciarelli, and S A Goldstein. The elastic moduli of human

subchondral, trabecular, and cortical bone tissue and the size-dependency of

cortical bone modulus. Journal of Biomechanics, 23(11):1103–1113, 1990. ISSN

0021-9290. doi: https://doi.org/10.1016/0021-9290(90)90003-L. URL http:

//www.sciencedirect.com/science/article/pii/002192909090003L.

[293] A Ascenzi, P Baschieri, and A Benvenuti. The bending properties of sin-

gle osteons. Journal of Biomechanics, 23(8):763–771, 1990. ISSN 0021-

9290. doi: https://doi.org/10.1016/0021-9290(90)90023-V. URL http://www.

sciencedirect.com/science/article/pii/002192909090023V.

221

http://www.sciencedirect.com/science/article/pii/S104784770800035X
http://www.sciencedirect.com/science/article/pii/S104784770800035X
http://www.sciencedirect.com/science/article/pii/002192909090003L
http://www.sciencedirect.com/science/article/pii/002192909090003L
http://www.sciencedirect.com/science/article/pii/002192909090023V
http://www.sciencedirect.com/science/article/pii/002192909090023V


Bibliography

[294] S Lettry, B B Seedhom, E Berry, and M Cuppone. Quality assessment of the

cortical bone of the human mandible. Bone, 32(1):35–44, 2003. ISSN 8756-

3282. doi: https://doi.org/10.1016/S8756-3282(02)00921-3. URL http://www.

sciencedirect.com/science/article/pii/S8756328202009213.

[295] Jik Hang Clifford Lee, Benjamin Ondruschka, Lisa Falland-Cheung, Mario

Scholze, Niels Hammer, Darryl Chan Tong, and John Neil Waddell. An In-

vestigation on the Correlation between the Mechanical Properties of Human

Skull Bone, Its Geometry, Microarchitectural Properties, and Water Content.

Journal of Healthcare Engineering, 2019, 2019. ISSN 2040-2295.

[296] J Rahmoun, A Auperrin, R Delille, H Naceur, and P Drazetic. Charac-

terization and micromechanical modeling of the human cranial bone elastic

properties. Mechanics Research Communications, 60:7–14, 2014. ISSN 0093-

6413. doi: https://doi.org/10.1016/j.mechrescom.2014.04.001. URL http:

//www.sciencedirect.com/science/article/pii/S009364131400041X.

[297] Peter V Giannoudis and Haralampos T Dinopoulos. Autologous Bone

Graft: When Shall We Add Growth Factors? Foot and Ankle Clinics,

15(4):597–609, 2010. ISSN 1083-7515. doi: https://doi.org/10.1016/j.fcl.

2010.09.005. URL http://www.sciencedirect.com/science/article/pii/

S1083751510000744.

[298] Yan Liu, Shuai Liu, Dan Luo, Zhenjie Xue, Xinan Yang, Lin Gu, Yanheng Zhou,

and Tie Wang. Hierarchically staggered nanostructure of mineralized collagen

as a bone-grafting scaffold. Advanced Materials, 28(39):8740–8748, 2016. ISSN

222

http://www.sciencedirect.com/science/article/pii/S8756328202009213
http://www.sciencedirect.com/science/article/pii/S8756328202009213
http://www.sciencedirect.com/science/article/pii/S009364131400041X
http://www.sciencedirect.com/science/article/pii/S009364131400041X
http://www.sciencedirect.com/science/article/pii/S1083751510000744
http://www.sciencedirect.com/science/article/pii/S1083751510000744


Bibliography

0935-9648.

[299] R David Roden. Principles of Bone Grafting. Oral and Maxillofacial Surgery

Clinics of North America, 22(3):295–300, 2010. ISSN 1042-3699. doi: https://

doi.org/10.1016/j.coms.2010.06.001. URL http://www.sciencedirect.com/

science/article/pii/S1042369910000592.

[300] Hans Burchardt. The biology of bone graft repair. Clinical orthopaedics and

related research, (174):28–42, 1983. ISSN 0009-921X.

[301] Alan S Herford and Jeffrey S Dean. Complications in Bone Grafting. Oral

and Maxillofacial Surgery Clinics of North America, 23(3):433–442, 2011. ISSN

1042-3699. doi: https://doi.org/10.1016/j.coms.2011.04.004. URL http://www.

sciencedirect.com/science/article/pii/S1042369911001014.

[302] Reena A Bhatt and Tamara D Rozental. Bone Graft Substitutes. Hand Clin-

ics, 28(4):457–468, 2012. ISSN 0749-0712. doi: https://doi.org/10.1016/j.hcl.

2012.08.001. URL http://www.sciencedirect.com/science/article/pii/

S0749071212000972.

[303] James T Marino and Bruce H Ziran. Use of Solid and Cancellous Autologous

Bone Graft for Fractures and Nonunions. Orthopedic Clinics of North Amer-

ica, 41(1):15–26, 2010. ISSN 0030-5898. doi: https://doi.org/10.1016/j.ocl.

2009.08.003. URL http://www.sciencedirect.com/science/article/pii/

S0030589809000881.

[304] Narayan Venkataraman, Sumidha Bansal, Pankaj Bansal, and Sarita Narayan.

223

http://www.sciencedirect.com/science/article/pii/S1042369910000592
http://www.sciencedirect.com/science/article/pii/S1042369910000592
http://www.sciencedirect.com/science/article/pii/S1042369911001014
http://www.sciencedirect.com/science/article/pii/S1042369911001014
http://www.sciencedirect.com/science/article/pii/S0749071212000972
http://www.sciencedirect.com/science/article/pii/S0749071212000972
http://www.sciencedirect.com/science/article/pii/S0030589809000881
http://www.sciencedirect.com/science/article/pii/S0030589809000881


Bibliography

Dynamics of bone graft healing around implants. Journal of the International

Clinical Dental Research Organization, 7(3):40, 2015. ISSN 2231-0754.

[305] Dominique G Poitout. Biomechanics and biomaterials in orthopedics. 2004.

[306] Yue-Hui Zhang, Lei Shen, Jiang Shao, Dean Chou, Jia Song, and Jing Zhang.

Structural Allograft versus Autograft for Instrumented Atlantoaxial Fusions in

Pediatric Patients: Radiologic and Clinical Outcomes in Series of 32 Patients.

World Neurosurgery, 105:549–556, 2017. ISSN 1878-8750. doi: https://doi.org/

10.1016/j.wneu.2017.06.048. URL http://www.sciencedirect.com/science/

article/pii/S1878875017309403.

[307] Naohiro Shibuya, Brandon K Holloway, and Daniel C Jupiter. A Comparative

Study of Incorporation Rates between Non-xenograft and Bovine-based Struc-

tural Bone Graft in Foot and Ankle Surgery. The Journal of Foot and Ankle

Surgery, 53(2):164–167, 2014. ISSN 1067-2516. doi: https://doi.org/10.1053/

j.jfas.2013.10.013. URL http://www.sciencedirect.com/science/article/

pii/S1067251613004924.

[308] Michael S Block. The Processing of Xenografts Will Result in Different Clinical

Responses. Journal of Oral and Maxillofacial Surgery, 77(4):690–697, 2019.

ISSN 0278-2391. doi: https://doi.org/10.1016/j.joms.2018.10.004. URL http:

//www.sciencedirect.com/science/article/pii/S0278239118311686.
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