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Abstract

Bone tissue has a remarkable ability to regenerate and heal itself. However, large bone defects and
complex fractures still present a significant challenge to the medical community. Current
treatments center on metal implants for structural and mechanical support and auto- or allo-grafts
to substitute long bone defects. Metal implants are associated with several complications such as
implant loosening and infections. Bone grafts suffer from donor site morbidity, reduced
bioactivity, and risk of pathogen transmission. Surgical implants can be modified to provide vital
biological cues, growth factors and cells in order to improve osseointegration and repair of bone
defects. Here we review strategies and technologies to engineer metal surfaces to promote
osseointegration with the host tissue. We also discuss strategies for modifying implants for cell
adhesion and bone growth via integrin signaling and growth factor and cytokine delivery for bone
defect repair.

The need for improved orthopaedic implants

With increased life expectancy and an aging world population, there is a rapid increase in
musculoskeletal conditions and diseases such as fractures, osteoporosis and bone metastases.
As a result, bone-related medical treatments and costs are on the rise. For example, over 1
million total hip and knee replacements are performed annually in the U.S.A. at cost of over
$25 billion [1]. Current methods for surgical treatments for fractures and joint arthroplasties
primarily use metal implants. However, such implants can fail due to implant motion,
inflammation and bone resorption and osteolysis due to implant loosening, wear and
improper loading [2, 3]. Bone grafting is needed for more than 600,000 cases in the U.S.A.
caused by cancer and traumatic injuries and costs around $2.5 billion [4]. Auto/allo bone
grafts are used to treat such long bone defects. However, there are still shortcomings
associated with bone grafting. Autografts, which are considered the gold standard in the
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field [5, 6], require long surgery times as the bone has to be harvested from the patient’s
healthy tissue and then re-implanted at the diseased site [7, 8]. Bone is primarily harvested
from the iliac crest or pelvis, and this can lead to donor site morbidity and often there is
limited tissue to harvest. Allografts are tissues obtained from genetically distinct sources
such as human cadavers and donors. They suffer from immune rejection, reduced bioactivity
and the risk of pathogen transmission. The limited osseointegration of surgical metal
implants and regeneration potential of auto/allo-grafts have prompted interest in other
alternatives for bone tissue engineering. In this review, we will discuss major research
strategies that hold promise for the future clinical translation with main emphasis on metal
and synthetic polymer implants.

Bone repair biology and current challenges

Osteoblast and osteoclast are the main cells involved in remodeling of bone — osteoblasts lay
down bone matrix while osteoclasts are involved in resorbing the bone tissue. Bone
formation takes place via two major pathways: intramembranous and endochondral
ossification. For detailed readings on these processes, readers are referred to other reviews
[9-12]. For most fractures, bone tissue heals itself; however, for complex fractures and
diseases, outside intervention is often required for complete healing to take place. It is
important to understand the mechanism(s) involved in this healing process in order to
develop technologies to facilitate treatment. There are two major mechanisms of bone
healing: direct bone growth and indirect bone growth after callous formation.

Direct bone healing involves the growth of bone from the broken ends at fracture site
without any intermediate fibrous tissue formation. Osseointegration of surgical implants
mostly utilize this mode of bone healing. Osseointegration is defined as bonding of living
bone tissue with surgical implants such that implants can replace bone and perform load
bearing functions. An implant is considered osseointegrated if there is no relative motion
between the implant and bone. There are 3 major stages which are involved in direct
healing: woven bone formation, adaptation of bone mass to load and, adaptation of bone
structure to load (bone remodeling) [13].

Indirect bone healing involves inflammation leading to callous formation via intra-
membranous ossification. This is followed by endochondral ossification and resorption of
the callous [14]. This process requires a coordinated functioning of progenitor cells. The
source of these progenitor cells for bone fracture and defect healing is believed to come
from the mesenchymal stem cell niche (bone marrow, periosteal and endosteal envelopes) in
the surrounding region [15] and the vasculature disrupted during the fracture. Blood from
the vasculature fills up the defect/fracture site and results in a clot, through inflammatory
biomolecules and cells initiate the healing process. However, if the defect size is large
enough then the bone cannot heal itself. The minimum length of the bone, where if left
untreated, there will be no union is termed critical sized bone defect and can be different
depending on the location of injury or the animal model used [16]. Such defects lack
sufficient blood supply for callous formation and need surgical intervention to provide
mechanical support and promote bone repair.
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These healing processes involve osteogenic progenitor cells, which are recruited by various
cytokines and growth factors. These cells actively participate in osseointegration and bone
repair. The timing and concentration of these cytokines and growth factors are critical
considerations in designing biomaterial scaffolds. Various growth factors have been shown
to play a part in bone repair, and currently bone morphogenetic protein (BMP) (BMP-2 and
BMP-7) are clinically approved for use in patients. Other growth factors and cytokines,
including BMP-4, transforming growth factor-beta (TGF-p), fibroblast growth factor (FGF),
insulin-like growth factor (IGF), vascular growth factor (VEGF), platelet derived growth
factor (PDGF), and stromal derived growth factor (SDF1), are important to bone formation
[14, 17-19]. Although use of BMP-2 and BMP-7 have shown positive results, there are
concerns about adverse effects on humans due to use of supraphysiological doses,
inflammatory side effects, and low retention times of these growth factors at the injury site
[20]. Progenitor cells can also be delivered at the site of injury to facilitate healing. Once the
cells are delivered/recruited at the site of fracture, it is important to provide the necessary
biological cues so that they promote bone formation. A major class of cell membrane
proteins that cells use to interact with their surrounding matrix is integrin. Integrins are
transmembrane receptor proteins that interact with extracellular matrix components and
regulate diverse cellular processes. The integrin heterodimer, consisting of alpha and beta
subunits, binds to various extracellular matrix (ECM) proteins like fibronectin, collagen,
vitronectin, laminin, osteopontin, and bone sialoprotein. Integrin signaling is an important
part of the cell niche in bone tissue formation and healing [21-23] and can be used to
engineer material surfaces to direct the appropriate cell response. Such engineered
biomaterials can also be used to deliver cells and allow timely release of various growth
factors and cytokines.

Orthopaedic Implant Requirements

The main function of orthopaedic implants such as joint prostheses, plates, and screws is to
provide mechanical and structural support, integrate with the damaged tissue and provide
biological cues to promote healing. The materials used for implants should be
biocompatible, non-immunogenic and be able to integrate well with the host tissue. Metal
implants are used for applications where mechanical support is essential such as weight
bearing long bones (femur, tibia etc.) and long bone and vertebral fractures. The main aim of
such implants is to bind strongly to bones such that there is minimal movement between
implant and host tissue and provide physiological load bearing functionality to the implant
site [24]. Polymeric implants are proposed for applications pertaining to osseointegration as
well as bone growth and regeneration due to their ability to control key material properties
and deliver bioactive agents. Bone growth takes place from the two ends of the defect and
can be enhanced by use of implants by means of release of essential growth factors and
proteins, biological signals to cells in a spatio-temporal manner as discussed in the previous
section. Here, we will discuss various types of metal and polymer implants used for bone
integration and regeneration. For other type of substrates such as ceramics, demineralized
bone matrix and calcium phosphate cements, we refer readers to other excellent reviews and
papers in the field [25-30].
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Metal Implants

Metal substrates, in the form of screws and plates, are widely used when there is immediate
need to provide stability and structural support. Considerable research has focused on
titanium alloys (i.e. Ti-6Al-4V) and stainless steel. Stainless steel has been used for over 100
years as bone implant material. Most commonly used stainless steel surgical implants are
made up of type 316L due to its excellent mechanical properties and resistance to corrosion
due to presence of high chromium content (16%), molybdenum (2%) and low carbon
content (<0.03%). In recent years, titanium and its alloys have also gained significant
interest. It has similar strength to stainless steel but is much lighter in comparison. Titanium
alloy has higher resistance to repeated stress loading than commercially pure titanium and
hence is ideal for load-bearing orthopaedic applications. It also has lower modulus of
elasticity and is more conducive to minimize stress at interfaces. Albrektsson et al. showed
that titanium has closer contact with the bone tissue compared to other metal implants like
stainless steel and zirconium [31, 32]. This closer interaction of titanium surfaces is
attributed to a stable oxide layer (TiO,) that is formed on titanium surfaces and prevents
corrosion. Although these metal implants are biocompatible, they can become loose and
hence there is a need to modify these implants such that they can form strong bonds with
host tissue and provide necessary signals.

Depending on the location and application, implants can have different requirements.
Fracture fixation plates and screws are fixed with bolts and are typically removed from the
body following healing. Such implants have low to moderate osseointegration requirements.
Other implants such as joint replacements and pedicle screws and rods used in spinal fusion
surgeries are required to provide support for an entire lifetime and hence have high
osseointegration requirements. Although the success rate of primary hip and knee
arthroplasties exceeds 90% at 15 years [33], there is a significant need to extend the finite
lifetime of current orthopaedic implants and improve implant function, particularly in
challenging cases such as revisions, younger/more active patients, and conditions with
compromised bone stock (e.g., osteoporosis) [33, 34]. It is important that the implants have
strong adhesion with the host tissue as quickly as possible [35, 36] and begin healing
process as delayed healing can result in fibrous tissue development [37, 38]. Stability of
implants after surgery is very essential for successful osseointegration. Bragdon et al.
showed that 20 um of oscillating motion does not affect osseointegration, however, 40 and
150 pm of oscillating motion of implants did not support bone ingrowth when scaffolds
were implanted in dog distal femurs [39]. Other groups have also shown that excessive
implant motion results in minimal osseointegration [40]. Hence for successful
osseointegration, primary stability of implants is desired. Various strategies to achieve
osseointegration with metal implants are reviewed here (Figure 1, Table 1).

Surface Characteristics

Since the surface is the only region in contact with host bone tissue, many attempts have
been made to modify the surface properties such as surface roughness and chemistry to
enhance host tissue integration and mechanical fixation. Surface roughness plays an
important part in cell attachment and differentiation. Increasing surface roughness can lead
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to increase in available area for host proteins and cells to interact with implants. Smooth
surfaces promote osteoblast cell attachment and proliferation while rough surfaces promote
differentiation and mineralization in vitro [41, 42]. Culturing osteoblast cell lines on rough
surfaces led to an increase in production of alkaline phosphatase (ALP) and osteocalcin
which are cell markers for osteoblastic differentiation [43]. Protein kinase A and
phospholipase A, were found to be involved in effects of surface roughness on osteoblasts
[44]. Phospholipase A, catalyzes prostaglandin E, production and makes osteoblasts
responsive to systemic hormones such as 1,25-(OH),D3. It was further shown that ap4
integrin signaling mediates osteoblastic differentiation on rough titanium surfaces [45]. a;
knockout cell lines blocked any surface dependent differentiation in MG63 human
osteoblast cells [45]. Klokkevold et al. showed that acid etched titanium screws enhanced
endosseous integration [46]. These screws were implanted in rabbit distal femurs and torque
was measured to unscrew the implants. Dual acid etched screws and titanium plasma
sprayed screws were found to significantly enhance endosseous integration compared to
machined screws. Roughness values of Ra around 1-2 um seems to be ideal for bone-
implant interactions [47]. However, there is wide heterogeneity among studies due to
difference in instruments and techniques used and it is not possible to conclude what
specific surface roughness is needed for various kinds of implants [48].

Surface chemical groups on implants can also have a significant influence in bone growth
and differentiation. There is evidence that hydroxylation of titanium surfaces increases its
wettability and can promote cell attachment, however, this needs to be tested in vivo to see
if hydroxylation leads to faster osseointegration of such implants [49]. Similarly, surface
microtexture and chemistry can be modified via electrochemical anodization in strong acids
at high potential which also results in thickening of titanium oxide and promotes bone
formation when compared to untreated surfaces [50]. Keselowsky et al. used self-assembled
monolayers of alkanethiols on gold surface presenting terminal CHz, OH, COOH and NH,
groups [51]. Different functional groups modulated the conformation of adsorbed proteins. It
was shown that fibronectin had most active conformation on OH followed by COOH and
NH, groups which also resulted in higher cell adhesion to these surfaces via asp integrin.
Cells on OH and NH, surfaces used agpq integrin while those on COOH surfaces utilized
both asPq and a, B3 for adhesion. This integrin specificity resulted in differential effects on
osteoblast differentiation. Cells that were cultured on fibronectin adsorbed onto OH and
NH, surfaces had significantly more ALP expression and mineralization compared to
COOH and CH3 surfaces [52]. However, this strategy relied on pre-coating fibronectin on
implant surfaces before cells were cultured. It remains to be seen how bone formation would
be affected in vivo in response to different surface functional groups pre-coated with protein
of interest.

Surface Coatings

Calcium phosphate (CaP), including hydroxyapatite (HA), coatings have been proposed to
enhance bone integration of metal implants. Soballe et al. showed that HA coated implants
in femoral condyles of dogs can help in bridging initial gaps as large as 1-2 mm between
implants and bone while uncoated titanium implants had significantly less bone growth [53].
Cook et al. showed that HA coated implants in canine femoral transcortical model had
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significantly higher bone ingrowth and interface attachment strength at 6, 8, 12, 18 and 26
week time points [54]. CaP coatings applied on titanium implants showed significantly
higher bone contact compared to uncoated implants in goat femoral diaphysis at 6, 12 and
24 weeks [55]. Although these coatings are promising, they have shown variable results in
patients [56, 57]. For detailed analysis of CaP/HA coatings, we encourage readers to refer to
other reviews in the field [58-60].

An approach to significantly improve the mechanical fixation of implants to bone is to
modify the surfaces with bioadhesive coatings. Typically, ECM proteins that contain cell
binding domains can be adsorbed/functionalized on implant surfaces to mediate cell
attachment and differentiation. However, ECM proteins can be large and surface adsorption
may render the cell binding domains inaccessible. Peptide sequences containing the minimal
cell binding domains have shown to be active both in vitro and in vivo [61-64]. Such
peptides are more resistant and retain their activity after harsh treatments than compared to
their full length counterparts [65]. It is also critical that the coating is compatible with
sterilization and packaging techniques needed for bioimplants. Coatings that can be applied
in the operation theatre would be ideal as it would allow surgeon to choose the implant type/
size and apply the coating depending on the state of treatment site [66]. Few strategies have
been explored in this regard. Ferris et al. coated titanium implants with RGD peptide and
showed increased bone formation at 2 and 4 weeks [67]. RGD containing sequences bind to
various types of integrins but are not integrin selective [68]. Several studies with RGD
peptides have given only marginal improvement in osseointegration [69—71]. To increase
the specificity of the signal, other more specific integrin binding sequences can be used.
Reyes et al. showed that a triple helical peptide, GFOGER, derived from a (I) chain of type
I collagen, mediates cell attachment to surfaces passively coated with this peptide. The cells
attached using a,f4 integrin in a dose dependent manner and exhibited cell adhesion and
spreading comparable to those cultured on type I collagen [72]. It was further shown that
bone marrow stromal cells cultured on titanium surfaces coated with GFOGER had higher
ALP activity and calcium content compared to uncoated surfaces [73]. These titanium
implants had higher bone-implant contact when implanted in rat tibia and had significantly
higher pull out force compared to uncoated and collagen coated implants after 4 weeks.
Similarly, titanium samples coated with a recombinant fibronectin type 111 7-10th
fragment(FN7_1) that binds asf; integrin showed enhanced ALP activity, calcium content
and mineralization and were also found to increase bone apposition and pull-out force
compared to uncoated and full length fibronectin coated surfaces [64]. These enhancements
in cell differentiation and osseointegration were attributed to selective aspy integrin binding
for FN7_19 compared to agps and other integrins for uncoated surfaces.

In order to control the presentation of bioligands from implant surfaces, titanium surfaces
have been chemically modified to grow a non-fouling oligo (ethylene glycol methacrylate)
(OEGMA) polymer which was then chemically conjugated to cell adhesive ligands such as
RGD and FN7_1o. Rat bone marrow stromal cells cultured on such surfaces showed higher
Runx2, osteocalcin, bone sialoprotein, ALP activity and calcium content on FN7_1o-
functionalized surfaces compared to RGD and non-functionalized surfaces [74]. Implants
presenting FN7_;q exhibited higher bone-implant contact and pull-out force when implanted
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in rat tibial metaphysis [74]. Such OEGMA-modified implant surfaces can be used for
clustering and enhancing integrin signals. Petrie et al. used OEGMA brushes on titanium
implants and functionalized monomer, dimer, trimer and pentamer of FN7_;o and showed
that trimers and pentamer induce clustering of integrin receptors [75]. Trimers and pentamer
induced higher osteogenic signaling and differentiation of human mesenchymal stem cells in
vitro and exhibited bone formation and higher pull-out force when implanted in rat tibial
metaphysis for 4 and 12 weeks [75]. It remains to be seen if such bioadhesive coatings can
enhance osseointegration under diseased states such as osteoporosis.

Therapeutic Release Strategies to Enhance Osseointegration

Although surface functionalization strategies have potential to improve osseointegration,
there is still a significant need to further augment these technologies especially in
challenging diseased states. To address this challenge, research has focused on incorporating
release of therapeutic biomolecules and drugs to enhance osseointegration. Most approaches
have focused on adsorption and presentation of therapeutics on implant surfaces. Thorey et
al. coated titanium implants with BMP-2 which resulted in improved bone volume
compared to uncoated implants [76]. Ramazanoglu et al. co-delivered BMP-2 and VEGF on
titanium implants coated with calcium phosphate and showed enhanced bone mineral
density around implants than compared to all other groups demonstrating synergism
between the two growth factors [77]. Although promising, immobilization of cytokines and
growth factors on implant surfaces often leads to decrease in biological activity. BMP-2 is a
fairly hydrophobic protein and adheres strongly to material surfaces and often denatures in
the process losing its activity [78]. A sacrificial layer between implant and therapeutics has
been proposed to overcome this issue [78-80]. Kashiwagi et al. constructed an artificial
protein containing 3 reversible material binding motifs for titanium and fused it with the N-
terminal of BMP-2 [78]. BMP-2 immobilized without the reversible binding motifs was
unable to bind to its receptor, bone morphogenetic protein receptor type 1A (BMPR-1A) and
was less active. Addition of reversible binding motif made it accessible to the receptor and
more biologically active [78]. Such reversible and directional binding can allow
immobilization and release of more active protein. Yuasa et al. later showed that the
titanium implants adsorbed with this artificial fusion protein were active in vivo [79].
Collagen scaffolds coated with titanium and adsorbed with fusion protein when implanted in
abdominal muscle promoted cartilage formation and mMRNA of ALP and bone sialoprotein
were increased by significant amount compared to scaffolds without the fusion protein [79].
Lu et al. developed a modular bone morphogenetic peptide (mBMP) which had a high
affinity for hydroxyapatite [81]. This peptide was incorporated onto the titanium surfaces
coated with hydroxyapatite and resulted in significant increase in implant push-out force in a
sheep femoral condyle model [81]. Although promising, there are concerns of adverse
immune reactions associated with use of such modified fusion proteins and peptides.

N-bisphosphonate coatings over implants have also been proposed to improve
osseointegration. Tengvall et al. coated stainless steel screws with N-bisphosphonate
(pamidronate and ibandronate) and implanted in rat tibia had significantly higher pull out
force and energy compared to uncoated screws after 2 weeks [82]. Bisphosphonates act on
osteoclast and reduce resorption of bone that is present in diseases such as osteoporosis and
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early stages of surgery due to trauma caused by implantation [83]. Such local delivery to
implantation sites can reduce systemic side effects. Wermilin et al. further showed that such
coatings lead to increase in pull-out force for up to 8 weeks [84]. Similar results were
demonstrated with stainless steel and titanium implants coated with bisphosphonates [85—
88]. Although promising, drugs and cytokines adsorbed on the surfaces exhibit burst release
and can lead to adverse side effects.

Macdonald et al. used a layer by layer technique to increase the amount of adsorbed BMP-2
on implants [89]. Alternate coatings of BMP-2 and charged polymer allowed microgram
quantities of BMP-2 to be loaded on the surface which had low burst release. They showed
that such implants when implanted intramuscularly, initiated bone growth and maturation
[89]. Shah et al. developed a self-assembled, polymer based osteogenic coating to improve
mechanical fixation of implants [90]. The base coating consisted of positively charged
chitosan and hydroxyl apatite alternated with negatively charged poly(acrylic acid) (PAA).
The second component of this coating had hydrolytically degradable cationic poly(3-amino
ester) alternated with PAA and BMP-2. BMP-2 release from titanium scaffolds was
controlled and sustained for over 15 days and implants showed significant increase in pull
out force [90]. Song et al. developed polymer nanofiber coatings of polycaprolactone
(blended with hydroxyapatite) and polyvinyl alcohol (blended with collagen) (PCLC°!/
PVAHFA) using co-axial electrospinning technique [91]. These nanofibers were then coated
on titanium implants and found to be stable when tested on a porcine ex-vivo implantation
model. Doxycline (anti-bacterial agent) and dexamethasone (osteoblast differentiation
inducing agent) were incorporated in polymer nanofibers and enhanced proliferation and
adhesion of pre-osteoblastic MC3T3-EL1 cells in vitro [91]. Such polymer coatings can allow
sustained and controllable release of therapeutics. However, effects of such coatings on
implant osseointegration are yet to be examined.

Various other methods such as polymer and hydrogel coatings to trap biomolecules have
been tried and offer some promising results [92]. Pauly et al. used a polymer coating of
poly(lactic-co-glycolic acid) (PLGA) carrying simvastatin on titanium Kirschner wires and
showed significantly enhanced torsional stiffness and maximum load after 42 days of
implantation in rat tibia [93]. However, statins are associated with many side effects and
further characterization is needed to ensure complete safety of such strategies. Microbial
infection on implant surface is a serious concern and results in bone resorption. Infections
are one of the major causes of implant failure. Release of antibiotics from the implant
surface is proposed as a solution to tackle this challenge. For detailed discussion, readers are
referred to other reviews in the field [94].

Although all these release strategies have shown promise, there is a need to characterize the
release kinetics of each biomolecule, particularly in vivo, to better understand its effects on
bone growth and osseointegration. There is very little literature on release kinetics and what
is ideal release profile for various growth factors and cytokines to maximize
osseointegration. In vivo release of growth factors and cytokines can be measured by
labeling them with near infra-red dyes and monitoring its change over time non-invasively
[95]. Other approaches such as characterizing amounts left on implants at various terminal
points can also be used. There is also need to combine some of these therapeutic release
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technologies with material technologies described in previous sections to evaluate synergism
in disease models like osteoporosis.

implants for screws and plates

Polymeric screws have been developed and provide certain advantages such as radiolucency
and ability to tune the elastic modulus in range of bone (~18 GPa) to avoid modulus
mismatch. Polyaryletherketones (PAEKS) polymers have been widely used for applications
such as to fill bone defects, spinal cages and joint revision surgery. However these polymers
are non-degradable and require reinforcing agents such as carbon fiber to match the elastic
modulus of bone and modification with bioactive molecules such as HA for increased
osseointegration [97]. We refer readers to other papers and reviews for detailed discussion
on PAEK polymers [97-99]. Other polymers that can degrade over time have also been
proposed. Materials such as poly-L-lactic acid (PLA), polyglycolic acid and poly lactic-co-
glycolic acid have been used to make resorbable screws and plates [100-102]. Although
such resorbable screws have shown promise as an alternative to metal implants [103], there
is concern surrounding the build-up of an acidic environment upon their degradation leading
to inflammation [104]. Recently Perrone et al. made screws out of silk and showed that
these screws are biocompatible and promote bone remodeling for the period of 4 and 8
weeks [105]. Such screws have some advantages over other polymer screws such as ease of
machining and low swelling properties, however, whether their degradation causes
inflammation over time remains to be seen. An argument against use of polymers for
structural support is that although, metal implants are non-degradable, they have been shown
to remain in the body for decades without any complications. Technology has further
enhanced adhesion of metal implants with host tissue, and hence it is considered safe to
leave the implants in the body and there is no need to perform a second surgery to remove
them from the body [96].

Polymer Scaffolds

Although metal implants have shown excellent performance in orthopaedic applications and
are essential for mechanical and structural support, their non-degradability and high rigidity
are not optimal for bone regeneration. For optimal bone regeneration, scaffolds should
degrade over time and be replaced by host bone tissue which can then be remodeled
according to load and function. The rate of degradation should be similar to rate of bone
growth. The implant should be osteoconductive and be able to deliver growth factors,
cytokines and biological cues in a local site specific manner. Scaffolds can also serve as a
depot for various growth factors, cytokines and cell transplant. Although cell therapy has
shown excellent results in clinical applications [106, 107], transplanted cells diffuse out of
the injury site, have low repair potential and low viability [108]. Polymer substrates can
alleviate this problem by providing a niche for transplanted cells to localize at the injury site
and remain viable and active. The success of polymer implants depends on being able to
provide single or multiple spatio-temporal cues to resident or transplanted cells at the site of
injury [109]. One drawback of most polymer implants is that they are soft materials and
hence need support of metal screws and plates to stabilize the fracture site in load bearing
bones.
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Various types of polymers have been used as implants for bone tissue engineering. Broadly,
polymers can be divided into natural and synthetic polymers. Natural polymers are those
that are derived from natural sources, such as collagen, fibrin, chitosan, hyaluronic acid, and
alginate, and have been used for many years in tissue engineering [110, 111]. Such polymers
are biocompatible and biologically active and hence promote cell adhesion and growth.
However, natural materials are difficult to engineer and process due to their low mechanical
strength and limited processing and manufacturing capabilities. Furthermore, they exhibit
batch-to-batch variability and have some risk of pathogen transmission. Hence considerable
research has focused on synthetic polymers. For this review we will focus on synthetic
polymers. Various strategies to regenerate bone using polymer implants are reviewed here
(Figure 2, Table 2). For detailed review of natural polymers for tissue engineering
applications please refer to other reviews in the field [112, 113].

Synthetic polymers have many advantages such as defined chemistry and formulations, easy
processing and tunability. However, unlike natural polymers, synthetic materials are not
bioactive and can elicit undesirable inflammatory responses. To overcome this challenge,
strategies have been developed to attach biomolecules to provide necessary biological
signals as well as to make inert synthetic polymers to avoid immune response. Polymers
such as poly(a-hydroxy acids), polyanhydrides [114-116], polycarbonates [117],
polyfumarates [118, 119], poly(ethylene oxide) [120] have been investigated for bone tissue
engineering. Among these polymers, synthetic hydrogels have gained significant interest as
a promising material for tissue engineering. Hydrogels are network of hydrophilic polymers
that associates with large volume of water. They mimic the hydrophilic networked structure
present in the tissue. Due to high permeability, hydrogels allow transport of nutrients and
biomolecules thereby act as good materials to encapsulate cells. In this review we will
primarily focus on key development in synthetic polymers with a major focus on hydrogels.

Growth Factors and Cytokines Release

Mariner et al. used a poly(ethylene glycol) (PEG) based light cross-linkable synthetic
polymer to encapsulate and deliver BMP-2 in critical sized calvaria bone defect in rat and
showed significantly increased bone formation compared to collagen sponges [121].
Boerckel et al. used a hybrid nanofiber mesh/alginate delivery system functionalized with
RGD to deliver BMP-2 and showed a dose dependent bone growth [95]. This hybrid system
outperformed clinically used collagen sponge to deliver BMP-2, and this effect was
attributed to greater retention and hence slower release of BMP-2 from the hybrid polymer
system [95].

Another strategy that can be used to engineer release of growth factors and cytokines at the
injury site is encapsulating nanoparticles/microparticles containing osteoinductive factors
within the scaffold [122-124]. This approach provides for control over the release of
multiple factors independently of each other which may include sequential or sustained
release [125, 126]. Yilgor et al. used PLGA nanocapsules and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) nanocapsules to encapsulate BMP-2 and BMP-7 respectively
[126]. This resulted in early release of BMP-2 and sustained long term release of BMP-7.
When rat MSCs were cultured in the collagen scaffolds with these nanoparticles, they
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produced much higher ALP activity compared to simultaneous delivery of both growth
factors highlighting the importance of sequential delivery. Such a system can be envisioned
to deliver multiple growth factors in a time dependent manner.

Cell Encapsulation

Cell encapsulation strategies have also shown promise [127-133]. Sonnet et al. used
PEGDA hydrogel microcapsules (50-350 um in diameter) to encapsulate BMP-2 producing
cell lines (Ad5BMP2) and were implanted in critical sized femoral defects in rats [134]. The
BMP-2 expression from these cell lines were at relatively low levels (96 ng/day) and hence
had minimal side effects associated with supra-physiological concentrations of growth
factors. These authors found that there was rapid bone formation and biomechanical testing
showed the torsional strength and stiffness was at 79% and 93% of that of healthy bone
within 3 weeks. However, the shape of new bones formed were considerably different
compared to original femur and may be a result of non-degradable nature of such particles or
due to continued overproduction of BMP-2 from the encapsulated cells. Although hydrogels
provide an ideal platform for cell encapsulation and in vivo delivery, other polymeric foam
type materials have also shown promising results with cell seeding and delivery. Huang et
al. used PLGA scaffolds to deliver VEGF, human bone marrow stromal cells and plasmid
DNA encoding BMP-4 subcutaneously in SCID mice and showed significant bone
formation in implants containing all the 3 factors compared to any other combination of
implant [135]. Reichert et al. used medical grade polycaprolactone-tri calcium phosphate
(mPCL-TCP) scaffolds in combination with autologous mesenchymal stem cells or BMP-7
in large defects (3 cm) in tibia of sheep [136]. This was compared with autologous bone
graft, a gold standard in field. The group found that although synthetic scaffolds with
mesenchymal stem cells had not much effect on bone growth, the scaffolds carrying BMP-7
had similar effects as autologous bone implants when tested for bone volume, torsional
moment and torsional stiffness and act as a viable alternative to autologous bone transplants
[136]. Wojtowicz et al. seeded genetically engineered bone marrow stromal cells that
constitutively express Runx2 in PCL scaffolds loaded with type | collagen meshes [137].
This scaffold showed significant bone formation compared to scaffolds with control stromal
cells and empty vehicle [137].

There has been growing evidence suggesting direct involvement of endothelial cells in bone
regulation. Osteogenic cells are found to be close contact with endothelial cells. Kaigler et
al. co-cultured endothelial cells and bone marrow stromal cells and found that when stromal
cells were in direct contact with endothelial cells their osteogenic differentiation was
enhanced compared to stromal cells cultured on endothelial cell-conditioned media [138].
Endothelial cells were found to express BMP-2 when in contact with bone marrow stromal
cells. When marrow stromal cells and endothelial cells were co-transplanted in PLGA
scaffolds subcutaneously in immunocompromised mice, it led to greater bone formation
than compared with scaffolds containing only bone marrow stromal cells [138].

Surface Groups and Bioadhesive Cues

Surface functional groups and charge of polymer can also play a significant part.
Gandavarapu et al. used PEG hydrogels functionalized with phosphate groups and showed
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that serum proteins that adsorb to such gels can promote osteogenic cell attachment and
spreading [139]. Gels pre-incubated with serum were able to support human MSCs even in
serum free medium. Blocking assays with antibodies attributed this effect to collagen and
fibronectin related proteins on the surfaces and 1 and B3 integrins on cells [139].

RGD sequences are often used to make polymer implants conducive for cell attachment.
Alsberg et al. used alginate hydrogels functionalized with RGD sequences and
encapsulating chondrocytes and osteoblasts subcutaneously in immunocompromised mice
and showed formation of structures analogous to endochronal ossification [140]. They found
structures resembling growth plates at the interface of bony and cartilaginous regions.
However, efficacy of such implants in immunocompetent mice at the site of bone injury
remains to be seen. Hsu et al. used a cathepsin K-sensitive peptide as a crosslinker to form
PEGDA hydrogels that were also functionalized with RGD for cell attachment [141]. They
found that when osteoblasts and osteoclasts are cultured over such gels, the gel degrades in
response to osteoclast attachment (RAW 264.7) and not for osteoblasts (MC3T3-E1). Such
gels can thus be responsive to bone resorption activity. However, the in vivo efficacy needs
to be evaluated. Lutolf et al. used PEG based hydrogels crosslinked with matrix
metalloproteinase- degradable peptide to form gels [142]. Cell adhesion molecules (RGDSP)
were tethered to the gel to allow cells to adhere and spread and recombinant human BMP-2
was encapsulated to allow slow release over time. This gel was used in critical sized defects
in rat crania and resulted in complete infiltration of cells and bone regeneration within 5
weeks. Both the BMP-2 release as well as protease-sensitivity was essential for bone
ingrowth and was minimal without either one [142].

RGD containing sequences are promiscuous in their binding to various types of integrins
[68]. RGD sequences can be replaced by other specific sequencing known to induce
osteogenic differentiation. Wojtowicz et al. used GFOGER (which binds to cells via ayp,
integrin) to coat polycaprolactone scaffolds to promote bone growth in critical sized
segmental defects and showed that in absence of any exogenous growth factor, passively
adsorbed GFOGER over the scaffolds resulted in significant difference in bone formation
compared to uncoated scaffolds [143]. Shekaran et al. used PEG based hydrogels to enhance
bone regeneration by using af; integrin signaling with BMP-2 delivery [144]. Protease
degradable PEG hydrogels were engineered and functionalized with GFOGER. The group
showed significant bone ingrowth compared to clinical carriers at significantly lower BMP-2
doses. These hydrogels resulted in increased osteoprogenitor cell localization at the fracture
site and resulted in bridging of critical sized bone defects with equivalent torsion strength as
native bone [144].

Growth Factor Immobilization

Another approach that has been gaining lot of attention is immobilization of growth factors
and cytokines to the scaffold by mimicking their presence in ECM via sequestering [145,
146]. This strategy allows the growth factors to be present on demand for cells and not
diffuse out quickly over time which has been the major cause of failure of such therapies in
clinical trials [20, 147]. Martino et al. engineered fibrin scaffolds with a modified multi-
functional fibronectin motif where this motif had a factor Xllla fibrin binding sequence
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which allows sequesteration of growth factors to the scaffold, FNIllg_1g domain which
contains the asfq integrin binding site and FNII11,_14 domain which has been shown to bind
growth factors like PDGF-BB and BMP-2 promiscuously [145, 148]. They showed that this
multi-functional fibronectin motif resulted in significant reduction in growth factor dose
needed in rat critical size bone defect when compared to scaffolds without this motif [145].
This shows that integrin signaling can significantly enhance the effects of growth factor in
tissue engineering by synergistic effects.

Martino et al. established an even more elegant strategy where the growth factors were
engineered to have a promiscuous binding site for ECM proteins [149]. They engineered
growth factors like PDGF-BB and BMP-2 with a placenta growth factor 2 domain
(PIGF-2123-144) Which binds to various ECM proteins like fibronectin, vitronectin, tenascin
C, osteopontin, collagen etc. These modified growth factors were then delivered in a fibrin
matrix and resulted in significant bone tissue deposition (96% coverage) in a critical size
calvarial defect in rats when compared to just fibrin matrix (50% coverage) demonstrating
the effect of increased residence time of these growth factors and allowing reduction in dose
of growth factors. Interestingly, when growth factors were delivered without any scaffold, it
also led to significant bone deposition (74% coverage) when compared to untreated bone
defect showing their ability to bind to endogenous ECM proteins and use the ECM as a
scaffold [149].

Gene therapy and RNA therapeutics are also upcoming technology which has been used to
enhance bone tissue regeneration. For a detailed review of these fields, readers are
encouraged to read other reviews [150, 151].

Concluding Remarks

Biomaterials have significantly enhanced our understanding of osseointegration and bone
tissue regeneration. Synthetic materials provide a starting framework for creating new
technologies to engineer tissue interfaces. Functionalizing the surface of metal implants or
bulk polymer implants with integrin ligands to improve osseointegration and direct bone
differentiation has shown a lot of promise. When coupled with release of growth factors and
cell encapsulation, it has resulted in synergistic effect on bone growth. Although few studies
have looked at effects of multiple growth factors and ligands on osseointegration and bone
growth, there is a need to evaluate effect of spatio-temporal presentation of multiple integrin
ligands and growth factors in high throughput screening. At the same time, it is also
important to translate promising mice and rat studies to higher animals such as dogs, sheep
and pigs to establish the translational potential of these approaches. Bone tissue growth and
regeneration is a dynamic process. It is hence required that biomaterial scaffolds be
responsive to changing requirements of growing bone tissue. This would require a concerted
effort from biologists to unravel the intricate mechanisms and details, biomedical engineers
to mimic the process through biomaterials and implants and finally medical doctors to
translate it to clinics.
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Rough surfaces promotes Various functional groups can modulate
protein adsorption and cell differentiation

Protein/peptide adsorption or Layer by layer encapsulation or

functionalization for integrin attachment of growth factors/drugs
mediated cell attachment

Figure 1.
Metal Implants for bone tissue engineering. Osseointegration on metal implants can be

mediated by A) rough surfaces that promote cell differentiation, B) surface functional
groups that can promote adsorption of different proteins and cell ligands, C) adsorption of
integrin ligands or D) immobilizing growth factors and drugs via layer by layer technique.
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Table 1

Strategies for bone tissue engineering using metal implants.
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Material Strategies to increase Osseointegration

References

Increasing Surface Roughness

[41, 42], [43], [44], [45], [46],
[47], [48]

NH, and OH functional groups on the surface

[51], [52]

Making surface hydrophilic and increasing its
wettability

[49], [50]

CaP/HA coatings

[53], [54], [55], [56, 57]

Titanium (Ti-6Al-4V) Stainless Steel
(316 Grade) Engaging Integrins via RGD, collagen and Fibronectin
sequences adsorbed or conjugated on metal surfaces

[67], [68], [69-71], [72], [73], [74]

Integrin Clustering

[75]

Growth Factor Release

[76], [77], [78], [79], [81] [89],
[90]

Other therapeutic release approaches (bisphosphonates,

antibiotics, other small molecules)

[82], [83], [84], [85-88], [91],
[92], [93]
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Table 2

Strategies for bone tissue engineering using polymer scaffolds.

Page 25

Material Strategies to increase Bone Formation

References

Growth factor and cytokine encapsulation/binding

[121], [95], [152]

Encapsulating Particles within scaffolds for release of growth
factors

[122-124], [125, 126], [126]

Hydrogels (PEG, fibrin, alginate etc.), Osteoprogenitor Cell Encapsulation

[135], [134], [136], [137]

PLGA, PCL etc. Co-encapsulation of Osteoprogenitor with Endothelial cells

[138]

Integrin Ligand functionalization of scaffold to promote cell
attachment and bone differentiation

[140], [141], [142], [143],
[144]

Growth Factor sequestering to scaffolds

[145, 146], [149]
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