Carbon-Based Nanomaterials for Bone Regeneration | Encyclopedia.pub

Carbon-Based Nanomaterials for Bone
Regeneration

Subjects: Materials Science, Biomaterials
Contributor: Sara Lopez de Armentia , Juan Carlos del Real , Eva Paz , Nicholas Dunne

This work explores the potential research opportunities and challenges of 3D printed biodegradable composite-
based scaffolds containing carbon-based nanomaterials for bone tissue engineering applications. Bone possesses
an inherent capacity to fix itself. However, when a defect larger than a critical size appears, external solutions must
be applied. Traditionally, autograft has been the most used solution in these situations. However, it presents some
issues such as donor-site morbidity. In this context, porous biodegradable scaffolds have emerged as an
interesting solution. For adequate performance, these scaffolds must meet specific requirements: biocompatibility,
interconnected porosity, mechanical properties, and biodegradability. The development of additive manufacturing
methods has proposed a promising solution for this application since they allow the complete customization and
control of scaffolds geometry and porosity. Furthermore, carbon-based nanomaterials present the potential to
impart osteoconductivity and antimicrobial properties and reinforce the matrix from a mechanical perspective.
These properties make them ideal for use as nanomaterials to improve the properties and performance of scaffolds

for bone tissue engineering.
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| 1. Bone Defect Healing
1.1. Natural Process of Bone Healing

Bone is composed of a mineralised organic matrix and cells. The matrix provides the bone with its mechanical
properties and is comprised of organic and inorganic phases. In the organic phase, type | collagen is the major
component and it is responsible for the tensile properties of the bone. Conversely, the inorganic phase comprises
hydroxyapatite, which is responsible for exhibiting the compressive properties and for providing the building blocks
for new bone formation. Cells are embedded in the matrix, which includes osteoblasts, osteoclasts, osteoprogenitor

cells and mature osteocytes [,

Bone fractures and segmental bone defects are often caused by traumatic injury, cancer or other diseases (e.g.,
osteoporosis or arthritis) 2. When a defect appears, the spontaneous fracture healing process begins through two
different mechanisms, depending on the mechanical environment. If the strain across the fracture site is less than

2%, primary or direct healing by internal remodeling occurs, whilst secondary or indirect healing by callus formation
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takes place when strain is between 2 and 10%. The latter type of healing is the process that most fractures follow

and it depends on osteogenesis, osteoinductivity and osteoconductivity &I,

However, sometimes bones defect cannot heal spontaneously. This situation occurs especially in large segmental
bone defects when the defect reaches a critical size 4. The precise critical size depends on several factors (i.e.,
anatomic location, age of the patient, soft tissue environment); in the literature, it is suggested to include defect
lengths greater than 1-2 cm and greater than 50% loss of the circumference of the bone Bl In these cases,
additional surgical interventions that help and allow bone healing are required. The available healing processes
depending on the size defect are summarized in Figure 1.

Figure 1. Bone defect healing: from self-healing to bone tissue engineering.

1.2. Conventional Surgical Solutions

Among the conventional surgical solutions, it is important to highlight bone grafting, distraction osteogenesis and
induced membrane techniques 4.

Autologous 8, allograft [ and synthetic bone grafting 81 are extensively used for repairing bone defects. More
specifically, autograft represents the gold standard for the treatment of critical-sized bone defects since it contains
all the characteristics for new bone growth (osteoconductivity, osteogenicity and osteoinductivity). However,
significant problems are associated with its use, from donor-site morbidity to a limited amount of donor bone €A
(L1 Other associated issues, such as failed anastomosis, microvascular thrombosis and infection or progressive
deformities, have also been reported [22I13],

Another technique extensively studied since the 1950s is distraction osteogenesis. llizarov successfully treated his
first patient in 1954, reducing the healing time of tibial non-union 14, This method is based on the capacity of
regeneration under tension that the bone presents naturally. Despite the good results that the llizarov technique

present (12181 it also has some disadvantages, such as prolonged treatment times, pin site infection X181 pin
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breakage and the inconvenience and burden of prolonged external fixation, which includes muscle contractures,

joint luxation and axial deviation [19201[21]22]

Finally, the induced membrane technique is a two-stage procedure that combines the use of a temporary
poly(methyl methacrylate) (PMMA) cement spacer, followed by bone grafting 23] In 2000, the first cases using the
induced membrane technique were reported (24, Generally, this technique achieves its purpose; however, some
complications have been reported. The most common complications include infection, amputation, malunion,

fracture and reoperation and additional bone grafting due to non-union [24125]126]

1.3. Scaffolds for Bone Regeneration

To avoid problems encountered when using conventional methods, the field of bone tissue engineering was
developed in the early 1980s [Z. Researchers working in the field of bone tissue engineering have made an
important effort for developing 3D porous matrices, known as scaffolds. They are based on guided bone

regeneration, the aim of which is bone regeneration and growth along the surface of the scaffold 28],

Scaffolds act as a temporary matrix for the attachment, viability and growth of cells whilst maintaining the structure
of the regenerated bone in vivo 22, The main advantage of bone tissue engineering is the potential elimination of

donor scarcity, pathogen transfer and immune rejection 24,
Ideally, to properly promote bone regeneration, scaffolds should meet specific requirements [221211(32]:

« The material and its degradative by-products should be biocompatible and not evoke inflammation or toxicity
when implanted in vivo.

» Three-dimensional structures should be manufactured in a reproducible manner.

o High surface area is needed for cell-polymer interactions, extracellular matrix regeneration and minimal
diffusion constraints. It is achieved with a porosity of at least 90% and pore size of at least 100 pym [22,
Furthermore, it should have an interconnected porous structure, with a pore size suitable to allow cell adhesion,
growth, vascularisation of the tissue and transportation of nutrients.

» Scaffolds should be capable of being resorbed once their function of providing a template for regenerating bone
has completed. Permanent foreign materials inside the body could lead to a permanent risk of inflammation.

» The degradation or the resorption rate and the rate of bone formation should be similar. For this reason, the
degradation rate of the scaffold should have the potential to be adjustable depending on the cell type.

» Scaffolds should also demonstrate mechanical properties similar to bone.

t is important to highlight that porosity and mechanical properties have an inverse relation. For this reason, a

compromise must be found between these characteristics.

1.4. Limitation of Bone Tissue-Engineered Scaffolds

Despite the great research advancements in the design, manufacture and application of bone tissue-engineered

scaffolds for bone repair and replacement, there still are some drawbacks and challenges that need to be
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addressed. The main drawbacks of synthetic scaffolds are: poor biodegradability, potential toxic degradation of by-

products, poor osteoconductivity, poor mechanical properties, uncontrolled porosity or complicated reproducibility
133,

| 2. Nanomaterials for Scaffolds
2.1. Why Are Nanomaterials a Potential Solution?

The use of nanocomposite biomaterials in bone tissue engineering has emerged to improve the mechanical
properties as well as physicochemical properties of the polymeric matrix, such as mechanical strength and Young'’s
modulus, hydrophilicity or biological response (e.g., cell adhesion, proliferation and differentiation, biocompatibility
and antimicrobial effect). Nanocomposites for biomedical applications normally have two phases: a biocompatible
matrix and a nanosized bioactive/resorbable filler B4E2I38] One of the main advantages of nanomaterials is their

large surface area, which results in a large volume fraction of interfacial material (even at low loadings).

In general, by controlling the volume fraction, arrangement and morphology of the filler phase within the matrix, it is
possible to tailor the physicochemical and mechanical properties and the response to the host tissue 4. In this
section, some of the most interesting data relating to the application of nanocomposites in bone tissue engineering

will be reported; the application of carbon-based nanomaterials will especially be considered.

2.2. Ceramic Nanomaterials

Ceramic nanomaterials, such as calcium phosphates or calcium silicates, may improve the biological response by
releasing calcium and phosphate ions that are essential for bone growth. However, a detrimental effect on the

mechanical properties has been reported when the amount of inorganic particles is high B7,

The most commonly used ceramic-based nanomaterial is nanohydroxyapatite (nHA). It demonstrates excellent
biocompatibility and low toxicity. Several matrices have been filled with nHA (thermoplastic polyurethane
(TPU)/polydimethylsiloxane (PDMS), poly e-caprolactone (PCL), polylactic acid (PLA), etc.) and, in all cases, it has
been observed that by comparing the nanocomposite with the pristine matrix, they show a reduction in

hydrophobicity, as well as an increase in cell proliferation, mineralisation and differentiation [S8I[22[40][41]

Calcium phosphate nanoparticles have proved to improve mechanical resistance and the attachment and

proliferation of osteoblasts and can demonstrate an antibacterial effect 421431,

Other ceramics, such as nanosized aluminium oxide 44 titanium oxide 3 or silica 8, have been shown to
augment different properties that make them very interesting as potential nanomaterials for bone tissue
engineering applications.

2.3. Metallic Nanomaterials
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In general, metallic nanomaterials are interesting in bone tissue engineering due to the antimicrobial and

bactericidal activity that some of them demonstrate.

Silver nanoparticles are well-known for their antimicrobial activity against a broad spectrum of infectious agents 47,
Specifically, silver ions present a marked antibacterial effect since they cause a disruption of bacteria cell
membranes and inhibit enzymatic activities and DNA replication 8l In the same way, copper and bronze also

present bactericidal nature 491,

Gold nanoparticles have also been used to create a polymer nanocomposite due to their inherent low toxicity and

antiseptic and antibacterial activity, which prevent bacterial growth in the surgical wound B[54,

Other metal ions, such as strontium or copper, have been widely used to dope bioactive glasses, improving their

osteogenesis, angiogenesis and antibacterial activity 521531,

Another interesting metal extensively used in bone tissue engineering is magnesium. It presents high mechanical
properties, specific strength and elastic modulus, and has a good biodegradability and biocompatibility. However,
its high degradation rate limits its application as a matrix material, but the presence of magnesium as a

nanomaterial induces osteogenic differentiation B4/53],

2.4. Polymer Nanomaterials

Polymers are not used as nanomaterials in bone tissue engineering, but as a coating for other nanomaterials or to
enable modification of the matrix. For instance, poly(acrylic acid) or poly(methacrylic acid) grafted to carbon

nanotubes improves the potential for cell differentiation of scaffolds B8IE7,

In the case of polymers added to the matrix, there are two different paths: co-polymers, formed by two or more
monomeric species, and polymer—polymer blends, which involve a mixture of two polymers 2. Among the co-
polymers used in bone tissue engineering, poly(lactic-co-glycolic acid) (PLGA) 839 and poly(lactide-co-
caprolactone) BYEL are the most commonly used. Conversely, in the field of polymer blends, many studies are
found on gelatin-polyvinyl pyrrolidone 82, gelatin-poly(lactide acid) 83, cellulose acetate-polycaprolactone 4],
polyurethane/poly(lactic acid) ©2, poly(lactide acid)/polycaprolactone 8671 etc. Sometimes, they are incorporated
into a ceramic matrix to improve their toughness and processability. Both synthetic 68189 and natural 2 polymers

are used for this purpose.
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