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Abstract

Healthcare is now regarded as one of the largest costs to any government budget and thus innovative ideas
are sought as a means to reduce this spiralling bill. A significant proportion of this expenditure relates to specialised
consultative care and post-operative therapy. In order to both mitigate the expense and improve the long-term
effectiveness of orthopaedic surgery, including arthroplasty, the conception and creation of new biomaterials for
treatment of defective joints and bones in the human body has become an emerging area of translational research
over the last decade. In this review, we discuss a series of novel biomaterials and strategies for their therapeutic use
that have arisen recently as viable approaches to regenerative medicine.
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Introduction

The notion of incorporating materials in the human body to
either enhance health or cure a disease extends back as far as the
Neolithic period when civilisations exploited biting ants for use in
sutures and stitches [1]. While the concept of implants made of foreign
materials did not take off until the 1960s, the last five decades have
witnessed increasingly sophisticated approaches. From replacement to
regeneration, the nascent field of biomaterials is attracting mounting
interest, with current studies focusing mostly on biocompatibility,
biotoxicity, biodegradability and lifespan of the implant in the body
- issues not considered a thousand years ago. Implant lifetime has
proved to be the hardest obstacle to overcome as a consequence of
easy loosening of the material in situ due to its slow degradation
by chemical and physical reactions such as hydrolysis and surface
erosion [2,3]. This prevents substantial healing of the damaged bone
before safe biodegradation of the implant. Scientists have therefore
begun to focus on the regeneration potential of material rather than
replacement; for example, present interest in treating defective joints
is aimed solely towards chondrocytes or mesenchymal cells, which are
found in healthy articular cartilage. Since the main cause of arthritis is
degeneration of cartilage [4], along with scientific findings showing a
significant depletion of levels of mesenchymal cells in osteoarthritis [5],
attention has been directed towards harnessing these cells to prolong
the life of an implant.

The manufacture of implants to be used in replacements has
transformed over time, from metals to polymers, with research now
turning towards nanotechnology as an emerging strategy. With its
recent advance, the prospect of nano-biomaterials, has so far displayed
promising results, with nano-sized hydroxyapatite (HA) particles
demonstrating greater cell attachment and proliferation than micro-
sized HA particles [6,7]. Mechanical properties were likewise improved
with the emphasis on nanohydroxyapatite/collagen/poly-L-lactic acid
(PLLA) composite with chitin fibres [8]. Utilising the scanning electron
microscopy, Bose et al. confirmed the greater inclination of cells to attach
deeply with B-tricalcium phosphate (TCP) than alumina scaffolds [9].
Nano sizes of current biomaterials are able to achieve better integration
of biological surfaces due to their considerable surface area to volume
ratio and their grain size producing a larger boundary surface equipped
with high energy for the adsorption of proteins. Protein adsorption,
being an important phase of cell-material interaction, enables the process

of cellular adhesion and biological activities to occur on biomaterials,
which in turn accomplish cell attachment to the surface [10,11].

Ethics governing the application of biomaterials include the use of
animals in research, to which a proportion of the general population is
strictly opposed [12]. A number of scientists argue the validity of animal
models as the closest way to understand human physiology and would
therefore not have moved away from materials first approved in the
1960s. The safe use of these products, as well as the risk/benefit ratio, is
scrutinised closely by the US Department of Health and Human Services
and Federal Drug Administration, which control biomaterial research.
In conclusion, products exhibiting any significant toxicity in preclinical
tests are rapidly disproved and do not progress into clinical trials.

This review focuses on recent research performed on joint
regeneration, explains the causes of joint defects, types of biomaterials
used in arthroplasty, emerging biomaterials, and common controversies
in this promising field of biomaterial innovation.

History of Solutions to Joint Defects

Replacement of affected body parts with artificial materials was a
solution to shoulder, knees and hip defects as far back as 10,000 BC
[13]. As technology has advanced over the years, so has the fabrication
of biomaterials and their integration into the human body (Table 1).
Arthroplasty is the term given to the principal orthopaedic surgical
technique performed on patients with joint defects, which are replaced,
reconstructed or realigned [14]. The various types of arthroplasty
include interpositional, cup, mould, resurfacing, resectional and
silicone replacement.

Hip and shoulder replacement procedures are essentially more
advanced than knee surgeries as the joints are characteristically
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Then

Hip & Shoulder Joints [17,74]

Materials Stainless steel fitted to bone with bolts and screws
Benefits Hard material mimicking bone structure
Leaching of metal ions
R Low wear resistance
Limitations .
Infection
Corrosion

Insufficient strength

Knee Joints [75]

Materials All stainless steel components
Benefits Rigidity

Movement
Limitations Infection

Loosening

Now

Low Friction Arthroplasty:

Metal femoral stem with coatings
Polyethylene acetabular component
Acrylic bone cement

Ability to adjust leg length

Reduces wear due to smaller head
Decreased corrosion

Polyethylene debris contributing to aseptic loosening
Irradiation of material through gamma particles

Metal femoral component (Ti allows stainless steel or cobalt chromium with small
amount of molybdenum)

UHMWRPE tibial inserts

UHMWPE patella/kneecap

Corrosion resistance

Frictional movement

Optimum articulation

Reduced wear due to flatter bearing

Fixation of the grafts

Table 1: Past versus present materials commonly used in hip, knee and shoulder arthroplasty.

different; hip and shoulder joints act as ‘ball and socket’ joints and knee
joints operate as hinges, providing the bone with the ability to bend and
straighten [15]. In a total hip and shoulder arthroplasty, the femoral
head, at the top end of the thigh bone, is removed and replaced with
a metal prosthesis attached to a metal stem implanted in the hollow
centre of the bone. The acetabulum is replaced with a metal socket
held in place with screws or cement. A plastic liner is then fixed in the
middle of the femoral head and acetabulum to provide a smoother
gliding surface [16].

In 1821, White was the first to perform hip arthroplasty - pain
was reduced and mobility of the material was achieved. However, the
component could not be deemed all that successful as stability of the
material failed. In addition, other solutions around that time treating
degenerated joints involved the removal of calcium deposits and
injured cartilage. Barton undertook the first osteotomy in 1826 on
an ankylosed hip, indicative of the joint suffering abnormal adhesion
and rigidity. Although the patient was walking successfully from three
months after the operation, six years later they were immobile [17]. It
would not be until 1891 that the first hip implant fixation would be
achieved. Developed by Gliick, the implantation was made of an ivory
ball and socket joint which was fixed to the bone utilising nickel-plated
screws to replace the degenerated femoral heads of the affected hips
[18].

Interpositional Hip Arthroplasty

Interpositional hip arthroplasty appeared around the 1900s,
developed by Helferich, whereby tissue-like materials interposed
separating inflammatory surfaces of bones. The first interpositional
knee arthroplasty was achieved by Verneuil in 1863. French surgeon
Foedre applied pig bladder tissue as a material for interpositional hip
surgeries, which Baer continued to use in various surgeries in hospitals
[17]. Pig bladders are known for their ability to maintain stress caused
by load bearing and intra-articular pressure [17]. This tissue proved
surprisingly effective but prompted ethical concerns from patients; Sir
Robert Jones therefore developed a more conventional material - a strip
of gold foil - which was used to cover reconstructed femoral heads. This
technique showed great promise, with one patient retaining effective
motion for 21 years [17]. In 1923, following his unsuccessful trials with

glass mould placed between the femoral head and acetabulum, Smith-
Peterson developed a corrosion-resistant scaffold of ‘vitallium, an alloy
of 65% cobalt, 30% chromium and 5% molybdenum introduced to
dentistry around that period. His method supported fifty years of solid
clinical data, providing the first predictable results of interpositional
hip arthroplasty [19]. Although this has proven to be a successful long-
term intervention, it does not enable the bone to grow and regenerate
and may induce limited motion overtime - serving to stress the point
that biocompatibility is a necessary feature of contemporary implants.

Cup Arthroplasty

In cup arthroplasty, the cup replacing the acetabulum underwent
various modifications in the past. In 1956 McKee and Watson-Farrar
accomplished the first ‘total’ hip replacement utilising an acetabular
metal cup cemented into place, which lasted over 20 years [13]. Using
acetabular metal cup prostheses Huston and Insall pioneered total
knee replacements from 1968 to 1972. Sir John Charnley, in 1962,
had earlier first developed a cup made from ultra-high molecular
weight polyethylene (UHMWPE); the material was favoured over
metal or ceramic surfaces, the latter developing poor fixation. As an
option for long-term management, however, it proved a poor choice
since the material has been noted to detach easily due to undesirable
reactivity in vivo of debris or wear material [20]. This caused further
loosening of the component, thereby contributing to osteolysis. In
order to improve long-term management and durability, Charnley
replaced the all-polyethylene acetabular prosthetic with a metal-backed
design [21,22]. The metal component itself was gradually superseded
by ceramic surfaces and implants consisted of a ‘ceramic femoral head
articulating against an UHMWPE acetabular cup, as described by
Ingham and Fisher [23]. Implant life expectancy is typically less than
25 years with regular check-ups required, thus making this method
cost ineffective and unreliable. Other solutions to polyethylene wear
included sterilisation by ethylene oxide. Loosening of the component
occurred not only due to material wear but to other factors such as poor
design specificity and mechanical causes [18].

The potential of articular joint regeneration was not recognised till
the 1990s. Having been slow to gather initial interest, the prospect of
regeneration has appealed increasingly to scientists across the world,
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with natural restoration of joints and bones desired as an advancement
over replacement with mechanical implants. The ability to restore joint S
function by inducing cartilage formation could resolve limitations 2 = w
associated with artificial implants — such as wear and tear, loosening and ; o & 0
biocompatibility. The use of native cells reduces the likelihood of the L Z rg é
body rejecting the implantation because of immunological recognition - g— E 2
of the material as foreign and therefore antigenic. Due to limited " 3 B @
reliable comparisons and standardisation of screening procedures, this g 9 ! e
new aspect of joint arthroplasty remains under development [24]. g B § @ a
2 e S
Causes of Joint Defects 2 % & E
B g
Jointdefects occur mainly asaresult of rupture to cartilage and/or the g ,E- . =
inability to regenerate the damaged tissue. Cartilage consists principally a = 4 ;‘2" g o
of an extracellular matrix composed of proteoglycans, an important & -E_ 2 g
component of connective tissue responsible for cell proliferation and & 2 °
differentiation, and collagen fibres, which are produced and maintained B
by chondrocyte cells within the matrix. Chondrocytes are provided by
the differentiation of mesenchyme tissues during embryogenesis and so o
fewer chondrocytes and mesenchymal stem cells are also the cause of o) S
joint defects, which can occur from either mechanical means, such as = §
injuries, tumours, lesions and inflammation, or from genetic mutations o é 5 _
[25,26]. EE 2 2 =
Genetic mutation of Gdf5 and Gdf6 genes, as observed in rats, have § % g = _
either led to the non- production of the enzyme bone morphogenetic “ g g"; 2
protein (BMP) or to a non-functional enzyme [27]. BMP enzymes act B2
as growth factors required for heart, neural and cartilage development §'
as well as for postnatal bone formation [28].
A commonly observed joint defect is arthrogryposis, a congenital = g E é
condition in which permanent shortening of two or more joints occurs é ~Ea
in the body. Amyoplasia is the most prevalent form of arthrogryposis, £° s ® 3
whereby skeletal muscle is replaced by dense fibrous tissue and fat g = % 5
[29]. Osteoarthritis, another prime example of joint disease, occurs Spdd
from asymptomatic lesions in articular cartilage, which degenerates '
slowly causing pain. Recent research on joint prostheses has focused
on the restoration of extracellular matrix chondrocytes and hyaline
cartilage, an important component of the articular scaffold. Studies are
currently centred on three significant parameters; prime candidates
for cell differentiation and growth, tri-dimensional scaffolds and elite o)
surrounding environmental factors [24]. g_* g
Timeline of Biomaterials E_?g — % &2
2 5 o P
Biomaterials may be considered as any structures or substances E 2 ; 'g. = §
able to interact with the biological system of the body, whether they c_é S g E' ~
are manufactured naturally or synthetically. Although the concept of a 5E g E
integrating materials in the body has existed for a very long time - %E g 2 “a
the ‘biting ants’ example - it was not until the development of the hip a g 8 § O
arthroplasty procedure in the 1960s that it was named by Charnley [30]. e
Figure 1 depicts a short history of biomaterials since 10,000 BC. E o
In biomaterial research, scaffold is the term used to describe an %1 g ;;
implant as a ‘biomaterial construct for tissue engineering, as defined é §'§ S
seminally by Shi [31]. A model scaffold must demonstrate both g S - g °
complete integration of implants with the host and total restoration g @ gra
of biological function and preservation of smooth communication o EE
between the host and the damaged tissue [31]. Scaffolds made from §
calcium phosphates contain bioactive features, often combined with
regenerative properties, which facilitates the construction of a base O
that can later be modified for maximum efficiency. Scientists have
been able to mimic most tissues in the human body by mixing these Figure 1: A timeline of emerging biomaterials dating from 10,000 BC to the

elements with biodegradable polymers [32]. Titanium is currently the present day [after 13].
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most widely used metal in fracture fixation. Fracture materials include
ceramics, organic polymers, metal-based polymers and composites.
While nano-structured scaffolding has emerged recently as holding
potential for prostheses and implants, it should be noted that neither
toxicity nor biodegradability has been fully investigated.

Bioceramics

The term ‘bioceramic’ is typically used to describe a ceramic material
applied to the processes of mending and restoration of diseased or
defective skeletal or muscular parts of the body [33]. Bioceramics have
been utilised since the 1930s and commonly started from a need for
dental implants. Bioceramics may be divided into three distinct classes:

. Bioinert - Characteristics typically include strength,
hardness, high resistance and chemical inertness, making such ceramics
favourable for bone and dental implants. Examples include alumina
(ALO,), which is polycrystalline, zirconia (ZrO,) and carbon (C);

U Bioactive - Capable of forming direct chemical bonds with
bone and soft tissues; glass ceramics and bioglass are classified as
bioactive ceramics;

. Bioresorbable - Active contributions are made to the
metabolic processes in the living organism. A good example of this
material is tricalcium phosphate (Ca,O,P,).

Ceramics that are often considered in the reconstruction of
damaged and fracture joints are high-density alumina and metal
bioglass coatings, which enable heavy load-bearing [34,35]. Benefits of
such biomaterials include biocompatibility and non-cytotoxicity. These
are offset by limitations such as innate brittleness and a susceptibility
to fracture at the femoral head region (Table 2). In one case, a 25-year
old woman reported pain and hip dislocation 20 months after surgery,
whereupon X-ray images showed disintegration of the ceramic femoral
head [36]. Modifications to fabricated ceramic material, involving
combinations of both alumina and zirconia, produce significant
reliability with low susceptibility to hydrothermal instability when
compared to monolithic alumina and zirconia [37]. Improvements can
also be achieved through proof-testing, hot isocratic pressing and laser
marking (Table 3).

Due to recurrent maintenance of natural ceramic biomaterial for
use in joint structure replacement, the focus of research was instead

Material Limitations (‘Before’)

Brittle

Slow crack growth leading to in vivo failure
Fabrication of ceramic forms requires stabilisers
Hydrothermal stability

Alumina ceramics
Pure alumina [76]

Pure zirconia [77]

Table 2: Limitations of Alumina and Zirconia as pure monolithic ceramics.

Material [78] Improvements (‘After’)

Higher fracture toughness
Larger static and fatigue strengths

Decreased frictional torque

Reduced level of polyethylene debris
production

Increased surface roughness

Higher toughness values

Alumina matrix constrains zirconia
particles, toughening ceramic host
material

Greater hardness of composites with
alumina matrix

Phase-stabilised zirconia

Yttria-stabilised ceramics can be
destabilised during process of steam
sterilisation

Alumina matrix reinforced with zirconia
particles, zirconia-toughened alumina
(ZTA)

Table 3: Improvements achieved through composite fabrications and stabilisation.

directed towards a means of regeneration [38]. Lusquifiosa et al.
successfully constructed a bioactive ceramic glass implant, of three-
dimensional geometry, for bone restoration of low load properties [39].
Rapid manufacturing time of the material was achieved with the facility
to alter composition and to enable tailoring to an individual patient’s
needs. In order to construct a ceramic implant, particles of bioactive
glass are injected into a carrier gas-powder stream that is subjected to a
thermal cycle system. The particles are thereby melted onto a substrate
using heat emitted from a laser beam. As the laser beam retracts, the
material solidifies and layers are built sequentially. For application of
a rapid prototype based on laser cladding, the regenerative biomaterial
will exhibit other valuable properties including an ability to boost
growth and to enable recovery of damaged bone. Following processing,
the finished material will preserve a homogeneous composition with
success achieved in regenerating joint structures with maximum
strength recovery [39].

The process of bone substitution requires the biomaterial to have
structural support and to be capable of osteogenicity and resorption.
Demirel and Aksakal modified the structure and mechanism of action
of HA bone grafts by introducing sol gel additives [40]. Following
further development, the mechanical properties exhibited good
osteoconductivity and bone regeneration. Results of studies in animal
models showed high-energy adsorption proportional to increased
toughness and fracture resistance without detection of an immune
response. However, two distinct limitations were observed while during
HA bone graft manufacture, namely properties of low solubility and
reduced in vivo resorption [40]; these are considered significant factors
contributing to the biodegradation rate of a bioceramic [41].

The most commonly used bioceramics include inert alumina,
zirconia and hydroxyapatite (Ca, (PO,),(OH),), a type of calcium
phosphate with great compression and bond strength. Other materials
include pyrolytic carbon, diamond-like carbon (DLC), porcelain,
bioglass and glass ionomers.

Organic polymers

Polymeric materials can be classified as 1) ‘addition’ - self-addition
of one or more different monomers; and 2) ‘condensation’ - monomeric
units connected by intermolecular elimination of small molecules
[42]. Both categories contain polymers which possess a broad range
of molecular weights. Natural polymers are essentially starch, cellulose
and proteins. Synthetic polymers comprise plastics, elastomers and
fibres [42]. Polymers may be identified further as inorganic, such as
ceramics, metallics and composites, and organic, which consists of
nucleic acids, polysaccharides and proteins. Backbone length and
structure, pendant or side groups populating the backbone, and cross-
linking chains all contribute properties which collectively determine
the physical and chemical properties of a polymer [43]. Low protein
adsorption reduces immune recognition by host macrophages and
implies weaker cell adhesion, a property which can be amended further
with the attachment of specifically modified proteins onto the surface
polymer to elicit a specific response [38].

Huang et al. assembled a biphasic structure by introducing a chitosan
thermogel system evenly to a demineralised bone matrix (DBM). The
scaffold platform thus formed has a close physical resemblance to the
structure of native cartilage [44]. When combined with an affinity
peptide, bone-derived mesenchymal stem cells (BMSC) are targeted
specifically. The scaffold may be equipped with an E7 peptide through
chemical conjugation, a protein used to arrest cell death and support
cell cycle progression in the Papillomaviridae family of viruses [45]. The
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addition of the peptide achieves increased cell adhesion, enabling high
cell numbers to be retained, and consistent proliferation on the sol-gel
matrix, further enabling the structure to maintain solid strength. In
studies performed over 24 weeks after implantation, controls showed
little or no filling of defects, osteophyte formation and, ultimately,
cartilage degeneration. In contrast, the biofunctional material E7-CS-
DBM - E7 affinity peptide, chitosan hydrogel and demineralised bone
matrix composition - exhibited moulding indicative of unchanged
smooth cartilage development in defect areas without any signs of
detachment or disintegration [45]. This biofunctional combination
may prompt further research on major implant limitations encountered
in long-term management such as implant loosening and wear
particulates.

For treatment of osteoarthritis and the possibility of bone
regeneration, Kang et al. investigated the use of nano- and micro-
particles [46]. These were prepared by ionic gelation of kartogenin-
conjugated chitosan using tripolyphosphate anion, with the aim
of increasing solubility and biocompatibility within the body. A
combination of selective differentiation of mesenchymal cells from
kartogenin and high level drug delivery from chitosan at nano size
allowed for a greater drug effect over an increased retention time.
Sustained release for 7 weeks in vitro was achieved, where particles
induced chondrogenic differentiation of human BMSC, subsequently
increasing bone cell repair and reducing degeneration [46]. The main
focus of regeneration typically is stem cell growth. Heo et al. applied a
similar technique using as an alternative material gold nanoparticles
enveloped in a biodegradable hydrogel solution. Both in vitro and in
vivo this proved successful in achieving osteogenic cell proliferation and
differentiation from human adipose-derived stem cells (ADSC) [47].
Nanoparticles allow an increased drug dosage to be delivered relative to
size due to a higher surface area to volume ratio. Their relatively small
size also enables effortless penetration into tissues.

Naturally-occurring polymers attain biocompatibility and re-
absorption by host materials more easily than do synthetic polymers.
Unlike the latter, natural biomaterials are not required to undergo
physical or chemical modification; their similarity to macromolecule
elements, proteins, enables instant recognition by cells and facilitates
association with biological functions. The main drawback is their
limited reproducibility compared to that of synthetic polymers. This is
the reason why synthetic polymers such as ultrahigh molecular weight
polyethylene (UHMWPE) and polymethylmethacrylate (PMMA) are
used more commonly than are the natural polymers cellulose and
rubber.

Metal-based polymers

Metal-based polymers have been used in joint replacements
since the mid-1800s in hip and knee prostheses. However, due to
particular boundaries, long-time use of metallic implants showed rapid
deterioration of the material. These boundaries include the release
of wear particles that causes activation of host immune mechanisms,
leading to local inflammation [48]. They are also susceptible to bacterial
adhesion and lack of assimilation with surrounding tissues over an
extended time [49], thus making metals especially unfavourable as
implants.

Dapunt et al. showed the effects of metallosis on use of metal-
on-metal implants included an uncontrolled inflammatory response,
damaging the bone and thereby contributing to loosening of the implant
[48]. This resulted in patients experiencing pain and decreased motion
range. Protective outer layers for metal implants are currently under

investigation for their characteristics that render the material to be
unreactive, providing two main benefits: reduced degradation caused
by harsh environments; and reduced inflammation attributable to
chemical stability [50]. Titanium implants, for example, form a passive
oxide coating at high solubility. This layer protects the implant from
challenging conditions, such as high pH, as a result of the unreactivity
of the metal. Since the underlying metal degrades slower, release of
particles is also averted and hence an inflammatory reaction is not
induced. An additional benefit of this technique is that it permits longer
term implant fixation [51,52].

This passive layer, however, can dissolve as pH levels drop to an
acidic environment. In a recent study, Dorn et al. applied simulation to
evaluate the corrosion behaviour of tantalum-coated material compared
to that of a titanium alloy [53]. Utilising both wet and dry assemblies,
tantalum-coated cobalt-chromium modular necks suffered no corrosion
or chemical attack. Corrosion of titanium usually occurs at pH levels <
4; hence, in the wet assembly bathed in calf serum the titanium coating
dissolved much faster than when dry [53]. A study conducted by Du
et al. showed tantalum polishing rates did not strongly depend on pH,
ranging between a high of 27.4 nm per minute at pH 1 and a low of 8
nm per minute at pH 5 [54]. Hence, with a higher load bearing and a
lower degradation rate, tantalum appears a more reliable coating than
titanium to prolong implant longevity. Other protective layers currently
used which promote extended corrosion resistance include cobalt-
chromium alloys and zirconium oxides. The electrochemical corrosion,
E_, . of Co-Cr alloy is nearly four times less than for Pd-Ag, 34 mV
SCE"'to 120 mV SCE™! [55]. The electrochemical corrosion signifies the
corrosion between a metal surface and an electrolyte solution.

As well as acting as a protective coating, tantalum is also
manufactured as a bulk constituent of implants for its ability to mimic
traditional bone graft structure. Rapid growth of soft tissue and
formation of blood vessels on the surface and inside the matrix have
been observed from x-ray images [56]. With significantly smaller and
interconnecting pores, tantalum can induce major bone growth [57,58]
(Figure 2). Fixation and shear strength is also significantly stronger in
tantalum than other metals used as implants [59]. In a segmental long
bone defect of a rabbit radius non-union model, porous cylindrical

Figure 2: Scanning electron micrograph showing the structure of porous
tantalum [73]. [Copyright (2000) John Wiley & Sons, Inc., reproduced with
permission].
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titanium scaffolds were found to have superior biochemical properties
over HA scaffolds with regard to the repair process of the bone. The
maximum failure load was significantly greater since strength decreases
with larger pores of HA [60]. The relative expense of tantalum has led
to development of a more cost-effective product, porous titanium-
niobium alloy, which exhibits essentially the same corrosion resistance
and strength properties [61].

Combination strategies may also be performed in orthopaedic
medicine to yield load-bearing benefits while facilitating innovative
drug release, such as through construction of an implant utilising both
dense and porous titanium. In order to be used in bone regeneration
studies, densified titanium scaffolds are coated with a bone growth
factor, BMP-2. Porous titanium, on the other hand, contains profound
mechanical properties characteristic of hard tissues, bioactivity in
bone implants and porosity that promotes controlled drug release
[62]. This novel material, used as a drug carrier metal implant, benefits
from a larger surface area compared to that of dense titanium due to
its porous nature, which enables a higher dose of drug to be loaded
onto the material [62]. Porous titanium scaffolds are manufactured by
dynamic freeze casting, followed by densification, a process that does
not contribute to mechanical corrosion while retaining structural
integrity. Characterisation by p-computed microtomography and
scanning electron microscopy shows the material to be tortuous and
provides considerable pore connectivity. During fabrication of the
porous scaffold, chemical contamination should be avoided in order to
prevent embrittlement of the material which would otherwise reduce
compression [62].

Composites

Composites comprise two or more different materials with unique
properties which are combined to form a new material with increased
benefits.

Lu et al. investigated in a rabbit model delivery and bone formation
performance of biodegradable hydrogel composite scaffolds for use
in osteochondral tissue repair [63]. When compared to delivery of
insulin-like growth factor 1 (IGF-1) alone within the chondral layer,
early bone formation was observed following delivery of BMP-2 in the
subchondral layer with increased bony trabecular islet numbers. Dual
delivery of BMP-2 and IGF-1 in separate layers acts synergistically
to improve the degree of subchondral bone formation, although not
enhancing cartilage repair, ultimately required for good working
condition of joints [63].

Silk is a material used frequently in combination with other polymers
with the aim of developing regeneration characteristics of the scaffold.
In one study, Yodmuang et al. utilised biodegradable and biocompatible
silk fibroin from the silk moth Bombyx mori to produce an entirely silk-
based fibre-hydrogel composite scaffold for use in cartilage repair [64].
Unlike the previous study [63], cartilage repair would be proactive as
the formulation of the biomaterial resembles the architecture of native
cartilage; collagen and proteoglycan. Following 42 days in in vitro
culture an enhanced chondrocyte response and stronger mechanical
compositions from fibre reinforcement were noted, compared to silk
hydrogels alone [64]. The fibre is again observed in the reconstruction of
anterior cruciate ligament, a difficult portion to heal. Further, a scaffold
made from a knitted silk-collagen sponge has been developed for use in
knee reconstructions [65]. Increased migration and adhesion of spindle-
shaped cells into the scaffold, which accelerates tissue reconstruction of
the affected joint, occurred at just 2 months post-surgery, with a mature
ligament structure observed by 18 months [65].

Nanocomposites

With the integration of nanotechnology in the development of novel
biomaterials, it has proved possible to overcome some of the limitations
of long-term loosening of implants, with nanomaterials displaying
excellent biomimetic activity. A recent example of a titanium-coated
nano-patterned implant, manufactured by Brydone et al. and tested in
rabbit tibiae, successfully reduced mechanical and biological abrasion,
resulting in increased long-term attachment of the implant [66]. Smart
implants of defined topographical features are being manufactured for
soft lithography surfaces, which improve integration between joint and
implant by increasing the surface area of the interface [66]. Utilising
cross-linking, Chang et al. designed a nano-scale bacterial cellulose
derived from Gluconacebacter xylinus, which demonstrated superiority
to plant cellulose due to nano size and large surface area [67]. High
crystallinity of the material after drying often leads to poor rehydration
as well as reduced mechanical strength. Low rehydration of scaffold
may also prevent bacterial cellulose composition from dissolving onto
surfaces [67].

The production of a polyetheretherketone/nano-fluorohydroxyapatite
(PEEK/nano-FHA) biocomposite demonstrated excellent biocompatibility
as well as antibacterial activity, with biofilm formation greatly reduced
[68]. Further benefits, as shown in vivo studies, include increased
osseointegration, the connection between implant and bone. In
addition, 3D microcomputed tomography and 2D histomorphometric
analysis have demonstrated that bone volume formation is significantly
higher than for PEEK alone [68]. Histomorphometric analysis is
simply computer-assisted microscopic analysis of the structure and
organisation of a tissue. This quantitative histological assessment of
bone modelling enables a detailed insight into bone reconstruction [69].
Chapman et al. manufactured sol-gel coated period four nanoparticles
to inhibit biofouling at its initial stage known as micro-fouling, the
process of accumulation of bacteria and other microorganisms [11].
The nanoparticles were synthesised using a modified polyol reduction
method, characterised using UV-visible spectrophotometry and then
doped in prepared sol-gels by centrifugation and spin-coating. Assays
for biofouling, glycocalyx and environmental bacterial counts showed
that the sol-gel coated nanoparticles reduced biofouling at significant
rates compared to sol-gel blanks.

Hybrid nanocomposites consisting of bisphosphonated hyaluronan
and calcium phosphate nanoparticles have been developed successfully
by reversible, non-covalent bonds; these exhibit self-healing properties,
a huge step towards the goal of regenerative capacity [70] (Figure
3). The composite shows good biocompatibility, bone-to-implant
interaction and great adhesion to mineral surfaces of enamel and HA
[70]. The next step for this promising material is its application in joint
regeneration trials.

A study performed by Sharma et al. shows promising results for
cartilage and joint regeneration; this involved the design of a poly
(ethylene glycol) diacrylate (PEGDA) hydrogel [71]. This biomaterial
demonstrated deposition and formation of cartilage tissue by
mesenchymal stem cells at joint areas. The adhesion of the implant
to cartilage and bone tissue was achieved by a chondroitin sulphate
adhesive bonded covalently to the hydrogel. A clinical trial, combining
the material’s use with microfracture surgery, observed 15 patients;
those treated with the implant had significantly reduced knee pain with
increased extracellular matrix tissue, thus promoting ligament and
cartilage regeneration [71].

J Biotechnol Biomater
ISSN: 2155-952X JBTBM, an open access journal

Volume 5 « Issue 2 » 1000187



Citation: Gangadoo S, Taylor-Robinson AW, Chapman J (2015) From Replacement to Regeneration: Are Bio-Nanomaterials the Emerging Prospect
for Therapy of Defective Joints and Bones? J Biotechnol Biomater 5: 187. doi:10.4172/2155-952X.1000187

Page 7 of 9

Figure 3: Cross-linking of (a) monopolymeric chains with covalent bonds, and
(b) elastic monopolymers.

Controversies, Ethics and Limitations

The integration of artificial or man-made structures in the
human body has, among certain audiences, caused contention and
raised questions relating to the loss of human integrity and dignity
[12]. Regarding development of implants, how thoroughly tested
should these be before their commercial release for widespread
clinical application? Since the study of biomaterials is an emerging
area and issues of biodegradability and biotoxicity persist, ethical
considerations and accountability for these are still to be fully
resolved. Concerns over the pace of development notwithstanding, a
majority of the general population is broadly supportive of using bio-
nanomaterials for reconstructive therapy [72]. It is appreciated that,
for example, the quality of life of people with mobility impairment due
to defective joints would be enhanced profoundly if they were enabled
the use of properly functioning bones and joints. If a biomaterial can
itself be regenerated within our own body, would it be processed as
artificial or recognised as intrinsic and merely a means of aiding the
body to reconstruct itself?

Although dramatic breakthroughs have been achieved in the field
of biomaterials, implants still present minor limitations. For example,
bioceramics acquire decreased stability and reduced toughness
at elevated temperatures, making their manufacture difficult and
therefore increased in cost. Ceramic implants have displayed reduced
longevity along with continuous loosening and dislocation [35]. In
contrast, metals retain their properties at higher temperatures and
can also be easily sterilised. However, metal polymers corrode easily
in harsh internal environments, including exposure to body acids and
enzymes. The possible leaching of metal ions can result in wear and tear
of the implant, an undesirable characteristic due to particulate toxicity

to tissues. These toxins could easily be absorbed into body systems
along with significant nutrients. Thus, biodegradability of implants
must be achieved safely over time without toxic contamination of
the body. Implants may be broken down and/or excreted without
requiring surgical removal [72]. Absorption of toxic biodegradable
products into the blood may also be detected with organic polymers.
Compared to other biomaterials such as ceramics, metallics and
composites, however, production of organic polymers is both rapid
and cost-effective. Finally, composites are tough but corrosion-resistant
in comparison to metallics. They are also able to support heavy loads
while being lightweight and low density. Nonetheless, composites do
have limitations, including difficulty in altering shape and topography,
which in turn raises the cost of manufacture.

Conclusions

Arthroplasty and other knee joint surgical procedures
have been around since 10,000 BC. In recent times, the field of
biomaterials has advanced considerably our knowledge of strength
requirements, wear minimisation, enhanced biocompatibility and
reduced biodegradability. Improvements have been attained through
coatings of metallics, replacement of conventional plastics with
UHWMPE and the use of technology to manufacture biocompatible
scaffolds. The study of bioceramics started mainly with alumina
and zirconia, and presently a combination of these two materials
has been modified chemically and physically to provide greater
toughness and better surface properties. Bioceramics are also being
investigated for regenerative properties. Metal implants are given a
protective coating in order to reduce degradation, release of wear
particles and inflammation. Scientists have also realised that porous
metallics provide heightened mechanical properties and more
efficient drug release. Development of polymers and composites
is focused on utilising natural materials for better integration and
biocompatibility; hydrogel is the most commonly used substance in
implants. Although replacement has been the conventional practice
for knee and hip surgeries since the 1700s, articular regeneration has
surfaced as an alternative therapy with the benefit of reconstructing
tissue instead of introducing foreign materials into the body, which
has well-documented long-term drawbacks. In order to achieve
regeneration, it is imperative to understand the basis of chondrocytic
and mesenchymal cell proliferation and differentiation, biological
and physicochemical properties of scaffolds for protein absorption,
and biodegradability of materials. The possibility of regeneration
of bone and cartilage tissues raises expectations that limitations
historically associated with implants — loosening, wear, tear and
bioaccumulation of particles — may be prevented. There would be
in effect no need to replace implants continuously, hence reducing
costs of knee, hip and shoulder arthroplasty; patients would only
require the initial operation. The emergence of nanotechnology has
also enabled researchers to produce multi-phasic and biomimetic
scaffolds that permit fast protein adsorption and proliferation of cells
onto the material’s surface, accelerating regeneration of joints. With
antibacterial properties of nanoparticles demonstrated by successfully
inhibiting biofouling, they are being used to develop biodegradable and
regenerative implants. Due to their large surface area to volume ratio,
drug release and absorption is more effective than for conventional
implants. Future advances in implant regeneration provide an exciting
prospect of enabling orthopaedic patients to regain joint mobility
with reduced pain and at less cost due to negation of the requirement
for follow-up replacement surgery.
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