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Introduction: Cell-Matrix Interactions

Cells interact with their environment, namely, the extracellular matrix (ECM), continu-
ously at each stage of cellular life from embryonic development until death. The ECM is
an interconnected network consisting primarily of different types of collagens, proteogly-
cans, and matricellular proteins, such as fibronectin, laminin, and vitronectin, and in some
tissues inorganic mineral (Plopper 2007). This complex matrix is secreted by the cells and
serves as a specialized niche microenvironment, providing the specific cues necessary to
control the function of each tissue type. The cells respond to these cues by altering their
biological activity and, in turn, remodeling their surrounding ECM to reflect this altered
activity, resulting in a well-orchestrated feedback system. For instance, the cells in bone
(osteoblasts) produce a mineralized matrix during development and form the mature bone
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2 Biological and Biomedical Coatings: Processing and Characterization

tissue, which is then remodeled by osteoclast-mediated resorption and new matrix forma-
tion by osteoblasts in response to changes in diet, exercise, and age (Baron 2003).

One of the most important functions of the ECM is to mediate cellular adhesion and con-
sequent differentiation (Ruoslahti, Hayman, and Pierschbacher 1985). Most cell types need to
be attached to a matrix in order to survive, grow, and differentiate. Cell adhesion occurs via
heterodimeric receptors found in the plasma membrane, known as integrins, which recog-
nize and bind to specific domains found in adhesive ECM proteins. The specific type of inte-
grin receptor involved depends on the cell type and the composition of the ECM. A single cell
usually expresses several types of integrin receptors during its lifetime, depending on the
type of signals it receives from its environment. These integrins form a part of focal adhesion
complexes, linking the ECM molecules to the cell cytoskeleton thus controlling cell adhesion.
Furthermore, integrins are also capable of triggering specific cell signaling pathways and
thus effectively modulating a variety of cellular functions including cell growth and migra-
tion, and differentiation and suppression of apoptosis (Plopper 2007, Ruoslahti, Hayman,
and Pierschbacher 1985; Lebaron and Athanasiou 2000; Ruoslahti 1996). Once adhered, cells
proliferate and differentiate into a specific lineage with the aid of growth factors and other
signaling molecules that are sequestered by the ECM and released during the various stages
of cellular activity. Hence, the cell-matrix system is dynamic and complex in nature.

Disruption of cell-cell and/or cell-matrix connections causing either lack of commu-
nication or the wrong type of communication to occur between the cells and their sur-
roundings results in abnormal cell activity, manifested in the form of diseased tissues/
organs. The fields of tissue engineering and biomimetics employ concepts from biological
sciences and engineering to regenerate healthy tissues to replace diseased or damaged
ones. Biomimetic materials derive inspiration from naturally occurring systems by imitat-
ing aspects of their structural and functional complexity. The main goals of these mimetic
biomaterials are to facilitate cellular adhesion and production of ECM by replicating nor-
mally occurring cell-matrix interactions in order to control tissue formation.

Biomaterials to be used in bone tissue engineering applications should meet both physi-
cal requirements such as mechanical support, surface and bulk material properties and
architecture, and biological requirements such as supporting cellular differentiation into
osteoblasts. Biomimetic precipitation of calcium phosphate mineral onto biomaterial sur-
faces facilitates integration of the surface into host bone as well as allows for the incorpora-
tion of bioactive moieties under physiological conditions. This chapter focuses on the use of
biomimetic apatite coatings to bond to native bone and recreate cell-matrix interactions in
vitro and in vivo. The cellular and ECM components present in bone are briefly presented
first, followed by a summary of the important material requirements needed to recreate
cellular microenvironments in prosthetic and tissue engineering systems. The concept of
biomimetic apatite formation and the use of these coatings on metals, ceramics, and poly-
mers are then explored. Finally, a discussion of the use of biomineralization techniques to
synthesize organic/inorganic hybrid (bone-like mineral (BLM) integrated with biologically
active molecules) coatings that allow for mimicry of cell-matrix interactions is presented.

Engineering Cellular Microenvironments

Before designing any material system to be placed in vivo, it is important to understand the
biology of the targeted tissue. Knowledge of the type of cells present, their surrounding
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Bone-Like Mineral and Organically Modified Bone-Like Mineral Coatings 3

matrix, and the type of interactions that occur at the cell-matrix interface is required to
design biomaterials that simulate the natural environment in which these materials will
be implanted.

Cellular and Matrix Components of Bone

Osteoblasts are derived from mesencyhmal stem cells under the influence of growth fac-
tors such as bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs) on
preosteoblastic cells (Baron 2003). Osteoblasts are mainly responsible for secreting the col-
lagen and ground substance matrix (osteoid), which then undergoes calcification to form
bone. Osteoblast-matrix interactions occur largely through pl integrins, which mediate
binding to collagens and other noncollagenous proteins found in the secreted matrix and
cause activation of the mitogen-activated protein kinase (MAPK) cell signaling pathway,
resulting in osteoblastic differentiation and osteogenesis (Lian, Stein, and Aubin 2003).
After producing the osteoid matrix that calcifies, osteoblasts get trapped in the calcified
bone tissue where they then function as osteocytes. Osteocytes are found in lacunae in the
bone and interact with osteoblasts and other osteocytes, as well as the ECM via gap junc-
tions found at the end of long cytoplasmic processes. Loss of these interactions leads to
osteocyte cell death and consequent loss of bone (Baron 2003).

Osteoclasts are derived from the mononuclear/phagocytic cell lineage and are involved
in bone resorption and turnover, and indirectly in the maintenance of plasma calcium and
phosphate levels. Bone remodeling occurs during development and growth (determines
shape and size of bones) as well as in adult bones, where the bone structure is main-
tained locally by replacement of old bone by new bone (Baron 2003; Martin 1989). The main
events that occur during remodeling are (1) osteoclast activation and bone resorption,
(2) osteoclast apoptosis, (3) preosteoblast chemotaxis, proliferation, and differentiation,
and (4) formation of new bone and cessation of osteoblastic activity (Mundy, Chin, and
Oyajobi 2003). The exact mechanisms involved in the coupling of osteoclastic resorption to
osteoblastic bone formation are not completely understood, and several theories have been
suggested to explain this phenomenon. It is thought that coupling is regulated by local and
systemic chemical factors such as parathyroid hormone, 1,25-dihydroxyvitamin D, RANK
ligand and its receptors, transforming growth factor (TGFp), BMPs, and FGFs. Another
theory is that once osteoclastic resorption is completed, osteoblasts present normally in
the bone repopulate and reline the resorbed area without the action of any humoral fac-
tors, probably by detection of the resorption site via cell surface molecules (Mundy, Chin,
and Oyajobi 2003). Imbalances in this coupling, where resorption is not followed by an
equivalent amount of formation, leads to bone loss, seen in diseases such as osteoporosis.
New bone formation can also occur in surfaces that have not been resorbed, such as in
cases of prolonged fluoride therapy and in osteoblastic metastases (Baron 2003; Lian, Stein,
and Aubin 2003; Mundy, Chin, and Oyajobi 2003; Martin 1989).

The ECM in bone is comprised of 50% to 70% inorganic mineral matrix, 20% to 40%
organic matrix, 5% to 10% water, and less than 3% lipids. The inorganic matrix is com-
posed of a hydroxyapatite mineral [Ca,,(PO,),(OH),]. The mineral component contributes
to structural support of the skeletal system. Bone mineral is a nonstoichiometric, semicrys-
talline, calcium, and hydroxide deficient analog of hydroxyapatite. Table 1.1 shows a variety
of hydroxyapatite analogs found in bone. Most calcium phosphate precipitates containing
calcium/phosphorous ratio between 1.33 to 2.0 result in a diffraction pattern resembling
that of an apatite crystal. The apatite crystal size in bone is much smaller (~200 A in the
smallest dimension) than its geologic analog (Robey and Boskey 2003). This size disparity
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4 Biological and Biomedical Coatings: Processing and Characterization

TABLE 1.1

Calcium-Phosphate Phases with Corresponding Ca/P Ratios

Name Formula Ca/P Ratio
Hydroxyapatite (HA) Ca,(PO,),(OH), 1.67
Fluorapatite Ca,((PO,)¢F, 1.67
Chlorapatite Ca,(PO,)CL, 1.67
A-type carbonated apatite (unhydroxylated) Ca,,(PO,)CO; 1.67
B-type carbonated hydroxyapatite (dahllite) Cay_,[(POL)4_(CO;),, ] (OH), >1.67
Mixed A- and B-type carbonated apatites Cayy_,[(PO,)s_0(CO5),, ]JCO, >1.67
HPO, containing apatite Cay_,[(PO,)s_(HPO,),](OH),_, <1.67
Monohydrate calcium phosphate (MCPH) Ca(H,PO,),H,0 0.50
Monocalcium phosphate (MCP Ca(H,PO,), 0.50
Dicalcium phosphate dihydrate (DCPD) Ca(HPO,)2H,0 1.00
Tricalcium phosphate (TCP) a- and B-Ca,(PO,), 1.50
Octacalcium phosphate (OCP) CagH(PO,),5H,0 1.33

Source: Segvich etal., in Biomaterials and Biomedical Engineering, Ahmed etal. (eds.), TTP, Switzerland, pp. 327-373,
2008. With permission.

can arise from lattice substitutions of calcium, phosphate, and hydroxide groups with
magnesium and carbonate ions. These substitutions can also give rise to altered solubil-
ity of the mineral phase. Since bone mineral contains calcium and alkali reserves, this
enhanced solubility can buffer systemic changes in Ca*, H;PO,, and CO, (Neuman and
Neuman 1957). For instance, during acidosis, the mineral can give up a carbonate ion for
a hydronium ion to supplement blood buffers. The crystalline phase contains carbonate
lattice substitutions that account for 2 to 7 wt.% of biological apatite (Segvich, Luong, and
Kohn 2008). The consensus is that carbonate substitutes directly into the lattice through a
type B (Table 1.1) substitution that is most commonly found in biological apatite (LeGeros
2002). The organic matrix is predominantly comprised of collagen, of which type I colla-
gen is the major component, with trace amounts of other collagen isoforms present during
certain developmental stages. Noncollagenous proteins comprise the remaining 10% to
15% of total bone protein content and include proteoglycans, glycosylated proteins, and
y-carboxylated proteins. These noncollagenous proteins are involved in directing organic
matrix assembly, maintaining structural integrity of the tissue, sequestering and interact-
ing with growth factors, and regulating bone metabolism and mineralization.

Bone ECM also functions as a reservoir of growth factors that are secreted by the cells
(Biondi et al. 2008). Growth factors are a major class of hormones that mediate growth,
division, and proliferation, and can be involved in endocrine, autocrine, and paracrine sig-
naling (Silverthorn 2003). Cell stimulation by growth factors is influenced by concentration
gradients and stage of development at which the active molecules are present. For instance,
the role of TGF-p1 in osteogenesis and bone remodeling varies with concentration. TGF-p1
is present in high concentrations during early fracture repair process, but levels off in later
stages (Allori, Sailon, and Warren 2008). In the early stages of repair, TGF-f1 promotes
division of fibroblasts, osteoblast recruitment, and differentiation. TGF-$1 also inhib-
its osteoclast proliferation and differentiation. In later stages of wound healing, TGF-p1
promotes osteoclastogenesis. Similarly, BMP2 promotes chemotaxis and cell proliferation
at low concentrations and cell differentiation and bone formation at high concentrations
(Allori, Sailon, and Warren 2008).
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Engineering Biomaterial Surfaces

A range of materials used for both prosthetic and regenerative therapies attempts to emu-
late some of the compositional, structural, and/or functional characteristics of the native
bone microenvironment. Whether biomaterials are designed to function in vivo in a tran-
sient or permanent manner, they should integrate with host tissue and not lead to fibrous
encapsulation. Clinical success rates of prostheses correlate with implant integration with
surrounding tissue. Successful implant integration with host bone is characterized by a
bone-like interface that integrates the implant surface with surrounding bone. This inter-
face contains mineral, collagen, and cellular components and functions as a site for bone
formation and resorption. This nanometer-thick interface is observed on implant surfaces
that are conducive to osteogenic cell attachment, proliferation, and differentiation.

Implant and scaffold materials are designed to promote osteoconduction and/or
osteoinduction, thereby improving osseointegration (Albrektsson and Johansson 2001).
Osteoconduction refers to the propensity of a surface to allow bone growth. An osteo-
conductive material implanted at the defect site allows osteogenic precursor migration,
adhesion, proliferation, and differentiation (Alsberg, Hill, and Mooney 2001). Conductive
materials support adhesion of cells migrating from surrounding host tissue or may be
used as a carrier to transplant osteogenic precursors. Therefore, the conductive properties
of a substrate surface do not guarantee osseointegration but simply allow it to take place.
Integration into host tissue is governed by additional factors that direct cells and organic
components to mineralize and form new bone. Therefore, osteoconduction is necessary,
but not sufficient for osseointegration.

Osteoinduction refers to the process by which osteogenesis is induced. More specifi-
cally, this is the process by which osteogenic precursor cells are actively guided to develop
into differentiated osteogenic cells (Albrektsson and Johansson 2001). These differentiated
cells partake in the restructuring of the extracellular matrix and the subsequent forma-
tion of new bone. Osteoinduction is typically achieved via the incorporation of growth
factors, peptides, and/or DNA that interact with cell surface receptors and trigger sig-
nal transduction pathways to recruit and direct cell infiltration into the defect site from
the surrounding tissue or transplanted donor cells. Osteoinductive materials, functional-
ized with biomolecules, actively engage in cell recruitment and direction to enhance the
quality, amount, and rate of bone formation compared to osteoconductive materials alone
(Hirano and Mooney 2004). An osteoinductive material is implicitly osteoconductive since
a biofunctionalized nonconductive material surface would negate the inductive effects
that would have lead to bone formation. Both osteoinductive and osteoconductive proper-
ties of the material play an integral role in osseointegration.

Although bulk properties of a material provide structural stability for both prosthetic
and regenerative therapies, surface characteristics play an equally important role in reg-
ulating conduction and integration (Mitragotri and Lahann 2009; Murphy et al. 2000b;
Liu, de Groot, and Hunziker 2005; Liu, de Groot, and Hunziker 2004). Surface chemistry,
surface roughness, and elasticity can affect biological responses to implanted materials
(Temenoff and Mikos 2008).

Surface chemistry. Atoms at the surface of a material are not bound on all sides like they
are in the bulk. Unbound surface atoms have unfilled valence electrons resulting in surface-
free energy also referred to as surface tension. When implanted into the host, proteins
migrate toward the implant surface to reduce this surface free energy. Two other factors
that regulate protein adsorption or foreign body response are surface charge and surface
hydrophilicity (Temenoff and Mikos 2008). Hydrophilic surfaces demonstrate enhanced
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surface wettability by water. Wettability is the relative adhesion of a fluid to a solid surface.
In the case of biomaterials and immiscible fluids, wettability refers to the ability of water
to spread or adhere on an implant surface. A wettable surface has surface free energy 10
dyn/cm greater than the surface tension of the liquid. Hydrophilic surfaces that exhibit
enhanced wettability can improve osteoconductivity by providing energetically favorable
binding sites for integrins (Kilpadi and Lemons 1994; Rupp et al. 2006). Hydrophilic sur-
faces that exhibit enhanced wettability can improve osteoconductivity by providing ener-
getically favorable binding sites for integrins (Kilpadi and Lemons 1994; Rupp et al. 2006).

An implant’s surface charge resulting from dissociating ions can also have an effect on
biointegration. With more dissociating surface ionic groups, oppositely charged biomol-
ecules become electrostatically attracted to the surface. For instance, the spontaneously
formed TiO, film on titanium implants reacts with water to form acidic and basic hydroxyl
groups at the surface that enhance surface charge and protein adsorption (Kilpadi and
Lemons 1994). Increasing the hydrophilicity improves osteoconduction by increasing
osteoblastic cluster formation compared to unmodified titanium surfaces (Rupp et al.
2006).

Surface topography. Cells interact with the ECM through transmembrane focal adhesion
kinases that allows them to transduce external cues through the cytoskeleton into the
nucleus to induce transcription. Transduction of external mechanical cues elicits specific
biochemical signals controlling cell cycle, proliferation, migration, and differentiation.
Surface topography and elasticity are key factors that can control and direct this cellular
response (Ingber 2006, 1997).

Implant surface topography has been extensively studied to identify correlations
between surface structures and fixation to bone. Despite the heterogeneity in experimental
methods, there is a positive relationship between surface roughness and bone to implant
contact (Shalabi et al. 2006). Several approaches to modify surface roughness at the micron
level have been utilized, among which sandblasting, acid etching, and sodium hydrox-
ide treatments are the most widely used (Bollen, Lambrechts, and Quirynen 1997). For
instance, osteoblasts cultured on sandblasted implants exhibit enhanced mineralization
compared to osteoblasts grown on smooth surfaces (Marchisio et al. 2005). However, there
is an upper limit to roughness for improving tissue integration or inducing an enhanced
cellular response on the order of R, = 4 pm (Renold, Lyngstadaas, and Ellingsen 2003).
Roughness is therefore an important design parameter to consider when altering surface
characteristics to enhance osteointegration.

Surface chemistry and surface topography are also co-optimized to enhance osseointe-
gration. For instance, sandblasted acid etched implants are contaminated by hydrocar-
bons minutes after exposure to air, making their surface chemistry hydrophobic. These
implants are processed with nitrogen gas and stored in NaCl solution to decrease con-
tamination and increase hydrophilicity. This surface modification procedure results in
improved osseointegration (Rupp et al. 2006).

Micro- and nanostructuring techniques are also used to control molecular-level interac-
tions between cells and the environment: soft-lithography, photolithography, sputtering,
self-assembling nanostructures, and physical and chemical vapor deposition modify sur-
face topography at the micro- and nanoscales and control cell behavior (Tan and Saltzman
2004; Martinez et al. 2009; Dalby et al. 2007, Dalby et al. 2004; Xia and Whitesides 1998).
Surface micro- and nanotopography regulate cell orientation, morphology, and cytoskel-
etal rearrangement and promote cell adhesion, proliferation, and differentiation (Martinez
et al. 2009). For instance, to identify the role of surface topography in directing osteogenic
differentiation, human mesenchymal stem cells were grown on 120-nm grooves created

K12269_C001.indd 6 3/7/2011 8:44:18 AM



Bone-Like Mineral and Organically Modified Bone-Like Mineral Coatings 7

by electron beam lithography on polymethylmethacrylate (PMMA). Cells grown on these
nanostructures engaged in osteogenic differentiation and bone mineral formation with-
out the addition of osteogenic factors to the culture media (Dalby et al. 2007; Dalby et al.
2004).

Substrate elasticity. Substrate elasticity also plays an important role in cell adhesion, pro-
liferation, and differentiation, thereby enhancing osteoconduction and osseointegration.
Advances in materials engineering offer a variety of polymer substrates with elasticities
that may be tuned to match the stiffness of specific tissues (Thompson et al. 2005; Kloxin,
Benton, and Anseth 2010; Lo et al. 2000; Discher, Mooney, and Zandstra 2009). These tun-
able polymers are used to observe effects of substrate compliance on adhesion and prolif-
eration independent of surface chemistry and topographical effects.

A variety of cells, including fibroblasts, epithelial cells, myocytes, and osteoblasts, show
increased adhesion and proliferation on stiffer substrates (Mitragotri and Lahann 2009;
Griffin et al. 2004). For example, kidney epithelial cells grown on polyelectrolyte multi-
layers show increased adhesion with increasing modulus between 50 and 500 kPa (Kocgozlu
et al. 2010). Mesenchymal cells show markers for neurogenic, myogenic, and osteogenic
differentiation when cultured on polyacrylamide gels with stiffness analogous to native
brain, muscle, and osteoid, respectively (Engler et al. 2006). Therefore, material stiffness
can be a useful parameter to direct osteoconduction and osseointegration. However, it is
important to consider the integrated roles of surface chemistry, surface topography, and
elasticity to amplify osteoconductive effects of a biomaterial surface.

One way to incorporate the desired surface properties into an implant or scaffolding
material is to use coating techniques wherein the chemistry of the coatings can be con-
trolled to provide the required roughness, elasticity, and crystallinity. Hydroxyapatite coat-
ings are the most commonly used inorganic coatings on bone implants and in regenerative
therapies, and can be used to increase modify the microtopography of substrate surfaces.
Hydroxyapatite coatings with surface roughness (R,) values in the range of 0.7-4.8 show
significantly increased human bone marrow stromal cell adhesion and proliferation with
increasing R, (Deligianni et al. 2001).

HA coatings with low crystallinity show increased dissolution compared to highly crys-
talline coatings (Lee et al. 2009). In addition to varying crystallinity, crystallite size can
also be varied by altering processing temperatures. Coatings with larger crystallite size
exhibit lower dissolution and improved stability of the crystallographic lattice (Zhang et
al. 2003).

In addition to affording control over dissolution and surface roughness, crystallinity is
reported to improve osseointegration. For example, fibroblasts cultured on 98% crystalline
HA coatings exhibit enhanced adhesion and proliferation compared to 65% crystalline,
25% crystalline, and uncoated titanium surfaces after 14 days of culture (Chou, Marek,
and Wagner 1999). In vivo, canine femoral implants having 98% crystalline HA coatings
showed greater integration with surrounding bone 3 months postimplantation compared
to implants with 50% crystalline HA coatings (Xue et al. 2004).

However, other studies show no significant increase in osseointegration with changes
in crystallinity. For example, no difference in bone formation was observed between 50%,
70%, and 90% crystalline coatings at 4, 12, and 24 weeks (Lacefield 1999). Similar studies
using 100% and 40% crystalline HA coatings also resulted in no discernable difference in
osseointegration (Frayssinet et al. 1994). Further research is required to more thoroughly
elucidate the role of crystallinity in osseointegration. Although crystallinity maintains the
osteoconductive properties of a material while providing control over coating delamina-
tion (Lacefield 1999), an osteoconductive material is not always osseointegrative. Therefore,
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although osteogenic precursors are still able to adhere and grow on implants with higher
crystallinity, this does not translate to an osseointegrative response.

Apatite coatings create surface chemistries more analogous to native bone. Different
calcium-phosphate phases present in native bone, such as octacalcium phosphate and car-
bonated apatite, enhance cell adhesion and osteoconduction (Le Guehennec et al. 2007,
Miiller et al. 2007, Wang et al. 2004). Altering the phases of the apatite coating can have sig-
nificant effects on the degree of crystallinity, surface roughness, and solubility of the coat-
ing (Barrere et al. 2003a). Apatite coatings therefore afford increased control over surface
chemistry and/or topography while maintaining the elastic characteristics of the biomate-
rial surface. Gaining further control over surface chemistry and topography will enhance
the ability to reconstruct cellular microenvironments, thereby improving osseointegra-
tion. Apatite coatings also increase the stiffness of soft substrates, providing control over
cytoskeletal organization (Murphy et al. 2000b; Leonova et al. 2006). There are several
approaches to depositing apatite coatings with controlled composition, topography, and/
or stiffness for enhancing conduction. The subsequent sections discuss processing and
applications of a biomimetically applied BLM coating precipitated from a supersaturated
salt solution and how controlling biomimetic processing, composition, and structure can
control biological responses in vitro and in vivo.

Biomimetic Precipitation of Mineral

Implants that do not integrate into host tissue become isolated from the surrounding tis-
sue, limiting the efficiency of load transfer (Jacobs, Gilbert, and Urban 1998). Bioactive
materials such as Bioglass 4555 and A-W glass ceramics form a layer of apatite on the
surface when placed in vivo, which is vital for implant/tissue integration (Ducheyne 1985;
Nakamura et al. 1985). It is possible to simulate this apatite coating in vitro and thus pro-
vide bioactivity to non-bioactive materials using coating techniques such as plasma spray-
ing, electrophoretic deposition, sol-gel deposition, hot isostatic pressing, frit enameling,
ion-assisted deposition, pulsed laser deposition, electrochemical deposition, and sputter
coating (Liu and Hunziker 2009). Each one of these methods has its own advantages and
disadvantages (Table 1.2), and not all techniques can be used with all classes of materials
(Table 1.3). Of these methods, the most widely used technique commercially for metals is
plasma spraying. Plasma spraying, however, is not ideal with small implants and complex
shapes. It requires a coating thickness of 40 to 50 um to achieve uniform deposition, and
is clinically challenged by delamination issues due to variations in the phases that con-
stitute the coating (Le Guehennec et al. 2007). Other methods such as dynamic mixing
and hot isostatic pressing are limited by the uniformity of coating that they generate as
well (Wie, Hero, and Solheim 1998; Yoshinari, Ohtsuka, and Dérand 1994). However, there
are a number of coating methods that deposit mineral uniformly: sputter coating, pulsed
laser deposition, sol-gel deposition, and electrophoretic deposition are better suited for
uniform coating on complex structures (Wolke et al. 1994; Zeng and Lacefield 2000; Li,
De Groot, and Kokubo 1996). However, the use of high processing temperatures in some
of these methods results in the formation of apatite that differs from the composition of
natural bone apatite, and is also not amenable to soft materials such as polymers (Abe,
Kokubo, and Yamamuro 1990). Among these methods, sol-gel deposition is the only other
method that can achieve uniform mineral coatings at low processing temperatures, but
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TABLE 1.3
Classes of Materials That Can Be Coated with Different Calcium-Phosphate Coating Techniques

Coating Technique Metals Ceramics  Polymers Examples

Plasma spraying X de Groot et al. 1987; Klein et al. 1991
Sputter coating X X Ong and Lucas 1994; Feddes et al. 2004
Pulsed laser deposition X X X Baeri et al. 1992; Antonov et al. 1998;

Honstu et al. 1997

Electrophoretic deposition X X Ducheyne et al. 1990; Yamashita et al. 1998

Sol-gel X X Kaneko et al. 2009; Montenero et al. 2000

Hot isostatic pressing X X Hero et al. 1994; Li, Liao, and Hermansson
1996

Dynamic mixing method X Yoshinari, Ohtsuka, and Dérand 1994

Biomimetic coating X X X Tanahashi et al. 1994; Habibovic et al. 2002;

Abe, Kokubo, and Yamamuro 1990

this method is expensive. A promising alternate technique is biomimetic precipitation of
apatite onto implant surfaces using supersaturated salt solutions known as simulated body
fluids (SBFs) (Abe, Kokubo, and Yamamuro 1990). These SBFs have similar ionic constitu-
tions to blood plasma and form carbonated apatites at physiologic temperatures, similar to
those found in bone (Table 1.4). Commonly used SBF coating regimens for different mate-
rial applications are listed in Table 1.5.

The mechanism of formation of BLM can be generally outlined as (1) functionalization of
the substrate to obtain a negatively charged surface, (2) nucleation by chelation of precur-
sor Ca?* ions to these negatively charged groups, and (3) growth of the BLM layer (Murphy,
Kohn, and Mooney 2000a). Surface functionalization can be achieved by several meth-
ods, such as grafting functional groups, alkaline treatments, aqueous hydrolysis, heat
treatments, and glow discharge treatment in oxygen (Murphy, Kohn, and Mooney 2000a;
Segvich et al. 2008; Kokubo 1996; Tanahashi et al. 1995; Luong et al. 2006; Tanahashi and
Matsuda 1997). The heterogeneous precipitation of biomineral from solution occurs when
the precursor—substrate interfacial energy is lower than the precursor—solution energy,

TABLE 1.4
Chemical Composition (in mM) of Different Types of SBFs
Type of SBF Na* K+ Mg>* Ca* Cl- HCO* HPOS2* SO Reference
1x SBF 142.0 5.0 1.5 2.5 148.8 42 1.0 0.5 Abe, Kokubo, and
Yamamuro 1990
Revised SBF 142.0 5.0 15 25  103.0 27.0 1.0 0.5 Oyane et al. 2003
(r-SBF)
Newly improved — 142.0 5.0 15 25  103.0 42 1.0 0.5 Takadama et al.
SBF (n-SBF) 2004
1x mSBF 145.2 6.0 15 50 1570 4.2 2.0 0.5 Luong et al. 2006
2x SBF 282.0 10.0 3.0 50  304.0 8.4 2.0 1.0 Shin, Jayasuriya,
and Kohn 2007
5% SBF 7100  25.0 12.7 7.7 739.7 21.0 5.0 2.5 Chen et al. 2008
Human plasma 142.0 5.0 2.5 15 103.0 27.0 1.0 0.5 Abe, Kokubo, and

Yamamuro 1990

K12269_C001.indd 11 3/7/2011 8:44:18 AM
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TABLE 1.5
Commonly Used SBF Treatment Applications
Application SBF Treatment Reference
Metals 1. 5x SBF for 24 h at 37°C Barrere et al. 2003
2. 5x mSBF for 24 h at 50°C
1. 5x SBF for 24 h at 37°C Habibovic et al. 2005
2. 5x mSBF for 48 h at 50°C
Ceramics 1. SBF 4 days at 37°C Liu, Ding, and Chu 2004
PLGA films 1. 2x mSBF at 37°C Luong et al. 2006
PLGA scaffolds 1. 4x mSBF for 12 h at 37°C Segvich, Luong, and Kohn 2008;
2. SBF change every 6 h Segvich et al. 2008

3.2x mSBF for 108 h at 37°C
4. SBF change every 8 h

Source: Ong et al., in Thin Calcium Phosphate Coatings for Medical Implants, Leon and Jansen
(eds.), Springer, pp. 175-198, 2009. With permission.

resulting in the formation of an apatite coating on the substrate. In the absence of this ther-
modynamically favorable situation, homogeneous precipitation can occur (Bunker et al.
1994). The thickness, morphology, and composition of the BLM formed are dependent on
several factors, such as the incubation time and temperature, ionic concentration, composi-
tion, and pH of SBF and method of surface functionalization. For example, apatite formed
from SBFs with low ionic products is more crystalline compared to apatite formed from
SBFs with higher ionic products. Also, the Ca/P ratios of BLM vary inversely with SBF
solution ionic activity—higher ionic products lead to lower Ca/P ratios (Shin, Jayasuriya,
and Kohn 2007).

Characterization of biomimetic apatite to quantify and understand its properties can
be achieved using several methods (Figure 1.1). Fourier transform infrared spectroscopy
(FTIR) is useful in determining chemical composition by measuring carbonate and phos-
phate band intensities and ratios, and presence of any organic constituents. X-ray diffrac-
tion (XRD) and transmission electron diffraction (TED) allow the measurement of the
lattice parameters of the crystallographic peaks and thereby assess the degree of crystal-
linity. Scanning electron microscopy (SEM) can be used to observe surface morphology
and, when used along with energy dispersive x-ray spectrometry (EDX), can provide a
qualitative measure of elemental composition. N-SEM, which is another form of SEM, can
be used to characterize surface morphology with high natural contrast but at the cost of
resolution. Microcomputed tomography (uCT) generates images of 3-D mineralized scaf-
folds from which total mineral content, volumetric mineral density, and distribution of
mineral can be quantified (Segvich, Luong, and Kohn 2008).

The use of SBF to prepare apatite coatings on prosthetic metal and ceramic implants
has been extended to soft resorbable materials used in bone tissue engineering to create a
new class of osteoconductive biomaterials. Since biomimetic apatite precipitation occurs at
ambient temperatures, it is possible to coat temperature-sensitive scaffold materials such
as polymers with a layer of uniform mineral. The use of processing techniques based on
biomineralization also allows the incorporation of biologically active molecules such as
growth factors, proteins, and nucleic acids into the mineral layer without any loss of bioac-
tivity due to high temperatures (Segvich et al. 2008; Luong et al. 2006; Luong, McFalls, and
Kohn 2009). Moreover, since porosity is important for tissue infiltration and vasculariza-
tion to induce biological fixation, polymer scaffolds can be coated with a spatially uniform
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FIGURE 1.1

Different methods of characterization of bone-like mineral (BLM). (a) FTIR spectra for BLM, sintered disks
from 5.6% (CA5), and 10.5% (CA10) carbonated apatite powder, sintered disks from hydroxyapatite powder
(HA); (b) XRD patterns for BLM, CA5, CA10, HA, and a calcium phosphate standard (CaP std); (c) SEM image
of BLM coating on PLGA film (magnification 10,000x); (d) TEM image and diffraction pattern of BLM crystals
on PLGA film; (e) micro-CT image of top cross section of BLM coated on PLGA scaffold; (f) N-SEM image of top
cross section of BLM coating on PLGA scaffold. (Reprinted from: (a, b) Segvich et al., Biomaterials, 30, 1287-1298,
2009, with permission from Elsevier; (¢, d) Luong et al., Biomaterials, 27(7), 1175-1186, 2006, with permission from
Elsevier; (e) Segvich et al., Journal of Biomedical Materials Research B, 84B(2), 340-349, 2008, with permission from
Wiley.)
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14 Biological and Biomedical Coatings: Processing and Characterization

and continuous layer of biomimetic apatite throughout the thickness, without compromis-
ing porosity (Segvich et al. 2008).

Metals

Metal implants are most commonly used for their load-bearing and tribological properties.
The most prevalent metal implant materials include titanium and its alloys, cobalt-chromium
alloys, and stainless steel. Metal implants biomimetically coated with BLM enhance
osteoconduction and osseointegration. Heat treating titanium with NaOH results in the
formation of a sodium titanate layer at the surface of the implant. When this pretreated
titanium is immersed in SBF, sodium ions at the titanate surface are rapidly exchanged
with hydronium ions in the fluid. This exchange functionalizes the surface with Ti-OH
groups. Titanium'’s isoelectric point is at pH 5.8; therefore, a negative charge on the surface
arises when immersed in SBF that has a pH of 74. As sodium ion exchange continues, a
thin calcium titanate layer forms on top of the sodium titanate layer in about 30 min as a
result of electrostatic interaction between negatively charged units of repolymerized TiOH
groups and calcium in the SBF. Amorphous calcium phosphate precipitates on the surface
within 36 h due to electrostatic interaction between the increasingly positive charge of the
calcium titanate layer and negatively charged phosphate ions in SBF. This interaction leads
to crystalline apatite formation within 48 h after immersion (Takadama et al. 2001).

BLM coatings on metal implants enhance osteointegrative properties in vitro and in vivo
(Stigter et al. 2004; Stigter, de Groot, and Layrolle 2002; Schliephake et al. 2006; Bernhardt
et al. 2005; Fujibayashi et al. 2004). BLM coatings deposited on implants from solution at
ambient temperature and pressure are more favorable for osteoconduction than coatings
deposited by high-temperature processing methods since the calcium/phosphate ratio
and crystal structure of the mineral coating are more conducive to osteoconduction (Wang
et al. 2004). For instance, in a goat orthotopic model, BLM-coated Ti;,AL,V femoral implants
exhibited significantly greater implant/bone contact compared to noncoated implants
(Barrere et al. 2003a, 2003b; Habibovic et al. 2005).

Ceramics

Ceramics are another class of biomaterials that have been successfully used in a variety
of orthopedic and dental implants, such as acetabular cups, extracochlear implants, ilial
crest replacement, alveolar ridge maintenance, dental crowns, inlays, onlays, and veneers
(Hench 1991). Although ceramics do not exhibit the same mechanical strength as metals,
they are ideal for some bone microenvironments since they are more susceptible to incor-
poration into the surrounding tissue while their degradative byproducts are biologically
tolerable.

Bioactive glasses improve integration and fixation with host bone tissue. When immersed
in SBE, dissolution of calcium and silicate from these bioactive glasses plays an important
role in mineralization. Ceramic surfaces, such as metal surfaces, exchange hydronium
ions for cations, thereby functionalizing the surface to present nucleation sites for miner-
alization (Abe, Kokubo, and Yamamuro 1990; Takadama et al. 2001). These functionalized
Si-OH surface groups drive the deposition of calcium and phosphate ions, resulting in
BLM formation and a subsequent depletion of phosphate ions from the media. Bioglass
4555, Ceravital-type glass ceramic, glass ceramic A-W, sintered HA, apatite/p-tricalcium
phosphate, and calcium sulfate exchange Ca* ions with the solution resulting in BLM for-
mation at the surface (Kokubo and Takadama 2006). Nonbioactive glass ceramics do not
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dissolve these initial calcium and silicate ions nor do they form a BLM layer unless their
surfaces are functionalized before immersion (Kokubo 1991). As with metals, the osseointe-
gration of BLM coated ceramics occurs more rapidly than on noncoated surfaces due to the
enhanced conductive properties of the mineral layer (Liu, Ding, and Chu 2004).

Polymers

Biomineralized metals, glasses, and glass ceramics bond well to bone and serve as good
implant materials. However, these materials possess high elastic moduli compared to
bone, which can cause resorption of the host bone tissue (Kokubo 1996; Nagano et al. 1996).
Furthermore, metals and many ceramics can only be used as prosthetic implants since
they are not bulk biodegradable and thus do not allow replacement of the material by new
tissue over time. Polymers are good tissue engineering substitutes and possess advantages
such as biodegradability, improved flexibility in controlling structure, composition, and
properties, as well as the ability to be molded into different shapes to fit the wound or
defect site.

Natural polymers are readily available, inexpensive, and nontoxic. Raw silk, fibrinogen,
and collagen have been incubated in SBF solutions to obtain mineralized biopolymers
that can be used as biomimetic bone analogs (Takeuchi et al. 2003; Wei et al. 2008; Girija,
Yokogawa, and Nagata 2002). However, since these polymers are protein-based, they may
elicit undesired immunological responses when placed in vivo. Alternative natural mate-
rials are polysaccharide-based systems, several of which have been developed and used as
biomineralization templates. Chitosan microparticles functionalized with Si-OH groups
are made bioactive by soaking in SBF and can be used as injectable biomaterials and pro-
tein/drug delivery systems (Leonor et al. 2008). Another example is a cornstarch—ethylene
vinyl alcohol (SEVA-C) polymer blend that is made bioactive by its ability to induce bone-
like apatite formation in SBF after the introduction of carboxylic acid functional groups on
the surface (Leonor et al. 2007).

While synthetic polymers possess most of the same advantages as biopolymers, they
also offer more control in tailoring their synthesis and degradation properties to suit spe-
cific applications. Biodegradable synthetic polymers such as poly-L-lactic acid (PLLA),
poly-glycolic acid (PGA) and poly-lactic-co-glycolic acid (PLGA) break down into nontoxic
natural acid metabolites over time (Murphy, Kohn, and Mooney 2000a). Apatite coatings
or polymer/apatite composite materials can compensate for this acidic release by the dis-
solution of basic calcium phosphate and maintain pH within physiological ranges (Linhart
et al. 2001).

BLM coatings have been produced on a variety of polymers including polyvinyl chlo-
ride, poly(tetrafluoroethylene), nylon 6, poly(ethylene terephthalate), alkanethiols, and
polyhydroxyalkanoates (Tanahashi and Matsuda 1997; Tanahashi et al. 1994; Misra et al.
2006). Biomimetic mineral layers formed on electrospun nanofiber poly(e-caprolactone)
meshes support proliferation of Saos-2 osteogenic sarcoma cells up to 2 weeks in culture,
demonstrating potential to regenerate bone ECM (Araujo et al. 2008). Continuous and uni-
form BLM layers can be produced throughout the porous structure of 3-D PLGA scaf-
folds (Murphy, Kohn, and Mooney 2000a; Segvich et al. 2008). These mineralized scaffolds
exhibit superior mechanical properties, as seen by a 5-fold increase in compressive modu-
lus (Murphy, Kohn, and Mooney 2000a). They also support higher bone marrow stromal
cell adhesion through well-distributed fibrillar contacts, and when used to transplant bone
marrow stromal cells, form a higher bone volume fraction in comparison to nonmineral-
ized polymer scaffolds (Leonova et al. 2006; Kohn et al. 2005). Other in vivo studies using
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polyethersulfone (PES) coated with bone-like apatite also show bonding of the implant to
native bone, accompanied by remodeling and complete resorption of the apatite layer after
30 weeks (Nagano et al. 1996). Thus, a variety of biomimetically mineralized polymer scaf-
folds have utility in bone tissue engineering.

While these BLM coatings mimic the mineral component of bone, they can be altered to
include biomolecules such as proteins, growth factors, enzymes, and nucleic acids within
the biomineral layer, resulting in organic/inorganic hybrid biomaterials that have the
potential to dictate cellular events in an even more controlled manner.

Organic/Inorganic Hybrids

Native bone is a composite material consisting of both inorganic and organic phases. The
organic components play important roles in the nucleation and formation of mineral,
while influencing osteogenic growth and differentiation. Incorporation of organic mol-
ecules such as proteins, growth factors, and DNA into BLM coatings gives rise to a new
class of organic/inorganic hybrid materials. These composites are capable of influencing
mineral growth and are also able to enhance cell attachment and direct these adhering
cells toward osteogenic differentiation. Using different combinations of biomolecules and
mineralization regimens, it is possible to mimic physiologic spatial and temporal gradients
of bioactive molecules to modulate cellular function and bone formation during develop-
ment, repair, and regeneration. Other applications of organic/inorganic hybrids include

a) Adsorption of biomolecule on BLM coating ¢) Adsorption and coprecipitation of biomolecules
’." e ° Peptide/protein/DNA—/
BLM with protein/DNA—|
BLM
L PLGA— ¢
b) Coprecipitation of biomolecules into BLM coating d) Adsorption and coprecipitation with multiple
BLM layers
Peptide/protein/DNA— 4

\“_ N B
EX XXX AN BN K]

[ WFBLM with protein/DNA——

| PLGA

FIGURE 1.2

Schematic representation of cell substrate interactions with several variations of organic/inorganic hybrid con-
structs. (a, ¢) Cells binding to biomolecules that have been adsorbed, (b, d) demonstrate cellular interactions
with adsorbed and/or coprecipitated moieties. Peptides in panels a, ¢, d aim to anchor the cells to the substrate
surfaces while exposing basal surface for uptake of growth factors and DNA.
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creating bone mimics that attempt to recreate the structural hierarchy of natural bone and
can be also be used to elucidate the roles of organic molecules in biomineralization.

There are several approaches to create calcium phosphate—organic hybrids. The two
main methods to produce organic/BLM hybrids with bioactive molecules discussed in
this section are adsorption and coprecipitation. For materials intended as protein deliv-
ery systems, each of these approaches has advantages depending on the release profile
desired. Adsorption can be used when a quick transient release of the biomolecule is
desired, or to recruit cells to the material surface initially. Coprecipitation is more useful
in creating gradual release profiles, where the desired molecule is needed over a longer
period (Figure 1.2).

Adsorption of Proteins to BLM Surfaces

Adsorption of proteins to mineral surfaces is the simplest method of forming organic/
inorganic hybrids containing biologically active molecules and involves incubating the
mineralized substrate in a protein solution, allowing the protein to associate itself with
the mineral. The mechanism of adsorption is thought to be via electrostatic interactions
between the protein and the apatite, and hence the protein-mineral bond created by
adsorption is not strong compared to the covalent attachment of proteins to apatite created
by other techniques. Adsorption of protein onto biomimetic apatite does not cause any
change in the morphology of the mineral (Luong et al. 2006; Liu et al. 2001), since adsorp-
tion is a surface phenomenon and does not result in protein integration into the mineral
structure (Figure 1.3).

Coating substrates with BLM enhances specificity of protein adsorption. For example,
apatite formed on titanium from saturated Ca-P solutions selectively adsorbs proteins
from serum and in higher amounts compared to plasma-sprayed hydroxyapatite coatings
(Wen, Hippensteel, and Li 2005). Similarly, bioactive glass coated with BLM specifically
adsorbs high molecular weight proteins such as fibronectin when incubated in serum
(El-Ghannam, Ducheyne, and Shapiro 1999). This enhanced specific adsorptive capability
has been attributed to the highly nanoporous structure and high surface area and surface
roughness of BLM coatings (Wen, Hippensteel, and Li 2005; Murphy et al. 2005). Increased
surface adsorption of proteins onto BLM is especially advantageous for in vivo applica-
tions since the adsorbed serum protein layer that forms on implants is vital for cell migra-
tion and attachment.

Generally, the release kinetics of an adsorbed protein from a material surface involve a
burst profile typified by a fast initial spike in release followed by a more gradual release
over time. The amount of protein adsorbed and subsequently released is dependent on the
characteristics of the protein (most importantly charge and conformation) and the min-
eral (surface area, charge). Depending on charge, size, and electrostatic interaction with
the BLM surface, different proteins exhibit different affinities to, and therefore different
release kinetics from BLM coatings. While TGF-p, Nell-1 and osteocalcin are released grad-
ually over time, BSA exhibits a more characteristic burst release profile (Lee et al. 2009;
Wen, Hippensteel, and Li 2005; Krout et al. 2005). BLM coatings may reduce the extent of
burst release that occurs with some adsorbed proteins, making BLM coatings more useful
therapeutic agent carriers. However, it is important to fully characterize the protein being
used to understand the influence of its properties on adsorption and release.

Coprecipitation of proteins along with the mineral is another way to control burst
release as the protein is physically incorporated into the mineral and distributed spatially
throughout the mineral layer, as compared to surface localization seen with adsorption.
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FIGURE 1.3

SEM images of representative samples examined from each of the following groups (magnification 10,000x):
(Control) 6-day mineralization, (a) 6-day coprecipitation, (b) 3-day mineralization, 3-day adsorption, (c) 3-day
mineralization, 3-day coprecipitation, (d) 3-day mineralization, 2-day adsorption, 1-day mineralization, (e) 3-day
mineralization, 2-day coprecipitation, 1-day mineralization, (f) 3-day mineralization, 3-day acid etched adsorp-
tion. BSA incorporation via coprecipitation leads to changes in the platelike mineral structure that is observed
in the control, whereas BSA adsorption does not change the mineral morphology. (Reprinted from Luong et al.,
Biomaterials, 27,7, 1175-1186, 2006, with permission from Elsevier.)

K12269_C001.indd 18 3/712011 8:44:21 AM



Bone-Like Mineral and Organically Modified Bone-Like Mineral Coatings 19

For instance, BMP-2 adsorbed on a titanium implant coated with BLM shows a transient
release up to 1 week and a sporadic osteogenic response over a 5-week period (Liu, de
Groot, and Hunziker 2005).

Surface Adsorption of Peptides to BLM to Enhance Cellular Attachment

Immediately after placing an implant in the body, a protein layer is adsorbed from the sur-
rounding body fluids onto the implant surface, and this protein layer is largely responsible
for recruiting cell populations to its surface and mediating all subsequent cellular events
(Horbett 2004). An approach that utilizes this adsorbed protein coating to dictate cellular
events at the implant surface involves adsorption of adhesive proteins found in the natu-
ral bone ECM onto biomaterials, thus attempting to mimic the cell-matrix interactions
occurring in vivo. Recognition of specific domains/motifs found within these proteins
causes the cells to activate signaling pathways, ultimately resulting in cell proliferation,
differentiation, and new bone formation. However, the use of recombinant human and
animal proteins in vivo has several disadvantages, including adverse immune responses,
enzymatic degradation, and changes in conformation arising from protein—material inter-
actions. Also, proteins usually contain several domains that may be involved in medi-
ating attachment of different types of cells, leading to the possibility of nonspecific cell
binding.

Synthetically designed peptides that mimic specific portions of these proteins are able to
overcome many of these drawbacks. Table 1.6 provides a list of peptides used in bone tissue
engineering. Apart from being cheaper to produce and easier to characterize, peptides are
smaller in length (typically 12-30 amino acids) and are less likely to form secondary and
tertiary structures, and hence are not affected by changes in conformation. Also, peptides
can be engineered to contain domains that are specific to the desired type of cell surface

TABLE 1.6

Examples of Peptides Used in Bone Tissue Engineering Applications

Peptide Sequence Source/Derived from Function Reference

EEEEEEEPRGDT Bone sialoprotein Enhances osteoblast adhesion Fujisawa et al. 1997;
and differentiation Itoh et al. 2002

VTKHLNQISQSY Phage display Specific affinity toward Segvich, Smith, and
bone-like mineral (BLM) Kohn 2009

KIPKASSVPTELSAISTLYL  BMP2, osteocalcin Promotes osteogenic Lee, Lee, and
differentiation of human Murphy 2009
mesenchymal stem cells

RGDG13PHSRN Fibronectin Enhances osteoblast adhesion Benoit and Anseth
and differentiation 2005

KRSR Heparin Enhances osteoblast adhesion Dee, Andersen, and

Bizios 1998

DVDVPDGRGDSLAYG Osteopontin Enhances osteoblast Shin et al. 2004a,
attachment and 2004b
differentiation

SVSVGMKPSPRP Phage display Specific affinity toward Roy et al. 2008
hydroxyapatite

(DSS)n Dentin Specific affinity toward Yarbrough et al. 2010

phosphoprotein calcium phosphate

Source: Segvich and Kohn 2009, with kind permission from Springer Science + Business Media.
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receptors, increasing the likelihood of cell-specific responses (Lebaron and Athanasiou
2000; Segvich, Smith, and Kohn 2009; Hersel, Dahmen, and Kessler 2003).

Noncollagenous proteins found in bone, such as osteopontin, osteonectin, and bone sia-
loprotein, bind strongly to hydroxyapatite and are thought to be involved in nucleation
and growth of crystals during mineralization in vivo (Hunter, Kyle, and Goldberg 1994;
Hunter and Goldberg 1994; Fujisawa et al. 1997). These proteins are made up of several
regions of acidic amino acids, which are believed to interact with hydroxyapatite crys-
tals. Peptides designed to adhere to hydroxyapatite-based materials have been inspired by
these acidic amino acid regions. Peptides consisting of consecutive glutamic acid residues
derived from osteonectin bind strongly to hydroxyapatite. The type of acidic amino acid
present in these peptides affects mineralization in vitro. For example, polyglutamic acid
residues (Glu6) enhanced mineralization, whereas polyaspartic acid residues (Asp6) had
an inhibitory effect (Fujisawa et al. 1996). Hence, during the peptide designing process,
it is important to understand the contribution of each amino acid to the entire peptide’s
properties.

ECM proteins are usually multifunctional, containing several domains, allowing them
to influence attachment to both materials and cells. Peptidomimetics capable of mediating
binding to both hydroxyapatite and cells have been designed using bone sialoprotein as
a model. This peptide (EEEEEEEPRGDT) contains a glutamic acid-rich (E7) sequence and
the ubiquitous cell binding Arg-Gly-Asp (RGD) domain and binds well to hydroxyapatite,
as well as mediates osteoblast attachment and osteogenesis in vitro (Fujisawa et al. 1997;
Itoh et al. 2002).

Peptide sequences capable of binding specifically to BLM have recently been identified
using a unique combination of phage display and computational modeling techniques
(Segvich, Smith, and Kohn 2009) (Figure 1.4). Phage display is a powerful tool as it allows
for a wide range of peptides (~10°) to be panned against any substrate, including natural

APWHLSSQYSRT
VTKHLNQISQSY
STLPIPHEFSRE

Peptides identified as having highest potential (3)

Top phage
sequences from Model ELISA
RELIC INFO (10)
(49)

Phage identified via DNA sequencing from
repeated experiments
(243)

Original phage library (~10°)

FIGURE 1.4

Schematic displaying the trifold analysis approach used to identify peptides that preferentially bind to BLM
and HA. (Reprinted from Segvich, HJ., Smith, H.C., and Kohn, D.H., Biomaterials, Vol. 30, pp. 1287-1298, 2009,
with permission from Elsevier.)
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and synthetic materials, cells, proteins, and viruses, leading to the identification of a few
highly specific amino acid sequences. This technique along with ELISA, peptide adsorp-
tion assays, and computer modeling were used to discover the peptide VTKHLNQISQSY
(VTK), which binds with specific affinity to BLM and HA. An interesting fact is that the
VTK peptide has no acidic amino acids, contrary to previously designed HA-binding pep-
tides and therefore is unlikely to have been identified without phage panning.

The same techniques can also be applied to identify cell-specific sequences, allowing for
the development of dual functioning peptides that are capable of modulating both mineral-
binding and cell adhesion. Multifunctional peptides, whose sequences are inspired by
known ECM proteins and growth factors, have also been designed. “Modular” peptides
consisting of hydroxyapatite-binding domains derived from osteocalcin and biologically
active BMP-2 derived domains bind well to BLM coatings and are capable of directing
human mesencyhmal stem cells down osteoblast lineages (Lee, Lee, and Murphy 2009).

The use of protein engineering allows for the development of a new class of biomaterials
that are capable of tailoring cellular attachment and function on BLM coatings. The addi-
tion of peptides with different charges and conformations into SBF solutions can be used
to study nucleation and growth of mineral to gain insight into mineralization processes.
Also, peptides can be modified to incorporate important posttranslational modifications
such as phosphorylation and glycosylation of certain amino acid residues and can be stud-
ied for their effects on mineral formation and cellular differentiation.

Adsorption of DNA to Mineral

Gene therapy may overcome the drawbacks of bioavailability, systemic toxicity, in vivo
clearance rate, and manufacturing costs associated with protein delivery (Park, Jeong, and
Kim 2006). Design considerations for gene therapy include choosing an effective gene and
an efficient and safe delivery system that protects from gene degradation while facilitating
transfer to target cells. There are two general methods of gene administration: viral and
nonviral.

Viral techniques utilize an adenoviral, retroviral, or lentiviral construct to deliver the
gene of interest to the target cell. Disadvantages of using viral gene therapy include muta-
tion risk, induction of immunogenic response, size limitation of DNA construct, and toxic-
ity at high dosages to several tissues (Stigter, de Groot, and Layrolle 2002).

Nonviral delivery methods include naked DNA adsorption, adsorption of conjugated
DNA, and coprecipitation of conjugated DNA. Nonviral plasmid DNA conjugation with
cationic polymers and liposomal vectors reduces degradation and allows targeting specific
cell types; however, surface aggregation and interaction with the biomaterial can reduce
transfection efficiency (Luong, McFalls, and Kohn 2009; Shen, Tan, and Saltzman 2004;
Park et al. 2003; Jang and Shea 2003; Kofron and Laurencin 2004). Many of the same meth-
ods that were used with growth factors can be used to incorporate DNA onto the surface
of the mineral coating. Similar to growth factor delivery, adsorption of both naked DNA
and DNA lipoplexes results in a burst release of nucleic acid.

Coprecipitation of Proteins and Mineral

An important requirement of a delivery system for sustained release of bioactive mol-
ecules is the ability to control the spatial and temporal localization of the molecules across
the thickness of the substrate. Such control, along with the degradation and diffusion
properties of the carrier will enable the release kinetics to be tailored to achieve a desired
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biological response. Adsorption, being largely a surface phenomenon and characterized
by weak binding forces and burst release, is not useful in producing spatial distributions
and/or gradients of biomolecules. Coprecipitation involves adding the protein into the
saturated calcium—phosphate solution, resulting in a heterogeneous matrix consisting of
both mineral and protein being simultaneously precipitated onto the substrate. It is pos-
sible to distribute single or multiple molecules over sections or the entire thickness of the
coating by varying the time periods of mineralization and coprecipitation, thus producing
gradients of bioactive molecules within the biomaterial (Luong et al. 2006) (Figure 1.5).
Further, since the precipitation occurs at ambient temperatures, loss in biological activity
of the protein can be minimized.

Effect of Protein Addition on BLM Formation

Bovine serum albumin (BSA) is often used as a model protein to understand the influence
of proteins on mineral nucleation and growth. Addition of BSA to SBF causes a delay in
the mineral nucleation and growth, indicating that BSA inhibits these processes (Luong

Top of
mineral layer
(external
surface)

mineral
8
oo
£
w
5%
© g
S §| Topl
g op layer
'l of mineral
“ 1 (noFITC)

Preliminary
mineral

Bottom of film
(below
mineral layer) [QUSECVEEYS

FIGURE 1.5

Images through the thickness of the mineral layer containing FITC-labeled BSA taken using confocal micros-
copy. Spatial distribution of the protein through the thickness of the mineral layer is exhibited for the follow-
ing incorporation techniques: (a) 6-day coprecipitation, (b) 3-day mineralization, 3-day adsorption, (c) 3-day
mineralization, 3-day coprecipitation, (d) 3-day mineralization, 2-day coprecipitation, 1-day mineralization.
Fluorescence can be seen where coprecipitation or adsorption has occurred. Control over the spatial distribu-
tion of the protein is shown by the presence of fluorescence through the thickness of the mineral for the differ-
ent coprecipitation groups. (Reprinted from Luong et al., Biomaterials, 27(7), 1175-1186, 2006, with permission
from Elsevier.)
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et al. 2006). These inhibitory effects are stronger when the BSA is in solution as compared
to being preadsorbed onto the substrate (Areva et al. 2002). Also, the stage at which the
protein is included affects the extent of inhibition in a concentration-dependent manner.
Increasing BSA concentration causes an increase in induction periods for apatite nucle-
ation. Addition of low concentrations of BSA (<10 g/1) during the growth phase causes an
increase in the growth rate of the crystals, whereas higher concentrations (>10 g/1) inhibit
the growth rate (Combes, Rey, and Freche 1999). Although the exact mechanism by which
coprecipitation occurs is not completely understood and may differ from protein to pro-
tein, these results suggest that proteins may modulate apatite formation by adsorbing to
the initially formed nuclei and stabilizing them by causing a decrease in interfacial energy
between the crystal and solution. At low concentrations, there is no sufficient protein to
coat the entire mineral surface, allowing the nuclei to grow quickly. At higher concentra-
tions due to coverage of the mineral surface by the protein molecules, growth is prevented
(Combes and Rey 2002).

Mineral crystals nucleated in the presence of BSA are smaller in size and less crystalline
compared to mineral formed in the absence of BSA (Liu et al. 2001; Combes and Rey 2002).
The morphology of the mineral is also affected; protein-free SBF forms sharp platelike
mineral crystals that are rounded in the presence of BSA (Luong et al. 2006; Liu et al. 2001)
(Figure 1.2). Coprecipitating BSA onto a premineralized surface causes higher quantities
of BSA to be loaded, which has been attributed to ability of the negatively charged BSA
to interact with the positively charged Ca? ions. The BSA is attracted to the Ca? ions in
the preliminary mineral layer, causing it to be incorporated into the mineral, which then
attracts the Ca? ions from solution, resulting in a cyclical growth process (Luong et al.
2006; Liu et al. 2001). This interaction of BSA with Ca? ions is confirmed by slower release
of Ca?* jons from coatings formed by coprecipitation with BSA as compared to that in the
absence of BSA (Liu et al. 2003).

The above findings show that coprecipitation can be used to integrate proteins into the
mineral layer, with their subsequent release being dependent primarily on the rate of dis-
solution of the mineral. The interaction of each protein with different types of mineral is
dependent on several factors including the size, concentration, and charge of the protein,
and its influence on the mineral characteristics such as size and crystallinity.

Applications of Protein Coprecipitation in Bone Tissue Engineering

Coprecipitation has been used to incorporate ECM proteins, enzymes, and drugs into bio-
mimetic calcium phosphate coatings. Bone analogs have been produced by coprecipitation
of collagen I and mineral onto PLLA substrates using a highly concentrated SBF solution
such as 5XSBF. These coatings are capable of enhancing proliferation and differentiation
of Saos-2 cells (human osteosarcoma cell line) in vitro (Chen et al. 2008). Coprecipitation
has also been used to incorporate enzymes such as amylase and lysozyme into BLM coat-
ings on starch-based polymers (Leonor et al. 2003). These materials can be potentially
used as stimulus-responsive scaffolds, undergoing gradual degradation by the incorpo-
rated enzyme over time (Martins et al. 2009). Antibiotics such as tobramycin have also
been integrated into biomimetic Ca—P coatings on titanium implants and hinder bacterial
growth. Biomimetically coated implants that are coprecipitated with antibiotics not only
possess the osteoconductive properties of BLM coatings, but are also capable of preventing
postoperative infections (Stigter, de Groot, and Layrolle 2002).

Cell-matrix interactions in the natural bone environment orchestrate complex growth
factor release profiles that help control bone resorption and formation. TGF-p1 is present
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in high concentrations during early fracture repair processes, but levels off in later stages,
eliciting specific responses resulting from these concentration changes. For instance, in
the early stages of repair, TGF-p1 promotes division of fibroblasts, osteoblast recruitment,
and differentiation, whereas in later stages, it promotes osteoclastogenesis. Therefore, a
temporally graded administration of TGF-p1 would enhance the repair and regeneration
process. Similarly, BMP2 promotes chemotaxis and cell proliferation at low concentrations
and cell differentiation and bone formation at high concentrations (Allori, Sailon, and
Warren 2008). Likewise, a pulsatile delivery of BMP2 may be optimal for tissue regenera-
tion strategies.

Coprecipitation can tailor the administration of growth factors and bioactive molecules
to control their release kinetics and the rate of tissue regeneration. For example, rat bone
marrow cells cultured on titanium alloys coated with biomimetically precipitated BLM
and BMP-2 showed a significant increase in bone formation compared to adsorption
(Hunter and Goldberg 1994). This method of growth factor incorporation into the min-
eral matrix allowed for a sustained release over a period of 5 weeks as compared to the
1-week burst release of adsorbed growth factor that only produced a sporadic osteogenic
response. Although the same amount of BMP-2 was used for both methods, BMP incorpo-
rated via coprecipitation showed more of a sustained osteogenic response (Liu, de Groot,
and Hunziker 2004). Similarly, insulin-like growth factor-1 (IGF-1) coprecipitated with
BLM on PLGA scaffolds showed a sustained and linearly increasing release profile over a
30-day period (Jayasuriya and Shah 2008).

A complex biological response such as tissue regeneration is a result of the coordi-
nated cellular events involving the sequential secretion of multiple growth factors.
Coprecipitation and surface immobilization could be used to customize and mimic these
coordinated events. For example, TGF-f1 also regulates gene expression of other growth
factors such as VEGF. In a rat mandibular orthotopic model, TGF-p and VEGF mRNA
transcription increased 2.5-fold only 3 h after surgery and TGF-p and VEGF expression
increased 3-fold compared to baseline levels for 4 weeks after wound healing commenced
(Allori, Sailon, and Warren 2008). Incorporation of multiple growth factors into a single
construct has the potential to enhance bioactivity. For example, the delivery of TGF-f and
BMP-2 delivery from alginate gels resulted in greater bone tissue formation after 6 weeks,
but no significant changes were observed even 22 weeks after implantation when they
were administered alone (Simmons et al. 2004).

Coprecipitation provides the flexibility to tailor release profiles since the concentra-
tions of different growth factors could be graded separately through the thickness of
the coating. A similar coordinated response can be achieved by coupling coprecipita-
tion of proteins with surface immobilization methods; the adsorbed molecule could be
released in a burst profile and the coprecipitated molecule could be delivered in a sus-
tained fashion.

Coprecipitation of DNA and Mineral

DNA coprecipitation allows the incorporation of nucleic acids into the biomimetically pre-
cipitated mineral layer at physiological conditions (Figure 1.6). Similar to growth factors,
coprecipitation with mineral can be used to control the spatial distribution of DNA through
the thickness of the coating. As the mineral layer degrades in physiological conditions,
DNA will be released in a spatially and temporally controlled manner. Coprecipitation
of mineral also improves the stiffness of soft substrate surfaces, which improves cellular
uptake of DNA (Kong et al. 2005).
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FIGURE 1.6

Fluorescence images of DNA and lipid agent components from representative samples from each of the fol-
lowing groups. (a—b) Mineralized controls, (c-d) plasmid DNA incorporated into PLGA, (e—f) plasmid DNA
coprecipitated with mineral, (g-h) plasmid DNA-lipoplex adsorbed to mineralized films, (i) plasmid DNA-
lipoplex coprecipitated with mineral. Distribution of both the plasmid DNA and the lipid transfection agent on
the bone-like mineral was demonstrated by the colocalization of the fluorescent staining in the adsorption and
coprecipitation groups and the absence of staining in the mineralized controls. Scale bars represent 100 um.
(Reprinted from Luong et al., Biomaterials, 30(36), 6996-7004, 2009, with permission from Elsevier.)

The method of DNA application affects transfection efficiency. For example, adsorbed
lipoplexes and coprecipitated lipoplexes show significantly different transfection efficien-
cies. Encapsulation of DNA in a calcium phosphate precipitate improves cellular uptake
and produces an enhanced cellular response compared to lipoplexing techniques (Jordan
1996). DNA-lipoplexes coprecipitated with BLM show higher transfection efficiency com-
pared to adsorbed lipoplexes, and coprecipitated naked DNA. This improved transfec-
tion efficiency arises from enhanced cellular uptake and protection from degradation as
a result of cationic lipid complexation, along with the higher availability of apatite at the
surface controlling the rate of release (Luong, McFalls, and Kohn 2009).

Transfection efficiency can also be improved by altering the ionic concentrations of
SBE. For instance, removing Mg ions from the solution improves DNA incorporation and
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facilitates efficient endocytosis (Shen, Tan, and Saltzman 2004). Surface morphology and
DNA retention at the mineral surface play an important role in improving transfection
efficiency. SBF concentrations and coprecipitation time can be altered to control the dis-
solution rate of the mineral layer and subsequent release of DNA to improve transfection
efficiency (Luong, McFalls, and Kohn 2009).

Drawbacks of Using BLM

Although there is merit to using BLM coatings, there are also difficulties that may be
encountered that need to be acknowledged. Challenges that arise when using SBF to coat
implants, especially porous and porous-coated implants and scaffolds, include controlling
coating thickness, preserving substrate stability during functionalization, and translation
to industrial-scale processes. As with all apatite coating techniques, the thickness of the
BLM layer on 3-D scaffolds needs to be controlled to maintain sufficient porosity for mass
transport and angiogenesis. An implant coating that is too thick can occlude pores, which
would interfere with tissue perfusion and vascular infiltration in vivo. Excessively thick
mineral layers can result in delamination of the coating from the underlying substrate.

Substrate surface functionalization is carried out before incubation in SBF to obtain a nega-
tively charged surface for calcium nucleation. However, prolonged treatment for function-
alization can damage the underlying substrate. For instance, PLGA/PLLA materials etched
with sodium hydroxide can undergo considerable hydrolysis resulting in loss of structure,
thereby compromising mechanical stability. The necessity for functionalization creates some
limitations over the types of substrates that can be used for biomimetic precipitation (Table
1.2) as well as the types of methods that could be used to functionalize the surface.

Achieving industrial-scale batch processing could be a problem when working with SBE.
The SBF solution needs to be replenished periodically to maintain pH and ion concentra-
tions near saturation, which would be complex in an industrial setting. Batch processing
implants in large volumes of liquid under sterile conditions to prevent contamination can
also prove to be difficult.

One main disadvantage of using coprecipitation to create organic/inorganic hybrid
materials is the low efficiency of biomolecule incorporation. Although biomolecule reten-
tion on BLM is higher with coprecipitation than with adsorption, only about 10% loading
can be achieved with coprecipitation. Therefore coprecipitation requires large concentra-
tions of biomolecules to elicit a desired response, which becomes expensive for growth
factor administration.

Conclusions

Bone is a complex and dynamic composite tissue that consists of both inorganic and organic
phases, supporting cellular adhesion, proliferation, and differentiation. The technique of
biomimetic calcium phosphate precipitation attempts to simulate aspects of this complexity
by forming a BLM coating on the surface of natural and synthetic substrates. This mineral
layer makes a biomaterial more osteoconductive, as well as enhances mechanical strength
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and stiffness, which are important requirements for load-bearing implants. Inductivity
can be integrated into this conductive approach by the incorporation of biomolecules such
as proteins, peptides, and DNA to generate inorganic/organic hybrids that are capable of
facilitating and enhancing cell-matrix interactions.

These hybrids can be synthesized using adsorption or coprecipitation techniques, or a
combination of both depending on the type of response desired. Protein engineering can be
utilized to recruit bone cell populations initially to implant surfaces, by designing peptides
that bind specifically with strong affinity to both BLM materials and cells. These peptides
mimic naturally found bone ECM adhesive proteins, such as osteopontin and bone sialo-
protein, and mediate cell adhesion to apatite. Coprecipitating mineral and biomolecules can
provide the signaling cues required for cell proliferation and differentiation, leading to new
bone formation. Coprecipitation also provides control over spatial and temporal release of
the biomolecules, allowing for multiple growth factor delivery during different stages of
cellular differentiation, a concept similar to growth factor sequestration by the ECM in vivo.
A blend of both adsorption and coprecipitation, in conjunction with biomimetically precipi-
tated apatite, can be utilized to develop bone analogs that mimic the natural environment
with greater precision, thereby ensuring controlled and uniform tissue regeneration.
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