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Abstract 

 

 

The ageing global population, coupled with an increasing number of trauma cases such 

as accidents and sports injuries, has led to a higher incidence of bone fractures. These 

fractures require immediate medical attention, often in the form of orthopaedic surgery 

that involves implanting external or internal fixation devices. The choice of internal 

fixation devices, such as bone plates, screws, and pins, depends on the severity of the 

injury and the location of the fracture. 

While conventional metallic fixation implants provide stable initial post-operative 

support for fractured bones, allowing for early mobilization, they come with certain 

drawbacks. These include the dissolution of metallic ions, which can accumulate in 

local lymph nodes and other organs, the stress shielding phenomenon, and the 

generation of artefacts on computed tomography (CT) scans. Consequently, patients 

often require secondary surgery to remove the metallic implants after the fracture has 

healed, resulting in a more invasive procedure that increases the overall socio-economic 

burden on patients. 

An alternative solution is to replace conventional fixation devices with bioresorbable 

polymer systems, whose properties can be customized to match those of natural bone. 

Once implanted, these bioresorbable implants break down into harmless by-products 

that are eventually eliminated from the body, thereby allowing the host tissue to replace 

them. This approach eliminates the need for revision surgeries and addresses the 

limitations associated with traditional implants. 

The current study found that adding modified chitosan (MCS) and hydroxyapatite 

(HAp) to a Polylactic acid (PLA) matrix significantly enhances the load-bearing 

capacity and bioactivity of the implants. Various analyses, including surface 

morphology, differential scanning calorimetry, contact angle measurements, 

thermogravimetric analysis, Fourier transform infrared spectroscopy, and mechanical 

strength testing, were conducted to examine the characteristics of the prepared bio-

composite. 

The interaction between nHAp, MCS, and PLA made the synthesized bio-composites 

superior in terms of chemical properties and mechano-thermal stability compared to 

neat PLA. Contact angle studies demonstrated improved surface wettability, indicating 
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that the bio-composites are suitable for cell proliferation. Additionally, the 

incorporation of nHAp increased Young's modulus without causing phase separation. 

Moreover, in silico studies using Finite Element (FE) analysis were employed to assess 

the suitability of the PLA-based composite as an implant material for low load-bearing 

fracture fixation devices. For high load-bearing fracture sites, the fabricated bio-

composite was applied as a coating over conventional metallic implants. Cytotoxicity 

studies confirmed the nontoxic nature of the bio-composite on mouse fibroblast cell 

lines, even at higher concentrations. 

In future applications, the bio-composite developed in this study could be utilized for 

in situ drug delivery, facilitating specific treatment strategies in bone healing. 

Consequently, these bio-composites hold great potential as an alternative biodegradable 

implant material, particularly for creating biomedical implants like bone screws and 

plates. 

Keywords: Bioresorbable, Polylactic acid, Hydroxyapatite, Chitosan, Finite Element 

Analysis, Orthopaedic implants  
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Chapter 1 
 

 
Introduction and Review of Literature 

 

 

 

1.1. Introduction 

Bone fractures are becoming more common, and the related mortality rate is 

comparatively high. The problem with this type of fracture is that it causes immense 

pain whenever there is stress at the fracture site, and re-joining the shattered bone is 

likely the best course of treatment. It requires immediate medical attention in the form 

of orthopaedic surgery, generally involving the implantation of internal fixation devices 

(IFDs), e.g., bone plates, screws, staples, pins, etc. The fixation device should possess 

sufficient mechanical strength and stability to support the alignment of the broken bone 

fragments and enable early mobilisation of the fractured site. Though conventional 

orthopaedic metallic implants have been extremely successful in restoring mobility, 

reducing pain, and improving the quality of life in millions of individuals each year, the 

incidence of re-surgery, surgical site infections and long-term bone remodelling remain 

major challenges with the traditional orthopaedic metallic implants. Treatment focuses 

on developing patient-specific implants with the required mechanical qualities to enable 

early functional therapy and rehabilitation. Bioresorbable polymeric internal fixation 

devices, the properties of which lie almost in the range of our natural bone properties, 

offer several distinct advantages over traditional devices. Once implanted in the body, 

they break down into harmless by-products, eventually eliminated from the body and 

replaced by host tissue. Thus, the need for a second surgical procedure to remove them 

can be averted. The healing process may continue for any time between 4-6 months 

[Onche et al., 2011], and treatment is based on the attempts to develop patient-specific 

implants with requisite mechanical properties, which will allow early functional therapy 

and rehabilitation. 

The skeletal system has a rigid structure that supports and protects soft tissues. The 

bone's principal role is to withstand a load. From an engineering perspective, bone is 

an isotropic, non-homogeneous, and viscoelastic material. In dry weight, bone is 
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composed of roughly 65% 

inorganic minerals, 

mostly impure 

hydroxyapatite (HAp) (Ca 

10(PO4)6(OH)2), which 

provides resistance to 

compressive stresses, and 

35% organic constituents, 

which include bone cells, 

fluids, and the organic 

bone matrix, which is 

composed of 90% type 

collagen and 10% non-

collagen proteins shown 

in Table 1.1. 

Macroscopically, bone is classified into two main types based on density: cortical 

and cancellous. Cortical bone, making up about 80% of bone mass, is denser with a 

porosity of 3-4%. In contrast, cancellous bone, which consists of a mesh of trabeculae 

and has a porosity of 70-80%, is significantly weaker, with a modulus and strength 

around 20 times lower than cortical bone. Each type has specific structures: long bones 

(e.g., femur), short bones (e.g., wrist), and flat bones (e.g., skull), with significant 

variability in their cortical and cancellous composition. For instance, the ulna is 92% 

cortical, while a typical vertebra is 62% cortical and 38% cancellous. Long bones can 

be divided into three sections: the diaphysis (main shaft of cortical bone), epiphysis 

(expanded ends with articular cartilage), and metaphysis (transition area). Cancellous 

bone is mostly present within the last two sections. 

Microscopically, bone is further classified into woven and lamellar types. Woven 

bone is immature, found in fetuses, young individuals, and during fracture healing, 

while lamellar bone is more organized and grows more slowly. The periosteum and 

endosteum are connective tissues covering the outer and inner surfaces of bone, 

providing nourishment and housing nerves, with the endosteum also lining the 

medullary cavity. 

Table 1.1: The presence of elements in bone and HAp 

(Langer andVacanti, 2003). 

 

Elements Bone HAp 

    Ca (wt. %)  36.6 39.6 

   P (wt.%)  17.1 18.5 

   CO2 (wt.%) 4.8 -- 

   Na (wt.%)  1.0 -- 

   K (wt.%)  0.07 -- 

   Mg (wt.%)  0.6 -- 

   Sr (wt.%)  0.05 -- 

   F (wt.%)  0.1 -- 

   Zn (ppm)  39  -- 

   Ca/P ratio  1.65  1.67  
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Bone is a complex tissue that features three essential types of cells: osteoblasts, 

osteoclasts, and osteocytes, each playing a vital role in bone remodelling. Osteoblasts, 

generated in the periosteum and stromal tissue of bone marrow, are critical for bone 

formation. As they create new bone tissue, some become trapped within the mineralized 

matrix and develop into osteocytes. Osteoclasts, derived from bone marrow, are 

responsible for bone resorption; they break down bone tissue using acids that dissolve 

minerals and enzymes that degrade collagen. This process is crucial as it releases vital 

minerals and other important molecules from the bone matrix into the bloodstream, 

supporting overall health. Osteocytes, the final cell type, are essentially matured 

osteoblasts residing within the bone matrix, maintaining the bone's integrity and 

function. Understanding these cells' roles underscores our skeletal system's dynamic 

and essential nature. 

1.2 Global and Indian scenario of the orthopaedic devices market 

The global orthopaedic device market size was USD 53.44 billion in 2019 and is 

forecasted to reach USD 68.51 billion by 2027, exhibiting a CAGR of 6.6% during the 

period [Fortune Business Insight, 2020]. The growing prevalence of bone degenerative 

disorders such as osteoporosis and rheumatoid arthritis and sports accidents leading to 

bone injuries will spur the demand for trauma fixation devices in the future years. 

Moreover, the adoption of innovation in implant technology and advancement in 

healthcare facilities are also driving factors to boost the growth of the global market 

during the forecast period. However, device complications or strict regulatory reforms 

can impede the growth of the market. The global internal trauma fixation devices 

market can be segmented based on the type of fracture, application, product, end-user 

and geography in the below-mentioned. Artificial joints and fixation devices are the 

two major segments in the orthopaedic market that are estimated to be around Rs.2400 

crores in the Indian Market, and it will grow at around 20% every year for the next 

decade to reach Rs.16000 crores by 2030 [Orthopedic Devices Market – At a Turning 

Point, 2017]. Compared to knee or hip joint replacement, external and internal fixation 

devices such as plates, screws, and intramedullary nails are far cheaper, which makes 

it a preferred technology when clinically feasible. The Indian orthopaedic devices 

market is worth around $375 million or Rs. 2,400 crores, of which knee and hip joints 

constitute alone a staggering 54% and is followed by the trauma fixation market, which 

includes internal and external fixation devices. North America has been dominating the 
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Orthopaedic Device Market. It is expected to maintain its dominance throughout this 

period due to the increasing awareness of minimally invasive procedures for 

orthopaedic surgeries [Global Medical Devices Packaging Market: Growth, Trends and 

Forecast (2020-2025)]. The Asia-Pacific market is anticipated to see significant growth 

owing to increasing medical tourism due to the availability of cost-efficient and 

advanced healthcare treatment options compared to the other geographical regions 

[Global Market Insights Inc]. In 2014, the USA accounted for over 50% of India’s 

imports, followed by the European Union, accounting for 26.6%, led by Ireland 

(16.3%), mainly due to the manufacturing activities of United States multinationals in 

Europe [MediPoint: Trauma Fixation - Global Analysis and Market Forecasts]. A few 

of the major foreign industry competitors featured in the global trauma fixation devices 

market are Wright Medical Group N.V., Smith & Nephew, Johnson & Johnson (DePuy 

Synthes), Integra Life Sciences, Stryker Corporation and Zimmer Biomet Holdings 

Inc., among the other industry players. Major Indian players profiled in this segment 

are Atlas Surgical, Narang Medical, Apothecaries Sundries Manufacturing Co. (ASCO) 

and Invicta Meditek Ltd [Trauma Fixation Devices Market Global Industry Analysis]. 

The industry participants emphasize on mergers & acquisitions as well as novel product 

developments to strengthen their position in the market and gain larger revenue share. 

Similarly, latest trend of bioresorbable implant market is gaining momentum due to 

result of technological advancement. Bioresorbable plates, pins, and screw implants are 

widely used for fracture fixation in orthopaedic surgeries and trauma care. Hence, 

operations to remove the synthetic material are not required. These bioresorbable 

products should be corrosion-resistant and absorb in the body. They should not be 

mutagenic and accumulate into toxic products. The bioabsorbable implants Market has 

been analysed across regions of North America, Latin America, Europe, East Asia, 

South Asia, Oceania, and Middle East & Africa (MEA). 

1.3. Material properties of bone tissue 

In general, bone exhibits anisotropic elastic modulus in different anatomic directions. 

For example, the elastic modulus in the longitudinal direction of a long bone (17.4 GPa 

for human bone and 20 GPa for bovine bone) is more significant than in the transverse 

direction (9.6 GPa for human bone and 11.7 GPa for bovine bone). An orthotropic or 

transversely isotropic constitutive relation describes cortical bone properties fairly well 

[Zysset et al., 1999]. Cancellous bone is a complex material with significant 
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heterogeneity. Its elastic and strength properties vary across anatomic sites, with ageing 

and diseases. Cancellous bone is classified from an engineering material perspective as 

a composite, anisotropic, open porous cellular solid like many biological materials. It 

displays visco-elastic behaviour, as well as damage susceptibility during cyclic loading. 

It has been established, theoretically and experimentally, that Young’s modulus of 

cancellous bone was strongly dependent on the bone’s apparent density [Gibson, 1985]. 

i) Cortical Bone: An Elastic modulus in the range of 17 GPa was found in the initial 

linearly elastic region. In the 

intermediate region, the bone 

exhibits nonlinear elastoplastic 

behaviour. This region is 

characterised by bone yielding 

with yield strength value reported 

to be around 110 MPa. The final 

region exhibits linear plastic 

behaviour with a strain hardening 

modulus of 0.9 GPa. The bone was 

found to have fractured when the 

tensile stress was 128 MPa and the 

corresponding tensile strain was 0.026. The elastic moduli and strength values of a bone 

specimen depends on the strain rate, indicative of the viscoelastic property of the bone. 

ii) Cancellous Bone: The stress-strain curve of cancellous bone has three distinct phases 

of behaviour. 

Phase 1: Behaviour is linear elastic 

as the cell walls bend or compress 

axially. 

Phase 2: Eventually, at high 

enough loads, the cells begin to 

collapse by elastic buckling, 

plastic yielding or brittle fracture 

of the cell walls. This second phase 

of collapse progresses at a roughly 

 
Fig. 1.1: Stress-strain curve for Cortical bone 

(Villette et al., 2018). 

 

 
Fig. 1.2: Stress-strain curve for Cancellous bone 

(Villette et al., 2018). 
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constant load until the cell walls meet and touch. 

Phase 3: Once this happens the resistance to load increases, giving rise to a final 

increasingly steep portion of the stress-strain curve. 

1.4.  Bone fracture healing 

The biology of fracture healing is a 

complex biological process that depends 

on specific regenerative patterns and 

involves changes in the expression of 

several thousand genes. Fracture healing 

is the biology of repair at the fracture site 

that proceeds through a series of stages 

successfully. Bone healing conditions 

can be achieved either by conservative 

or non-conservative methods. 

Conservative Method: This treatment of 

fracture involves repositioning the bone 

fragments, wound closure (if necessary) 

and application of a cast or a splint to hold the bone is in place. Immobilization 

facilitates the joining of the fragments along with the healing process. It requires early 

callus formation and gradual transformation of the primitive tissue to bone. Early 

mobilization should be achieved as early as possible to prevent stiffening of the joints. 

Example: Cast, splint, traction etc. 

Non-conservative Method: The 

fracture site in these healing methods 

must be held more securely providing 

more stability. This may result in more 

rapid healing and repair processes can 

even skip some of the early stages. 

Example: Plate, screws, Intra 

medullary (IM) rod and nails etc. 

 
Fig. 1.4: Examples of non-conservative 

methods: Plates and Screws, (Source: 

www.indiamart.com). 

 
Fig. 1.3: Examples of conservative methods:  

Cast (top) and Splint [Google]. 
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Bone healing takes place relatively either by primary or secondary bone healing. 

a) Primary Bone Healing: Primary bone healing involves a direct attempt by the 

cortex to re-establish itself after interruption without forming a fracture callus. It is, 

however, a rarity that all the edges conform exactly, and hence this type of healing is 

less seen. 

b) Secondary Bone Healing: Secondary bone healing involves the classical stages of 

injury, haemorrhage, inflammation, primary soft callus formation, callus mineralization 

and callus remodelling. 

1.5. Types of Implant Material 

Implant materials play a crucial role in the fixation process. The use of biomaterials for 

internal fixation devices is one of the important factors to be considered for its 

performance. An ideal implant material should be chemically inert, biocompatible, 

corrosion-resistant, wear-resistant, high-strength, and cost-effective. A variety of 

metals, polymers, and ceramics fall under this category. 

1.5.1. Bio-metals 

Bio-metals are inorganic metallic biomaterials that are neither bioactive nor 

biodegradable. Common examples of bio-metals include stainless steel, cobalt alloys, 

and titanium alloys, widely used in orthopaedics. The first metallic materials 

successfully utilized in orthopaedic applications during the twentieth century were 

stainless steel and cobalt-chrome-based alloys. Stainless steel is favoured for its 

mechanical strength, affordability, versatility in shaping, and durability, making it a 

reliable choice for various medical applications. Specifically, stainless steel AISI 316L 

Fig. 1.5: Stages of secondary bone healing. 
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(ASTM F138 20) is commonly used in temporary implant devices such as fracture 

plates, screws, and hip nails [Özbek et al., 2002]. Following stainless steel, cobalt-

chromium alloys emerged as an option for surgical implants due to their high resistance 

to corrosion, fatigue, and wear, although they are relatively heavy. The ASTM 

recommends four types of cobalt-chromium (Co- Cr) alloys for surgical implant 

applications including cast Co-Cr-Mo alloy (F75), wrought Co- Cr-W-Ni alloy (F90), 

wrought Co-Ni-Cr-Mo alloy (F562) and wrought Co-Ni-Cr-Mo-W-Fe alloy (F563) are 

recommended by the ASTM. However, some varieties of cobalt alloys are toxic to 

human in vitro studies. 

Titanium (Ti) and its alloys were introduced in the 1940s. It was observed that, in 

addition to being lightweight, they possess excellent osteointegration properties, which 

reduce the risks of loosening and failure in medical applications. Alloys such as ASTM 

F67 and the Ti-6Al-4V ELI alloy (ASTM F136) are commonly used in biomedical 

applications. Recently, new titanium alloys have been developed that do not contain 

harmful elements [Nomura et al., 2010]. The mechanical properties of an implant, 

including elastic modulus (stiffness), tensile strength, flexural modulus, and percentage 

elongation, play significant roles in bone fracture healing. Elastic modulus measures 

the strain in response to a given tensile or compressive stress, while tensile strength 

indicates the maximum stress the material can withstand before breaking. The 

percentage elongation assesses the ductility of the material before a fracture occurs. 

Inadequate stiffness at the repair site can promote motion, which supports bone healing. 

However, eliminating micromotion can hinder the healing process and cause stress-

Table 1.2: Mechanical properties of some implant materials (Nakano, 

2019; Liang et al., 2023). 

Materials Elastic Modulus 

(GPa) 

Tensile strength 

(MPa) 

Al2O3 350 1000 to 10,000 

SS316 210 600-1000 

Ti6Al4V 120 900 

Co-Cr alloy 210 1085 

Ti 100 620 

Bio-glass 35 42 

Zirconia 220 820 

HA 95 50 
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shielding [Nag and Chanda, 2021]. It was also observed that some inflammation 

reactions near the surrounding tissues caused by corrosion and ion leaching occur, 

leading to the removal of the implants through surgery. The mechanical properties of 

some implant materials and tissue are listed in Table 1.2. Among several other metals 

studied for implant applications, magnesium attracted the most significant interest in 

the field of bio-degradable metallic materials [Vojtěch et al.,2011]. The application of 

degradable magnesium alloys in orthopaedic applications has shown mechanical 

properties more similar to bone properties that can be achieved by selected magnesium 

alloys as compared to titanium and steel. In addition, it could be favourable in terms of 

reducing bone degradation and stress shielding. Magnesium-based screws have been 

used in bone healing clinical trials without notable side effects reported by patients [Gu 

et al., 2009]. Magnesium alloys have higher strength and ductility than organic 

polymers and are thus preferential for load-bearing applications. However, corrosion 

rates obtained for magnesium alloys were reported to differ by four orders of magnitude 

between in vitro and in vivo conditions [Ma et al., 2014]. Corrosion results in hydrogen 

gas accumulation in the tissue; accumulating solid corrosion products may exert 

pressure on non-yielding bony tissue, leading to premature implant failure, which is one 

of the major drawbacks of magnesium-based implants. Studies on Mg-Zn alloys 

highlight their mechanical properties, which can be adjusted according to requirements 

but still remain to be established as high strength with respect to titanium or stainless 

steel. Studies also acknowledge that zinc alloy degradation products have no adverse 

effects and are biocompatible. Application of carbon fibres as biomaterials of first 

generation has also been studied in total hip replacement and internal fixation, but the 

concern lies over the release of debris into the surrounding tissues, evoking an adverse 

cellular response, which is undesirable [Brandwood et al., 1992]. 

 1.5.2 Types of Metallic orthopaedic Fixation Devices  

Repairing harmed or ailing musculoskeletal tissues is a noteworthy clinical issue and 

fixation devices are used to support the alignment of bone fragments during the healing 

process. Fixatory implants can be either internal or external. External fixation (EF) 

device is a simple, quick and safe procedure to stabilize fractures in poly traumatised 

patients. Internal fixation devices (IFDs) have enough mechanical strength and allow 

early mobilization of the injured part (MDMP Index). The selection of internal fixation 
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devices depends on the sites of bone fracture. The conventional metallic internal 

fixation devices that are extensively used can be classified as: 

Cortical screw: The cortical crew feature dense spiral threads running over its surface 

with an aggressive pitch, lower thread depth and larger core diameter, allowing them to 

engage well in cortical bone, primarily in the diaphysis region. It transforms torsional 

stresses into compression. The screw threads carve their way through the bone upon 

insertion, allowing cortical screws to be self-tapping. The basic function of a screw is 

to disperse and distribute mechanical load in load-bearing applications [Felfel et al., 

2013]. 

Cancellous screw: Long bone fractures are typically repaired using cancellous screws, 

which serve to secure the cancellous bone. These screws are most commonly used in 

the metaphysis of long bones, where cancellous bone is prevalent. Unlike cortical 

screws, cancellous screws have threads that are more widely spaced, deeper and have 

smaller core diameter [Ricci et al., 2010]. Since cancellous bone is significantly less 

dense than cortical bone, cancellous screws are often employed in low or non-load-

bearing applications primarily by drilling method.  

Bone plates: A bone plate is fixed to the screws which secure the plate and orient the 

bone, aiding in the healing process. It is also known as orthopaedic bone plates and is 

used to secure shattered bones with screws. It is available in a variety of configurations, 

including dynamic compression plate (DCP) and least contact dynamic compression 

plate. Bone plates can be left in situ after healing or removed, depending on the type of 

fracture cases [Ratner et al., 2004]. 

Steinmann pins: These are frequently used to keep together fragments of bone that are 

too tiny to be repaired with screws. They are commonly used alongside other types of 

internal fixation, although they can also be used alone to heal fractures in non-load 

bearing situation like torn ligament or cartilage of limbs [Pietrzak et al., 2002]. 

Steinmann Pins are typically constructed from implant-grade stainless steel. Steinmann 

pins are comparable to K-wires, except they have bigger diameters. These pins 

commonly feature trocar, chisel, or spherical ends with a partially threaded or smooth 

outer diameter. 

1.5.3 Problems with metallic internal fixation devices 
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Traditional metallic fixation device provides reliable and stable initial post-operative 

restoration of the fractured bones allowing early mobilization but the main disadvantage 

associated with them is the need of secondary surgical removal of the hardware after 

the reunion of the fractured bone which may sometimes lead to bone re-fracture. Very 

stiff metallic materials may cause osteoporosis beneath the implants because of stress 

shielding and may lead to bone fracture at the implant site. Stress shielding occurs when 

two or more components with different moduli from one mechanical system. The 

component with higher modulus bears most of the load and protects the other 

component [Nag et al., 2022]. On the other hand, if flexible implants with inadequate 

strength are used, it may result in non-union of the fracture and thus causing pain. 

Therefore, trade-off should be reached between strength and stiffness. Ideally, as the 

fracture heals, the stiffness of the fixation device should decrease as the bone strength 

increases. While relatively rare, corrosion of metallic implants is not a negligible 

concern. Also, metallic implants interfere with post-operative CT scans, MRI images 

or radiography [Onche et al., 2020; Son et al., 2012].  

1.5.4 Alternate solution to metallic fixation devices 

The second generation of biomaterials appeared in the 1960s, introduced by [Kulkarni 

et al., 1971], with the development of bioactive materials’ ability to interact with the 

biological environment to enhance the biological response and the tissue/surface 

bonding. Bioactivity refers to any interaction or effect that materials exert on cells with 

the aim of leading or activating them to specific responses and behaviours. None of the 

metallic materials used in orthopaedics is bioactive per se. However, two approaches 

can be considered to obtain bioactive metals. The first one consists of coating the 

surface of the implant with a bioactive ceramic HAp. The second one is to chemically 

modify the surface of the material to obtain the deposition of a bioactive ceramic in 

vivo or to induce proteins and cell adhesion and other tissue/material interactions. 

Ceramics have good compatibility and corrosion resistance, but limitations like low 

toughness, brittleness, low mechanical reliability, and high density restrict their use in 

high load-bearing applications. 

The second alternative solution could be application of bioabsorbable polymeric 

IFDs, which properties lies almost in the range of our natural bone properties. The 

application of biomaterials such as bioresorbable polymeric materials in the medical 

device industry has experienced rapid growth in recent decades and can be considered 
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as a substitute for metallic fixations in orthopaedics and trauma. The development of 

resorbable biomaterials displayed a controlled chemical breakdown and the resorption 

of the polymer chains.  

1.6 Bioresorbable implants  

The term ‘bioresorbable’ can be defined as materials or devices that, after implantation 

in the body, serve their intended purpose and gradually get degraded in the body into 

harmless products. Moreover, it gets eliminated from the body without any physical 

intervention, leaving no sign of injury or repair. The first use of bioresorbable 

orthopaedic devices dates back to the early 1960s. The implant material, along with the 

properties of bone, must also be biocompatible to promote host cell adhesion, which is 

important to prevent bacterial adhesion on the exposed host tissue surface. Self-

degrading implant materials with bone-like mechanical parameters minimized stress-

shielding, and suitable degradation characteristics could reduce long-term side effects 

associated with conventional permanent implant materials [Brown and Farrar, 2008]. 

The proposed materials must meet the physical and chemical demands of clinical 

applications. The physical demands include high strength, appropriate initial modulus 

and controlled degradation rate. During the early healing stages, high strength to resist 

mechanical stresses and must be able to carry external and physiological loads. The 

appropriate modulus indicates that the material must not be too stiff or too flexible for 

the special purpose for which it is intended. The loss of strength and modulus in vivo 

must be in coordination with the increase of strength and modulus of healing tissues. 

The medical demands are linked to the biocompatibility of the materials and non-

toxicity of the degradation products [Weiler et al., 2000]. Biodegradable polymers of 

synthetic and natural origin such as polyglycolide (PGA), polylactide (PLA), 

polydioxanone (PDS), poly(3-caprolactone) (PCL), polyhydroxybutyrate (PHB), 

polyorthoester, chitosan, poly (2-hydroxyethyl- methacrylate) (PHEMA), hyaluronic 

acid and other hydrogels were extensively studied during this period (Table 1.3). In the 

last decades, these materials have been used as promising candidates in many 

orthopaedic applications like substitution, repair of bone fractures (including ligament 

fixation), cartilage, meniscus and intervertebral disc as sutures, rods, screws, pins and 

plates. Rapid degradation is an undesirable phenomenon in medical implant 

applications and can be avoided through proper choice of materials and design [Brown 

and Farrar, 2008]. Therefore, the general criteria of selecting polymer for use in bio-
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resorbable internal fixation devices should be based on tailoring its mechanical 

properties and its degradation time to the need of application. The widely used synthetic 

biopolymers along with their excellent properties and the challenges associated with it 

have been discussed in this section. The best-known biodegradable polymers approved 

by the FDA (Food and Drug Administration) and mostly used for resorbable 

implantable devices are polylactide (PLA), polyglycolide (PGA), their copolymers and 

also polycaprolactone (PCL) and polydioxanone (PDO or PDS) among others 

[Middleton. & Tipton, 2000]. 

Polyglycolic acid (PGA) is a hard, tough crystalline polymer of high molecular 

weight (20,000 to 145,000) with high melting points (220-230°C) and a glass transition 

temperature of 34-40° C. It has a tensile strength of 57 MPa and a tensile modulus of 

Table 1.3: Properties of various polymers (Daniels et al., 2019). 

 

Polymers  Melting 

temperature 

(ºC) 

Glass 

transition 

temperature 

(ºC) 

Modulus 

(GPa) 

Elongation 

(%) 

Degradation 

time 

(months) 

DLPLA Amorphous 55-60 1.9 3-10 12 to 16 

PGA 220-230 35-45 6-7  6-12 

PLA 150-162 45-60 0.35-3.5  Several 

years 

PLLA 170-200 55-65 2.7-4.14 5-10 >24 

P-DL-LA Amorphous 50-60 1-3.45  12-16 

PCL 59-64 -60-(-65) 0.2-0.4 300-500 >24 

PDO N/A -10-0 1.5 N/A 6 to 12 

PGA-

TMC 

N/A N/A 2.4 N/A 6 to 12 

85/15 

DLPLG 

Amorphous 50-55 2.0 3-10 5 to 6 

75/25 

DLPLG 

Amorphous 50-55 2.0 3-10 4 to 5 

65/35 

DLPLG 

Amorphous 45-50 2.0 3-10 3 to 4 

50/50 

DLPLG 

Amorphous 45-50 2.0 3-10 1 to 2 

PLGA 

(50/50) 

Amorphous 50-55 1.4-2.8 -- 3-6 

PLGA 

(85/15) 

Amorphous 50-55 1.4-2.8 -- 3-6 

PLGA 

(90/10) 

Amorphous 50-55 -- -- <3 

PHB 168-182 5-15 3.5-4 5-8  

PPF 30-50 -60 -- -- >24 
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6-7 GPa. The mechanical strength of the PGA is found to increase when spun into fibre 

due to the preferred high molecular orientation of the fibre [Ashammakhi and 

Rokkanen, 1997]. Self-reinforced PGA (SR-PGA) shows the strength properties of 

stainless surgical steel (330 MPa [Suuronen et al., 2000]. PGA lose its mechanical 

properties in the body within 6 weeks and get resorbed in less than one year . PGA 

undergoes degradation in a two-stage process where first scission of ester bonds take 

place due to penetration of water in the amorphous region followed by hydrolytic attack 

in the crystalline domains [Holland et al., 1987]. 

Polylactic acid (PLA) on the other hand is a semi-crystalline polymer, which has 

two enantiomeric isomers, designated as D and L, or as a racemic mixture, designated 

as DL [Suuronen et al., 1999]. It is the L form (PLLA) and DL form (PDLLA) forms 

of PLA that are used in medical applications. L-PLA is semi-crystalline in nature and 

PDLLA is the copolymer of L-Lactic acid and D-Lactic acid which is more amorphous, 

thus making it more suitable for homogenous dispersion of drug in the polymer matrix 

[Jain et al., 2000]. Poly-DL-lactic acid has no detectable glass transition temperature 

(Tg) and has a melting point (Tm) of about 60o C. Poly-L-lactic acid has a Tm of about 

174-184o C with a Tg of 57° C [Serlo et al., 2002]. PLLA has good mechanical 

properties with a bending strength of 240 MPa and a degradation time of up to 5-7 

years. The degradation rate of PDLLA can be varied by altering the percentage 

composition of the D and L components [Suuronen et al., 1999]. P(D,L)LA undergoes 

degradation in two stages. First, the scission of the random hydrolytic chain of the ester 

bonds occurs along with linear loss in molecular weight. The second stage generally 

starts at an average molecular weight of 15,000. This phase also marks weight loss and 

total loss of tensile strength, accompanied by an increase in chain breakdown [Holland 

et al., 1987]. 

The next most widely used set of materials is probably polylactide copolymerized 

with polyglycolide (PGLA), which is substantially amorphous and retains 70% of its 

initial strength up to 8 weeks, degrading within 1 year [Suuronen et al., 1999]. 

Copolymerisation slows the rate of PGA degradation, but the rate of PLA degradation 

increases. The degradation range of PLA-PGA copolymers varies depending on their 

compositional ratios. This copolymer exhibits a glassy nature due to its Tg being above 

the physiological temperature of 37 °C. The degree of crystallinity and the Tm of the 

polymers are directly related to the molecular weight of the polymer [Jain et al., 2000]. 
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The significant mechanical strength due to their rigid chain structure gives them an 

added advantage as drug delivery devices. PGLA undergoes hydrolytic degradation 

with random chain scission and loss of molecular weight which is dependent on its 

physical properties like molecular weight, degree of crystallinity and glass transition 

temperature. 

PCL is partially crystalline, with a melting point of 59-64° C and a glass transition 

temperature of 60°C. It has a tensile strength of 16 MPa and a tensile modulus of 0.4 

GPa. PCL is highly hydrophobic with a comparatively longer degradation time [Henkel, 

2013]. Due to low melting temperatures, PCL is easily processed by conventional 

melting techniques and can be filled with stiffer materials (particles of fibres) for better 

mechanical properties. 

Differences in the degree of crystallinity among different materials have a 

pronounced effect on mechanical properties and degradation rate. Generally, compared 

to amorphous polymers, semi-crystalline polymers have higher strength and stiffness 

and are, therefore, suitable for load-bearing applications. Amorphous polymers tend to 

degrade faster with respect to semi-crystalline polymers with the same chemistry. 

PLLA and PGA have a regular structure and are able to crystallise compared to PDLLA 

and PGLA, which are amorphous. Another factor affecting degradation rate is the 

hydrophilicity, for e.g.: hydrophilic PGA degrades significantly faster than the more 

hydrophobic PLA and PCL. PCL is highly hydrophobic and has a longer degradation 

time than PLA, which makes it suitable for applications where a longer degradation 

time is required. Therefore, all the properties must be considered to fabricate a device 

with the material of interest. 

It is desirable that an ideal material must retain its strength typically 8-12 weeks 

during tissue healing and then controllably lose mass so as to allow growth of new 

tissue and replacement of the polymer. Rate of degradation and mechanical properties 

can be tailored by use of additives or fillers and use of co-polymers. However, polymer 

undergoing bulk degradation tend to degrade via loss of molecular weight followed by 

strength loss. Table 1.3 shows the properties of various bioabsorbable polymers suitable 

materials for applications as orthopedic fixations along with their properties [Rezwan 

et al., 2006; Durucan et al., 2001]. 
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1.6.1 Advantages of bioresorbable devices 

They offer a number of distinct advantages over traditional devices. Once implanted in 

the body, they break down into harmless by-products, eliminated from the body and get 

replaced by host tissue. Thus, the need of a secondary surgical procedure to remove 

them can be averted. The possibility of stress-shielding associated with long term use 

of metallic implants can be eliminated due to low stiffness of bioresorbable implants 

compared to bone and also avoid complications like corrosion, stress-shielding, release 

of metal ions. In addition to that, bioresorbable devices are radiolucent and hence do 

not interfere with current imaging techniques e.g. CT or MRI and post-operative 

radiotherapy. They are also being used for delivering bioactive agents and have the 

ability to transfer the load to healing bone and soft tissues.  

1.6.2 Challenges associated with bioresorbable polymers and IFDs 

The complications arising from these devices that have hampered its general acceptance 

clinically are mentioned below. 

i) Rate of degradation: As discussed earlier in the previous section about the 

advantages of using bioresorbable polymers to date, the challenges associated with 

them also need to be identified. Sometimes, materials with required strength have less 

resorption time, causing early degradation of the implant and eventually leading to 

implant failure. Tailoring of the degradation rate needs to be done to match the healing 

process of tissues [Klee and Höcker., 2000]. 

ii) Foreign body reaction: One of the major drawbacks is the complications arising 

from the adverse host response invoked inside the body due to the degradation products 

when it exceeds the clearance capacity of the body [Enislidis et al., 1998]. It has been 

observed that the clinical complications are mostly associated with the homopolymers 

as opposed to the co-polymers and the adverse reactions are in the form of 

inflammation, fistulas and tenderness. It is desirable that a bioresorbable material used 

for construction must have more amorphous region compared to crystalline as 

amorphous state can be degraded easily and is safe for in vivo implantation. 

iii) Mechanical strength: Development of high strength modulus materials for high 

load bearing applications with an optimum degradation profile still remains one of the 

key challenges. Biodegradable fixation implants are typically made thicker and wider 

than the corresponding metal implants in order to achieve sufficient fixation stability. 
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The various inorganic fillers are available such as hydroxyapatite, silk nano-fibres, 

MgO, SiO2 and and additive active fillers like silver, zinc, copper etc. for antimicrobial 

properties [Brown and Farrar, 2008], which could be used in various combination of 

loading in order to optimize the stability of the fixation devices in all aspects Fabrication 

of perfect IFDs can also be achieved by the combination of different polymer systems 

or by orientation of polymer chains. Moreover, the degradation behaviour is also not 

similar with that of the metallic implants as the properties of polymer-based materials 

varies with temperature, conditions and surrounding environments. 

iv) Multifunctionality: Fabrication of a drug-eluting bioresorbable implant can be 

challenging as incorporation of additives in the polymer matrix may compromise with 

the mechanical strength is more vulnerable to denaturation and lack of controlled 

release. 

v) Infection Susceptibility: Implant-related infections due to the formation of 

bacterial biofilms remain one of the leading reasons for implant failure from 

osteomyelitis, resulting in high socio-economic loss. The incidence of infection ranges 

from 0.2 to 2 %, depending on various factors like surgical procedure, microorganism’s 

and host’s type, type of fracture, type of implant, and antibacterial prophylaxis. 

1.7 Desirable osteo-fixation devices 

The current study will concentrate on developing novel devices to serve three different 

functions, namely, osteo-fixation, osteo-conduction and infection prophylaxis. 

Osteo-fixation: Bioresorbable fixation devices eliminate stress-shielding as they 

decompose gradually and transfer the load to the healing tissue, and also, the secondary 

operation for removal of the device is not needed, which reduces the total cost compared 

to metallic devices. The development of high-strength modulus materials for high load-

bearing applications with an optimum degradation profile still remains one of the key 

challenges. Biodegradable fixation implants are typically made thicker and wider than 

the corresponding metal implants or by using a polymer with a high molecular weight 

in order to achieve sufficient fixation stability. Various other approaches involve the 

incorporation of fillers and fibres such as hydroxyapatite, chitosan, silk, carbon and 

glass fibres and oriented chains to reinforce the matrix of the device. However, the 

degree of reinforcement depends on the adhesion promoters that can be used which 

normally possess toxic effects. However, self-reinforced (SR) technology based on 
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reinforcing elements with the same chemical composition as that of matrix helps in 

manufacturing implants of ultra-high strength. Self-reinforced resorbable composites 

fulfil the physical demands of secure fixation materials and devices because they have 

a ductile deformation mode, high initial strength, appropriate elastic modulus and they 

lose their strength gradually and are totally absorbable [Rokkanen et al., 1990]. 

Incorporation of antimicrobial agents to bioresorbable materials can impair their 

mechanical strength that has been confirmed by the in-vitro immersion tests of 

antibiotic containing screws where the shear strength decreased to half within six 

weeks. However, promising results can be been seen in SR high strength with drug-

eluting characteristics developed by Ashammakhi et al. (2005) in cranio- maxillofacial 

surgery (CMF). 

Osteo-conduction: An osteoconductive agent is added to promote early healing by 

the growth of bone tissue with gradual degradation of the implant. Arbind et al. in their 

work have used hydroxyapatite in PLA-Hap composites that acted as a bioactive 

material. BG has been shown to be a promising bone substitute material in experimental 

bone defects. Bioactive Glass (BG) are silicate glasses containing sodium, calcium, and 

phosphate as the main components [Turunen et al., 1994]. BG was first introduced by 

Hench et al. in 1971. BGs are osteoconductive and have bone bonding characteristic. 

BG are useful in the treatment of fresh bone defects adjacent to dental implants. It acts 

as a filler in bone defects [Heikkilä et al., 1995]. PLGA is found to possess 

osteoconductive properties, permitting gradual replacement of the implant by bone. 

Loading this polymer with osteogenic cells may also confer osteoinductive properties. 

Ruuttila et al. showed that SR-PLA 70 plates coated with BG are capable of inducing a 

proliferative response of human primary osteoblasts and appear to support the 

development of mature osteoblast phenotype (Ruuttila et al., 2006). 

1.8 Finite Element (FE) studies  

FE Analysis has been extensively used in the design and evaluation of fixation plates 

and screws to overcome the most drawback of the current fixation devices: fatigue 

failure of the device and stress shielding of the bone. A 3-D analysis is necessary to 

take into account the complex geometry of the plate system and predict stress 

distribution in the bone. FE is a numerical approach that provides approximate solutions 

to differential equations that form a boundary value problem. FE based technique was 

established in the 1960s, but was introduced in bone research in the 1970s. To allow 
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the analysis of complex geometries, boundary conditions and material properties the 

overall structure is arranged as a set of discrete problems. The geometric representation 

consists in a mesh of element connected at nodal points, whose displacements are 

calculated from applied boundary conditions and mapped intro local strains and stresses 

of the whole structure. Finite-Element (FE) analysis is a numerical method commonly 

utilised in designing and evaluating fixation plates and screws to address fatigue failure 

and bone stress shielding issues. A 3D analysis is required to account for the complex 

geometry of the plate-screw system and to anticipate stress distribution in the bone. The 

role of FE lies in generating approximate solutions to differential equations that form a 

boundary value issue. The FE-based technique was developed in the 1960s but was first 

used in bone research in the 1970s. To allow for the analysis of complex geometries, 

boundary conditions, and material properties, the overall structure is organised as a 

collection of discrete problems.  The geometric representation is made up of a mesh of 

elements connected at nodal points, with displacements derived from applied boundary 

conditions and mapped into local strains and stresses of the entire structure. 

The effect of stress shielding was investigated using a 3D, quarter-symmetric FE 

model based on a canine femoral diaphysis plated with a polymer or metal design 

[Ferguson, 1996]. FE can be used to investigate the underlying mechanics of various 

biological tissues, such as how these structures will behave to varying loading situations 

or limitations. Bone remodelling is extensively researched using FE analysis. When 

bone tissue is loaded, its mechanical environment changes and the tissue responds by 

producing local mechanical stimuli. These prediction algorithms are frequently 

implemented in a feedback loop, in which the model's attributes are updated with each 

iteration. In practice, the trustworthiness of the numerical modelling technique can only 

be determined by comparing the results to experimental data acquired under identical 

conditions [Hefzy and Singh,1997]. When the experimental validations cannot be done, 

any source of error calls for proper address using multiple meshes and multiple 

exploratory runs. Bernakicwicz. et al. (2002) concluded in their study that by using an 

FE model it is possible to carry out predictions without a direct experimental validation 

of the model. The FE model aids in understanding the mechanical behaviour of 

orthopaedic devices and can provide extra information about particular patients to assist 

the orthopaedic surgeon in decision-making before surgery. 
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1.9 Literature Review 

Lin et al. (1992) studied the ciprofloxacin concentrations in bone released from PLA 

implants in rabbits and its efficacy in the treatment of induced osteomyelitis. Implants 

demonstrated therapeutic local concentration and low systemic levels over an eight-

week interval. Using the chronic osteomyelitis rabbit model, a comparative series 

demonstrated the therapeutic efficacy of antibiotic-PLA in the treatment of chronic 

osteomyelitis. Overbeck et al. (1995) tested the penetration depth of ciprofloxacin into 

bone cortex and marrow from ciprofloxacin-releasing PGA implants in rabbits. After 

four weeks of implantation, bactericidal levels were measured up to a penetration depth 

of nearly 10 mm. The study showed a significantly greater penetration of ciprofloxacin 

into bone than has been reported for gentamycin cement beads. Koort et al. (2005) has 

shown that ciprofloxacin and bio glass containing PDLLA 50/50 implants are efficient 

in the treatment of localized osteomyelitis due to Staphylococcus aureus.  

Andreopoulus et al. (1996) measured in vitro antibiotic concentrations released 

from PLA implants. Release was controlled by the drug diffusion and the matrix 

degradation, the latter being the most critical factor. The obtained concentration levels 

were above MIC against the major causative bacteria of osteomyelitis. Nie et al. (1998) 

tested ofloxacin-releasing P(D/L)LGA implants to treat induced Pseudomonas 

aeruginosa osteomyelitis in rabbits. Implants were suitable vehicles for the delivery of 

high local concentrations of ofloxacin. These concentrations resulted in eradication of 

the bacterial pathogen in this rabbit model. Veiranto et al. (2002) studied in vitro self-

reinforced ciprofloxacin-releasing P(D/L)LLA 70/30 screws. The screws gradually 

released ciprofloxacin and at the same time had sufficient mechanical strength at least 

12 weeks at the level, which ensures their fixation properties. Wang et al. (2004) 

investigated cefazolin- and gentamicin-releasing PLGA 50/50 implants for a long-term 

drug release in vitro. The results suggested that the bioresorbable beads released high 

concentrations of antibiotic (well above minimum inhibitory concentration) in vitro for 

the period of time needed to treat bone infection, i.e. 2-4 weeks. This would enable their 

use as the first line choice for patients with osteomyelitis and various infections as well 

as for the prophylaxis of these infections. 

 Lucke et al. (2005) compared PDLLA coated, uncoated and Gentamicin PDLLA- 

coated K-wires in the treatment of induced osteomyelitis in rat tibias. Half of the 

animals also received a single shot of gentamicin 30 min prior to surgery. Implant-
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related osteomyelitis could be prevented by prophylaxis of systemically applied 

gentamycin in 15% of animals. Onset of infection could be prevented in 90 % of 

animals treated with gentamicin-coated K-wires, and in 80 % of the animals that were 

treated with a combination of local and systemic application. The local application from 

PDLLA-coated implants might support systemic prophylaxis in preventing implant-

associated osteomyelitis. Makinen et al. (2005) explored a bioabsorbable ciprofloxacin-

containing bone screw (Ab- PLGA) to prevent biomaterial-related infection due to S. 

aureus in a rabbit model and demonstrated that cultures of all Ab-PLGA screws 

contaminated with S.aureus before implantation were negative in follow-up. The shear 

strength of the implant confirmed from in- vitro immersion testing was decreased to 

half within 6 weeks due to incorporation of antimicrobial agent which have restricted 

the widespread of clinical application of these implants. The study confirmed the in 

vivo efficacy of bioresorbable antibiotic containing bone screws in the prevention of 

biomaterial-related infection.  

Ashammakhi et al. (2005) have used bioabsorbable polymers (PLGA 80/20 or 

PLDLA 70/30) as the matrix and ciprofloxacin (CF) as antibiotic to develop the 

implant. Initial shear strengths of the studied ciprofloxacin releasing screws were 152 

MPa (P/L/DL)LA) and 172 MPa (PLGA). Studied screws retained their mechanical 

properties for least 12 weeks (P(L/DL)LA) and 9 weeks (PLGA) in vitro. CF was found 

to be released after 44 weeks (P/L/DL)LA) and 23 weeks (PLGA) in vitro and 

significantly inhibited S. epidermides growth. Niemelä et al. (2006) compared 

ciprofloxacin-PLGA, PLGA and titanium screws in preventing bacterial attachment 

and biofilm formation in vitro. Ciprofloxacin-PLGA implants were superior. After 21 

days incubation in S. epidermidis suspension, no biofilm was observed on 93-100% of 

PLGA ciprofloxacin implants and on 74-93% of titanium implants (Niemelä et al. 

2006). In the same study PLGA-ciprofloxacin implants showed clear bacterial growth 

inhibition on agar plates, while titanium and plain PLGA implants did not show any 

inhibition.  

Shi et al. (2016) in their work incorporated gentamicin into silk-based screws 

which not only retained the impressive mechanical features and biocompatibility of PSS 

but also exhibited high and durable antimicrobial activity against S. aureus and E. coli 

in vitro. The antibacterial activity remained high even after 4 weeks of immersion in 

protease solution. These GSS provide both impressive material properties and 
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antibacterial activity and have great potential for use in orthopaedic implants to reduce 

the incidence of second surgeries. Tappa et al. (2019) in their work fabricated 

gentamicin (GS) and methotrexate (MTX) loaded PLA implants. There was a 

significant reduction in mechanical strength of the PLA constructs with the addition of 

drug-containing compounds. Extruded control PLA prints had a mean flexural strength 

of 78 MPa. Samples printed with GS and MTX showed a 14.4% and 17.1% decrease 

in strength, respectively. However, GS-impregnated implants demonstrated bacterial 

inhibition in plate cultures and similarly, MTX-impregnated implants demonstrated a 

cytotoxic effect in osteosarcoma assays. 

Yang et al. (2016) thoroughly investigated the growth, in vitro biodegradation, and 

cytocompatibility of nHAp coatings on biodegradable magnesium alloys. Magnesium 

alloys are undeniably promising materials for orthopaedic applications due to their 

degradable nature; however, their rapid degradation rates pose significant challenges 

for sustained use. The implementation of HAp coatings on magnesium substrates not 

only enhances cytocompatibility but also makes them highly suitable for orthopaedic 

applications. The coating process carried out through a straightforward hydrothermal 

deposition method, effectively improves corrosion resistance and significantly reduces 

the rapid degradation of magnesium-based implants. Inzana, Schwarz, Kates, and Awad 

(2016) described a biomaterials-based strategy for treating implants associated with 

osteomyelitis, a chronic bone infection. Treatment of these infections frequently 

necessitates a mix of antibiotics delivered systemically and locally at the afflicted spot 

via a biomaterial spacer. Poly (methyl methacrylate) (PMMA) is widely regarded as the 

gold standard for this application; however, it has several drawbacks, including 

problems with antibiotic release, incompatibility with various antimicrobial agents, and 

the need for follow-up surgeries until surgical reconstruction of the lost bone is 

possible. Antimicrobial coatings for implants are critical and must be developed within 

the context of biomaterials. Future experimental designs should prioritise the use of 

animal models when assessing biomaterial delivery technologies. 

 Lebre et al. (2017) studied how the shape and size of HAp particles influence 

inflammatory responses after implantation. This study demonstrates a link between the 

physical properties of HAp particles and immunological responses. The researchers 

discovered that the size and morphology of HAp particles have considerably impact the 

production of inflammatory cytokines, both in vitro and in vivo. Smaller, needle-shaped 
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HAp particles generated a longer inflammatory response than spherical-shaped 

nanoparticles and bigger spherical HAp particles. This study shows that smaller HAp 

particles could be useful tools for encouraging successful tissue remodelling, regulating 

immune cell responses, and sending information to adjacent tissues. Chen et al. (2017) 

investigated the mechanical characteristics and biocompatibility of porous titanium 

scaffolds used in bone tissue engineering, to facilitate bone regeneration and repair. 

These scaffolds were constructed utilizing a powder metallurgy method, with 

magnesium powders serving as the space to facilitate holding material. The scaffolds 

had porosity levels of up to 50 per cent. Their linked structure encourages tissue growth 

in the surrounding areas. Disegi et al. (2000) tested the degradation of resorbable 70:30 

poly (L/DL-lactide) craniofacial bone implants in vitro. The fixings were placed in rigid 

polyurethane foam and subjected to a phosphate buffer solution for eight weeks. The 

test block was found to be suitable for conducting the mechanical test. After 4- and 8-

week immersion periods, the pull-out strengths of 1.5 mm resorbable screws were 

found to be no different than those of unexposed control samples, although screw shear 

strengths were lowered.  

G. Huang et al. (2018) investigated PLA nanocomposites and PDL-grafted nHAp 

via stereo-complexation which show better interfacial adhesion for bone repair and 

regeneration This strategy resulted in increased tensile strength and other mechanical 

properties, making it a potential method for creating material composites for load-

bearing bone restoration applications. G. Huang et al. (2018) discussed PLA 

nanocomposites and PDL-grafted nHAp, demonstrating improved interfacial adhesion 

for bone repair and regeneration through stereo-complexation. This approach enhanced 

tensile strength and other mechanical properties, ultimately providing a promising 

method for developing material composites suitable for load-bearing bone repair 

applications. C.E. Wen et al. (2001) demonstrated the fabrication of porous titanium 

(Ti) and magnesium (Mg) foams for bone substitutes utilising a powder metallurgical 

technique. The foams displayed an open cellular structure, with pore diameters ranging 

from 200 to 500 µm and porosities of roughly 78% for Ti foam and 50% for Mg foam. 

The compressive strengths for Ti foam were 35 MPa and 2.33 MPa for Mg foam, 

respectively, while cancellous bone strengths typically vary between 3 to 20 MPa. 

Young's modulus was 5.3 GPa for Ti foam and 0.35 GPa for Mg foam, which were 

identical to natural bone values. Prati, Kim, & Matthewson (2017) conducted a study 
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on the fatigue behaviour of absorbable sutures in a controlled environment, focusing on 

the time to fracture. They measured fatigue as a function of the applied load. At high 

applied loads, a shift in the failure mechanism was observed; failures became brittle 

and were primarily influenced by the applied stress. In contrast, at lower loads, the 

failures were more ductile and were further affected by the test environment.  

Ozan, Lin, Li, & Wen, (2017) described Ti-Ta-Zr-Nb (TTZN) alloys with 

extremely high strength for orthopaedic implant applications. TTZN has been combined 

utilising the electron alloy design method. The microstructure, mechanical properties, 

and cytocompatibility of TTZN alloys were investigated. The modulus of resilience 

ranged from 6.21 to 9.37 MJ/m3, allowing for the creation of implants with great 

flexibility, which would be favourable to the reduced stress shielding phenomenon. 

Excellent compatibility with cell adhesion was eventually identified and, therefore, 

presented as a suitable material for usage in orthopaedic implants. Jaiswal et al., (2017) 

examined properties of the biodegradable composite Mg-3Zn-HA for use in 

orthopaedic fixture attachments, comprising mechanical, corrosion, and 

biocompatibility. They found that the elastic modulus was similar to that of cortical 

bone, and magnesium ions, after leaching, did not affect the cell tissues. Hydroxyapatite 

(HAp) was prepared using wet precipitation techniques, which successfully achieved 

the desired corrosion resistance and adjustable mechanical characteristics by 

incorporating HAp into the Mg-Zn matrix. Kulkova et al., (2017) described novel 

approaches to creating bioactive surfaces for these composites. Bioactive glass granules 

encapsulated in the resin were exposed through surface etching using an excimer laser. 

They examined two different kinds of bioactive surfaces: HAp granules and bioactive 

glass. In comparison to HAp, it was found that the bioactive glass exhibits greater cell 

adhesion in cell culture. Cell attachment was more successful because of the surface 

roughness, which was between 100 and 300 µm.  

Lebre et al., (2017) investigated the effect of HAp particle shape and size on 

inflammatory responses after implantation. This study demonstrates a connection 

between the immune responses and the physical characteristics of HAp particles. The 

size and shape of the HAp particle were found to affect the in vivo and in vitro 

production of inflammatory cytokines. Compared to spherical-shaped nanoparticles 

and larger-sized spherical HAp particles, smaller needle-shaped HAp particles 

produced a more prolonged inflammatory response. This suggested that these could be 
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useful tools for promoting successful tissue remodelling and modulating the immune 

cell response and signals to surrounding tissues. Tajbakhsh and Hajiali (2017) 

conducted a thorough investigation into the synthesis and characteristics of 

biocomposites built from polylactic acid (PLA) and ceramics for bone tissue 

engineering. They pointed out that PLA has certain drawbacks, such as decreased 

mechanical strength and restricted cell attachment because of its hydrophobic 

properties. However, due to its bioactive qualities, the addition of hydroxyapatite 

(HAp) greatly increases mechanical strength and improves cell adhesion. 

 Wang et al. (2014) examined nanostructured calcium phosphate biomaterials and 

stem cells in bone tissue engineering. Effective orthopaedic healing materials, they 

emphasised, fill up bone defects and serve as scaffolds that control cell behaviour 

utilising topographical, mechanical, and chemical cues. These nanostructured 

biomaterials encourage cell adhesion, proliferation, differentiation, and spreading, all 

of which improve bone repair. The study concluded that these biomaterials, which 

resemble real bone, have advantages over conventional materials, including higher 

surface-to-volume ratios, better wettability, and superior mechanical properties.  

Felfel et al. (2011) investigated the degradation, flexural, compressive, and shear 

properties of totally bioresorbable composite rods. These composite rods were made by 

compression moulding at 100 °C, with phosphate glass fibre reinforcing polylactic acid 

(PLA) with an acceptable fibre volume proportion. Degradation tests were carried out 

in phosphate-buffered saline (PBS). The mechanical properties of the rods were 

assessed before and following the deterioration trials. Mechanical characteristics 

reduced following immersion in PBS due to the plasticising influence of water within 

the composite and fibre breakdown. Following degradation, the composite rods 

developed porous structures, identified as the primary cause of the decrease in 

mechanical characteristics and mass. A study conducted by Böstman and Pihlajamäki 

in 2000 focused on cost analysis regarding savings achieved through the use of 

absorbable polyester pins and screws for the internal fixation of small fragment 

fractures. This cost analysis included both medical care expenses and the costs 

associated with lost work time. The research examined 994 fracture patients treated 

with absorbable internal fixation devices, alongside 1,173 patients who underwent 

surgery using conventional metallic devices. The types of fractures analyzed included 

uni- and trimalleolar fractures of the ankle, olecranon fractures, and metacarpal 
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fractures. The study found that the breakeven point for costs was reached at a removal 

rate of 19% for metacarpal fractures, 21% for unimalleolar fractures, 46% for olecranon 

fractures, and 54% for trimalleolar fractures. 

1.10 Research Gap 

There is limited literature on fabricating bioabsorbable fracture fixation materials using 

nanoparticle technology or additive polymers that meet standard dimensions. 

Furthermore, the fabrication of bioabsorbable internal fixation devices using injection 

moulding has not received much attention. Complications may arise from the non-

biocompatibility of the breakdown products rather than the implants themselves, as well 

as from their long-term in vivo performance. One potential solution is the use of 

polymer-ceramic composite systems. Adding bioactive ceramic fillers, such as 

hydroxyapatite, tricalcium phosphate, or other calcium salts, to a bioresorbable polymer 

can enhance osteoconductivity, promote bone regeneration, and help buffer the acidic 

breakdown products, thus reducing the likelihood of an immune response in the body. 

PLA and its copolymers have been widely used in various fracture fixation devices. 

Additionally, composites made from PLA as the matrix and bioactive fillers like silk 

fibres and glass fibres can improve mechanical effectiveness and performance. 

  Although the literature indicates the fabrication of PLA/HAp composites with a 

modulus similar to that of cortical bone, controlling their resorption rates remains a 

challenge. Moreover, a detailed investigation into the fabrication of drug-eluting, load-

bearing bioresorbable fixation devices made from PLA/nHAp composites has not yet 

been fully confirmed by available research. Further research is needed to validate the 

efficacy of in vitro hydrolytic degradation and to characterize mechanical properties 

according to ASTM standards. This work is crucial to meeting the requirements for 

bioabsorbable internal fixation devices (IFDs) for various age groups and remains a 

priority for future investigation. 

Extensive research is needed to validate the efficacy of in vitro hydrolytic 

degradation and to characterize the mechanical properties according to ASTM 

standards. This is essential for developing bioabsorbable internal fixation devices 

(IFDs) suitable for various age groups. Future investigations should include in vivo 

studies of these internal fixation devices to observe their behavioural response when 

exposed to living organisms. Additionally, incorporating various functional nanofillers 
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into the existing matrix and reinforcement is vital for fabricating effective internal 

fixation devices. 

 

Though several works have reported using PLA and its composites as a 

biodegradable non-load bearing implant material, the strength, morphology, and other 

physicochemical properties are still a matter of concern [Russias et al., 2006; Kontakis 

et al., 2007]. While the clinical outcome of the different implants made of bio-

degradable material is still debatable, there is hardly any consensus on their viability as 

internal fracture fixation device. However, no study has combined PLA, modified 

chitosan (MCS) and HAp for biomedical applications and as an alternative to the 

metallic fixation device for non-load bearing applications. Also, there is no clear 

biomechanical parameter based on which a comparative stability assessment of these 

extramedullary implants can be made. Moreover, various authors have previously 
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employed FE analysis to assess the performance of metallic plates fracture fixation, 

there is no detailed FE study on PLA-based fractured plates in low load-bearing body 

regions [Tarashi et al., 2016; Peng et al., 2015; Lovald et al., 2006; Haneef et al., 2019; 

Ilavarasi et al.,2011; Vajgel et al., 2013]. Most of the FE analysis work on polymeric 

implants are based on simplistic assumptions or data carried from other reported 

experiments [Ilavarasi et al.,2011; Vajgel et al., 2013; Narra et al., 2014; Wang et al., 

2016]. There is also a lack of rigorous preclinical assessment that considers the 

osteotomies' physiological loading conditions. With recent advances in computation 

biomechanics and synthesis of biomaterials, FE analysis can be employed once the 

material is fabricated to successfully assess the performance of different implant 

materials and evaluate the efficacy of various implantation techniques.  

1.11 Objectives 

The following objectives were set for the research work: 

• Objective 1: Fabrication of nano-hydroxyapatite and chitosan-reinforced PLA 

bio-composite and its subsequent thermo-mechano-analysis as bioabsorbable 

internal fixation devices.  

• Objective 2:  in silico biomechanical analysis of the formulated PLA-based 

composite as an implant material for low load-bearing fracture fixation devices.  

• Objective 3:  in vitro cytotoxicity study and in silico analysis of the formulated 

PLA-based composite as a coating material on the surfaces of high load-bearing 

metallic implants. 

 

 
Fig. 1.7: Flow chart depicting the overall goal of the thesis objective-wise. 
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1.12 Overview of the thesis 

Overall, the work has been conceived in 6 chapters. Chapter 1 provides a 

comprehensive review of the literature and current state of the art related to the field 

related to the various polymeric based bio-composite implants and their viability as a 

fracture fixation device using FE analysis. Further the research gaps were discussed and 

the objective for the present study was outlined. Chapter 2 explains the techniques 

related to the synthesis of polymers, the chemicals used for various experiments, and 

the methodologies employed in the in silico studies. Chapter 3 deals with the fabrication 

of nano-hydroxyapatite (nHAp) and modified chitosan (MCS) reinforced polylactic 

acid (PLA) bio composite for bioresorbable internal fixation device. The chapter in 

detail discusses the synthesis technique of the bio-composite and the associated 

characterisation. In Chapter 4, the mechanical strength of the bio-composites was 

measured and the concentration that would deliver the highest strength was identified. 

Moreover, PLA based bio-composite were biomechanically evaluated through in silico 

study using FE analysis to check its viability for mandibular joint fracture. The aim of 

Chapter 5 was to test the fabricated bio-composites for their in vitro cytotoxicity activity 

by MTT assay on mouse fibroblast (L929) cell line and further predict its performance 

as a coating material over the metallic implants for high load bearing bone fracture. 

Chapter 6 summarises the salient findings of the present work. 
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2.1 Introduction 

It has often been observed that the bioabsorbable polymeric materials used as IFDs do 

not adequately support the load-bearing capacity and degrade too early, which can 

hinder bone fracture healing. PLA is a bio-based, aliphatic polyester used in various 

applications, including food packaging, bone defects, wound healing, tissue 

engineering and others. At the same time, its processing techniques take into 

consideration the most important factors, such as mechanical properties, sustainability 

during processing, and performance stability. However, incorporating 

various fillers such as HAp, CS, silver, and copper to improve properties such as load 

bearing capacities, bioactivity, and antimicrobial and anti-inflammatory effects can also 

accelerate new bone tissue regeneration, increase cell adhesion, and boost bioactivity. 

This chapter describes the use of PLA and various chemicals as per protocols for the 

experiments performed in the present research work. MCS and nHAp are selected as 

filler materials to be introduced into the PLA matrix. The synthesis of modified 

chitosan, conversion of PLA from commercial grade to pure grade, and fabrication of 

composites, followed by distinct physicochemical and thermo-mechanic 

characterisation studies are elaborately discussed. The chapter further deals with the 

techniques for extracting patient-specific bone models from CT data, mesh generation, 

and the development of FE models. 

2.2 Materials 

Commercial grade PLA (2003D, D-lactic acid: 1.4%, L-lactic acid: 98.6%, granules 

form, density of 1.24 g/cm3, melt flow index: 0.73g/min at 210°c, Mw/Mn = 1.8) with 

number average molecular weight (Mn) of ~150,000 Da and weight average (Mw) of 

~2,00,000 Da respectively was supplied by Natureworks®, USA was used in this 

investigation. The commercial nHAp (size of ~ 200 nm) is procured from Sigma 
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Aldrich, India and is utilised as a filler in this research work. Commercial medium 

molecular-weight chitosan (Mw = 240 to 280 kDa, degree of deacetylation ~80%) was 

received from Sigma-Aldrich, India. L-lactic acid (LA, 20% assay) aqueous solution 

procured from Purac, India. Whatman filter paper (grade 1) was used to extract the 

MCS. Chloroform (analytical grade, Assay min. 99%, density at 20ºC: 1.474-1.480 

g/ml) was procured from SRL Chemicals, India. Finar Chemicals, India, supplied 

methanol. HPLC-grade chloroform was procured from Merck, India. Acetone (~99%, 

density at 20ºC: 0.791-0.793g/ml) was procured from Fisher Scientific, India. All the 

materials without PLA were being used as received without further purification. 

Millipore water (Metrohm, ELIX 3) was used as a solvent in contact angle analysis. 

2.2. Methodology 

2.2.1. Purification of commercial-grade PLA 

As reported in the literature, the commercial PLA (2003D) granules were purified by a 

precipitation method. The purification of the commercial PLA into a medical-grade 

PLA has been carried out to make it suitable for medical applications. At room 

temperature, 50 g of PLA granules was dissolved in 250 mL chloroform and 

precipitated in 1000 mL methanol. Then, it was dried in a hot air oven at 55 °C for 24 

h. The obtained fibrous PLA was converted to powder form at 24000 rpm with a 

disintegrator (Make: Huanghua, Model: FW100) (Fig. 2.1). 

 

 
Fig. 2.1: Purification of PLA: (a) PLA precipitation in methanol, (b) extracted fibrous PLA, 

(c) dried PLA flakes. 
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2.2.2. Synthesis of modified Chitosan (MCS) by condensation polymerization 

Firstly, the lactic acid (LA) and chitosan were mixed manually in 5:1 (wt/wt %) 

proportion in a glass beaker based on the performed preliminary investigation. The 

mixture was kept undisturbed for 12 hours to facilitate the proper soaking of LA into 

chitosan and enhance its reaction performance [Pal et al.,2015]. A two-neck round-

bottom flask (RBF) was placed in the microwave, equipped with a mechanical stirrer 

 

 
Fig. 2.2: Synthesis of modified chitosan (MCS): (a) microwave-assisted setup, (b) 

conversion of lactic acid to oligomer, (c) resulted modified chitosan post polymerisation. 

TH-3869_186107004



 

Chapter 2 

 

 34 

and a condenser. The soaked mixture was then charged into a two-neck flask with a 

magnetic bead, and the temperature was increased to 120 °C from room temperature 

under nitrogen flow. The reaction was exposed to an inert atmosphere for 1 hour to 

remove the condensate water and lactide. The condensation polymerisation reaction 

was performed to prepare the OLLA-g-CH master batch in the microwave at 110 °C 

for 30 min at 240 W under “convection cum microwave” mode. The employed 

microwave-assisted condensation polymerisation reaction mechanism finally resulted 

in a viscous blackish-brown residue. The copolymer was further vacuum-filtered and 

dried to get the desired product (Fig 2.2). 

2.2.3. Processing of PLA/MCS/nHAp bio-composites by melt-blending  

PLA granules, nHAp and MCS were dried at 40°C in a vacuum oven for 12 hours to 

eliminate the residual moisture content. The MCS was subsequently dissolved in 

acetone, followed by vacuum filtration using filter paper of pore size ~450µm to discard 

the undissolved content. Thereafter, the vacuum-dried PLA flakes, nHAp and dried 

MCS powder were mixed manually and introduced to the hopper where the bio-

composites were fabricated with the help of a twin-screw extruder (Haake, Minilab II, 

Thermo Fischer Scientific). A processing temperature of 180 °C and screw speed 

of ~ 100 rpm were considered in this investigation to extrude the biopolymer [Prasad et 

al.,2017]. Neat PLA and PLA/MCS/nHAp bio-composite were received in the form of 

long strips of dimension~5x0.5 (width x thickness) as products. The dumbbell shape 

was also fabricated as per ISO527-1BA using an injection molding machine (Haake, 

Minijet Pro, Thermo Fischer Scientific) at 190°C and a feeding pressure of 50 bar. The 

mold temperature was maintained at 90°C. The prepared samples were stored in 

Table 2.1: Parameters of the extrusion cum injection molding process 
 

Processing temperature 180°C 

Residence time 1 min 

Twin screw speed (rpm) 70 

Compressed air pressure 50 bars 

Extrusion die (strip with 5 mm) Flat type 
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desiccators for further analysis. Figure 2.3 explains the scheme of the process utilised 

for PLA/Hap composites. Table 2.1 shows the parameters followed during the extrusion 

process. The media used during the extrusion process is compressed air of pressure in 

the range of 50-100 bar. Figure 2.4 shows the functioning of the equipment for extrusion 

cum injection molding process.   

The measured quantity of PLA, nHAp, and MCS were loaded in the twin screw 

extruder through the hopper. The rotation of each screw in the opposite direction 

enables the proper mixture of material. A residence time of 1 minute was maintained 

during the operation for thorough melt-mixing. Thus, the biocomposite composition is 

taken as (i) neat medical grade PLA, (ii) PLA + 15wt% nHAp, (iii) PLA + 15wt% 

 
Fig. 2.3: Processing of PLA/MCS/nHAp bio-composites by melt-blending using extrusion 

cum injection molding technique. 
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nHAp + 6 wt% MCS, and (iv) PLA + 15wt% nHAp + 9 wt% MCS was extruded in the 

form of long strips with the dimensions of ~ 5 × 5 mm. The prepared samples were 

stored in desiccators for further analysis. 

2.2.4 Analytical instrumentation and Characterization of PLA/MCS/nHAp bio-

composites 

The extruded PLA/MCS/nHAp bio-composites were characterized through various 

analytical studies like X-ray diffraction studies (XRD), Thermal studies through 

differential scanning calorimeter (DSC) and thermal gravimetric analysis (TGA), 

functional group identification through Fourier transform infrared spectroscopy (FTIR) 

and mechanical testing through a universal tensile testing machine (UTM). Surface 

wettability measurement through contact angle measurement. The surface 

morphological studies were done through a field emission scanning electron 

microscope (FESEM). The total sizes of batches were selected as Neat PLA, 15% 

nHAp, 20% nHAp, 6% MCS and 9% MCS weight (Wt.)  

2.2.4.1 Mechanical properties 

Evaluation of the mechanical properties is one of the critical parameters in fabricating 

a particular biocompatible composite for the design of a biomedical device. The 

assessment of its ability to withstand mechanical load in fulfilment of a specific 

function is required in biomedical applications. The prepared PLA composite with the 

mentioned composition was blended in a twin-screw extruder cum injection moulding. 

The maximum torque set during the mixing process was 100 Nm at 70 rpm for 1 min 

 
 
Fig. 2.4: Functioning layout diagram of the extrusion cum injection molder (Google). 
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and then extruded. The extruded mixture was then moulded in a microinjection 

moulding set-up as per ISO 

527–2-1BA shape and was 

characterised by their 

mechanical properties such 

as tensile strength, tensile 

modulus, % elongation, and 

fractured surface 

morphology. The test was 

carried out by a load cell 5kN 

in a controlled environment 

(25 °C and 78% RH) and at a 

cross-head speed of 1 

mm/min—accordance with ASTM D638. The name of the instrument utilised for this 

purpose is the universal testing machine (Kalpak Instruments, India). Three specimens 

in each combination of samples were considered, and the average obtained in each case 

is reported along with the standard deviation. 

2.2.4.2 Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectra of the samples were obtained from attenuated total reflection (ATR) 

mode in the Frontier FTIR spectrometer (PerkinElmer, USA) at room temperature. The 

prepared samples were analysed, and the spectra were recorded in the range of 2500 to 

500 cm−1. The various functional groups in the prepared samples were confirmed by 

analysing the spectra. 

2.2.4.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of the prepared samples (~ 6–7 mg) was performed with 

the thermogravimetric analyser (TGA-4000, PerkinElmer, USA) to examine the 

thermal stability and thermal degradation temperature of the samples. The samples were 

inserted in the alumina crucible of the analyser, and the temperature was increased from 

30 to 700 °C with a heating rate of 10 °C/min. Throughout the analysis, an inert 

atmosphere inside the crucible chamber was maintained using nitrogen gas with a flow 

rate of 60 mL/min. 

2.2.4.4 Differential scanning calorimetry (DSC) 

Fig. 2.5: Mechanical strength analysis of the 

specimen under UTM. 
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Different thermal states such as glass transition temperature, cold crystallisation 

temperature and melting temperature of the prepared melt extruded PLA/MCS/nHAp 

composite strips were investigated using a DSC (Make: NETZCH, Model: Phoenix 

204) in the temperature range of 30 to 200°C, at a scanning rate of 10°C/min under N2 

gas with a flow rate of 60ml/min and by the application of two heating and one cooling 

cycles. Two thermal cycles were applied, in which the first cycle was done from 30 to 

200°C at 10°C/min, followed by isotherm condition maintained at 200°C for 2 min and 

further a cooling cycle was performed from 200 to 30°C with the same scan rate. The 

isothermal condition was maintained at 180°C for 2 minutes after the first cycle was 

completed. The second cycle was repeated as that of the first one to eliminate the 

thermal history. The first heating was applied to remove the bounded moisture from the 

composite strips. Further, to ensure the complete crystallization, the sample was cooled 

down to 30°C at 10°C/min and the temperature was maintained for 1 hour at isothermal 

condition. Before the analysis, the instrument was calibrated with Indium standards 

using a platinum-based crucible. The curves plotted from the obtained data by the 

second cycles recorded the melting temperature, crystallisation temperature, and glass 

transition temperature of the samples. 

2.2.4.5 Contact angle analysis 

Static water contact angle measurements evaluate the wetting behaviour of the surfaces. 

Contact angle measurement (Make: KRUSS; Model: DSA25E) was performed with the 

prepared biopolymer samples to study the hydrophobicity and hydrophilicity 

properties. The sessile drop method investigation was conducted at room temperature. 

The prepared samples were kept on the glass slide and fixed in the sample holder. A 

calibrated quantity of water droplet (1 mL) was dropped on the surface of the specimen. 

The continuous video was recorded for 60 seconds, and the angle was measured at an 

interval of 10s. Thus, six readings were noted for each sample, and the average was 

considered for investigation. The wettability property also provides information about 

cell and bacterial adhesion. 

2.2.4.6 Surface morphology 

The prepared samples were characterised with a field emission scanning electron 

microscope (FESEM) (Zeiss, Germany, Model Sigma) at an accelerating voltage of 2–

3 kV. The specimens were mounted on aluminum stubs followed by gold sputtering to 

make them conductive before subjecting them to analysis. To verify the dispersion of 
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nHAp along with the oligomeric grafted chitosan, EDX analysis was performed with 

an accelerating voltage of 20 kV. The presence of elements can be detected by mapping 

the X-rays generated from the desired elements. 

2.2.4.7 X-ray diffractometer 

XRD analysis was analyzed by an X-ray diffractometer (D8 Advance, Bruker, 

Germany) equipped with a goniometer and Ni-filtered Cu-Kα radiation (λ = 1.54 Å). 

The operating conditions of diverging and receiving slits were at 40 kV and 40 mA. 

The relative intensity was recorded in 2θ range of 10° to 50° with a continuous 

increment and scan speed of 0.05°/sec and two sec/step, respectively. All the samples 

were annealed at 60°C for 2 h before the analysis. The p and PLA/nHAp bio-

composites. The characteristics peak of highest intensity for nHAp was obtained at 2Ɵ 

of 31° corresponding to 211 planes. In the case of PLA/nHAp, the sharp crystallization 

peak at 2Ɵ =16.2° is observed from (2, 0, 0) reflection for PLA. The crystallographic 

analysis of the PLA shows sharp crystalline peaks at 16.2° (2, 0, 0) which correspond 

to α crystalline form of the PLA.  

2.2.4.8 Determination of cell cytotoxicity by MTT Assay 

The cell culture monolayer was trypsinized and the cell count was adjusted to 100,000 

cells/mL using MEM containing 10% FBS. To each well of the 96-well microtitre plate, 

0.1 mL of the diluted cell suspension was added. After 24 h, when a partial monolayer 

was formed, the supernatant was flicked off, the monolayer was washed once with 

DPBS and different test concentrations were added in triplicates to microtitre plates. 

The untreated cells were maintained as cell control for comparison. The plates were 

then incubated at 37°C for different time intervals (24h,48h & 72h) in 5% CO2 

atmosphere, and microscopic examination was carried out and observations were noted. 

After specific time intervals (24h,48h & 72h), the test solutions in the wells were 

discarded, and 100 mL of MTT diluted with DPBS was added to each well. The plates 

were incubated for 3 h at 37°C in a 5% CO2 atmosphere. The supernatant was removed, 

100 mL of DMSO was added and the plates were gently shaken to solubilise the formed 

formazan. The absorbance was measured using a microplate reader at a wavelength of 

570 nm. 

2.2.5 FE model generation of the mandibular bone and distal tibia implanted 

construct 
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The 3D FE models corresponding to the mandibular joint was created from CT scan 

dataset using medical image processing program Simpleware™ (Synopsys Inc., 

Mountain view, USA) (Fig. 2.6). The CT scans (512 x 512 resolution, 120 kVp, 1.0 

mm slice thickness and 0.64 mm layer spacing) was obtained from an open-source 

repository [Wallner and Egger, 2018]. The CAD model of the plates and screws was 

generated using the NURBS modelling environment of Rhinoceros (Fig. 2.7). The 

fixatory implants were made thicker based on previous research work (Table 2.2) [Altai 

et al., 2016; Narra et al., 2014]. A non-uniform transverse fracture gap was simulated 

in the mandibular bone of size~1mm [Wang et al., 2016]. The plates and screws were 

then virtually implanted with the mandibular joint. The 3D models were then imported 

into Ansys ICEM CFD v15.0 (ANSYS Inc., PA, USA) to generate volumetric meshing 

comprising of 10-noded tetrahedral elements. Thereafter, the volumetric mesh was 

imported to Ansys Mechanical v15.0 (ANSYS Inc., PA, USA) for computational 

analysis. Mesh convergence analysis was used with three different sizes of mesh of 

1mm, 2mm and 3 mm. Increasing the mesh size from 1 mm (fine mesh) to 2mm 

(medium mesh), varied the peak von Mises stress by ~0.2% whereas the change was 

almost ~8% from medium sized mesh to coarse sized mesh (3mm). Therefore, the 

medium sized mesh was considered sufficiently accurate [Nag and Chanda, 2021]. Two 

different fracture model were analysed: one with hairline fracture in the mandibular 

joint and the other with varied fracture gap~1mm. An open-source software 

Fig. 2.6: CT data of human cranio-maxilla facial part with extracted mandibular joint 

(lower right corner). 
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BONEMAT was used to calculate the average modulus of the bone. Linear elastic, 

isotropic and homogeneous material property were considered for both the bone and 

implants (Table 2.3). The material for the implant was considered as Ti and PLA based 

composites. The modulus of the PLA based composite was measured from the 

mechanical testing experiment mentioned in section 2.2.4.1. Poisson’s ration of the 

bone and Ti implant was considered as 0.3, whereas for PLA based composite it was 

0.36 [Torres et al., 2015]. Every interface of the FE models has been considered as 

bonded under all conditions.  

 
Fig. 2.7: CAD model: plates are fixed to the mandibular joint with 1 mm fracture gap. 

Table 2.2: Specifications corresponding to the plate and screw. All dimensions are 

in mm. 

Plate thickness 
Diameter of Screws Length of Screws 

head shaft head shaft 

3.0 1.5 2.0 3.0 7.0 

Table 2.3: Material property data (based on ASTM 308#, Torres et al., 2015*). 

Material Young’s modulus (MPa) Poisson’s ratio 

Cancellous 155* 0.3 

Cortical 13,700  0.3 

Plate & screw (Titanium) 113,000# 0.3 

Plate & screw 

(PLA/nHAp/MCS) 
1,000 0.36* 
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Various literature has reported the normal bite force applied by human incisor teeth 

in between 100N and 600N [Cansiz et al., 2015; Arbag et al., 2008]. A load of 100 N 

was considered as bite force to the mandibular bone in the downward direction and 

occlusal load of 132 N was considered on the lower first molar of both the sides (Fig. 

2.8) [Harada et al., 2000]. The mandibular lower edge was constrained at all six DOF’s 

and the acetabulum part was constrained to all the three translatory DOF’s whereas the 

upside boundary was constrained to translation in the X axis and rotation wrt. Y and Z 

axis [Wang et al., 2016; Haneef et al., 2019]. 

The 3D FE model corresponding to the tibia was created from the CT scan dataset 

of ta cacinoma patient using the medical image processing program D2P (3D SYSTEM, 

South Carolina, USA). The FE model of the DT-NBA, however, was generated based 

on the shape of the distal tibia of the patient using Geomagic Freeform (3D SYSTEM, 

South Carolina, USA (Fig. 2.9 a)). A coating layer of 1 mm thickness of the PLA/HAp/ 

MCS bio-composite was considered between the bone and implant. The virtual 

implantation of the DT-NBA to the tibia was also carried out in the Freeform modelling 

environment (Fig. 2.9 b). The 3D models were then imported into Ansys ICEM CFD 

 
Fig. 2.8: 3D FE model of the implanted mandibular bone subjected to different loading and 

constraints. 
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v15.0 (ANSYS Inc., PA) to generate volumetric meshing comprising 10-noded 

tetrahedral elements. Mesh convergence analysis was carried out with three different 

mesh sizes and the final mesh size was predicted 

to be 1 mm for the implant  and coating, and 

1.5mm for the bone [Nag and Chanda, 2022]. 

Thereafter, the volumetric mesh was imported into 

Ansys Mechanical v15.0 (ANSYS Inc., PA, USA) 

for FE analysis (Fig. 2.10). The nodes of the 

proximal part of the tibia were constrained both in 

the translational and rotational degree of freedoms 

(DOFs) and the load was applied distally on the 

tibia [Seireg et al., 1975; Stauffer et al., 1977]. 

Only axial compressive load was considered for 

the model which was 3000 N, to simulate 

dorsiflexion loading condition [Procter et al., 

1982; Jyoti and Ghosh, 2023]. The implanted tibia 

was made vertically upside down for the present 

analysis to match the experimental protocol for 

Fig. 2.9: 3D CAD model: (a) Implant, (b) Tibia extracted from CT dataset 

 

 
Fig. 2.10: 3D FE model of the 

implanted tibia (vertically 

upside down) with loading and 

boundary conditions. 
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such cases for further future study (Fig. 2.10) [Cristofolini and Viceconti, 2000]. The 

material for the implant and screw was considered to be Titanium (Ti-6Al-4V) with 

Young's modulus of 113GPa whereas for the tibia it was 16.7 GPa (cortical bone). 

Poisson’s ratio was set as 0.3 for all materials. All interfaces of the FE models were 

assumed to be bonded under all conditions. 
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Fabrication of nano-hydroxyapatite and chitosan-reinforced 

polylactic acid bio-composite for bioresorbable internal fixation 

device 

 

 

 

3.1 Introduction 

The selection of internal fixation devices, like bone plates, screws, pins, and staples, 

depends on the fracture site. According to the global market scenarios, the market share 

of fixation devices is set to reach USD 9.5 billion by 2025. The market for trauma 

fixation devices will experience growth due to the increasing incidence of osteoporosis, 

rheumatoid arthritis, and sports injuries. Although conventional metallic fixation 

implants provide good stability, the main disadvantage is the need for revision surgery 

to remove the metallic implant after healing [Subbiah et al.,2005]. As a result, it leads 

to a more invasive procedure. The other disadvantages include stress shielding, 

corrosion, image interference with CT scans, MRIs, and others [Onche et al., 2011; Nag 

and Chanda, 2021; Nag et al., 2022]. The alternative solution could be replacing 

conventional fixation devices with bioresorbable polymeric systems, whose properties 

almost match those of natural bone. Once implanted in the body, the bioresorbable 

implants break down into harmless by-products that are eventually eliminated from the 

body and replaced by host tissue [Yetkin et al., 2000]. Thus, the need for revision 

surgery can be averted, thereby controlling the limitations. 

The material of interest for this application includes mainly biodegradable 

polyesters, which comprise synthetic biopolymers like poly lactic acid (PLA), 

polyglycolic acid (PGA), polycaprolactone (PCL), and natural polymers such as 

chitosan, alginate, collagen, and fibrin [Suzuki and Yakada, 2012; Bhasney et al., 2017; 

Russias et al., 2006; Kontakis et al., 2007]. Parameters like mechano-thermal stability 

and easy processing capability also play an essential role in selecting materials and 

subsequent fabrication. Among the polymers mentioned above, PLA is an aliphatic 

polyester with advantages such as renewability, biocompatibility, and processibility 

compared to other bioresorbable polymers [Tripathi et al., 2016]. PLA, derived from 
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renewable natural resources by the fermentation of agricultural feedstock, has garnered 

much attention in the biomedical field. The degradation products of PLA are not toxic 

and serve as an excellent material for implants and drug delivery systems [Shan et al., 

2020]. 

An ideal polymeric implant material must not only meet the physical properties of 

the bone but also be bioactive to promote host-cell adhesion. Various inorganic 

materials, such as hydroxyapatite, bio-glass, chitosan, silver, copper, and other 

bioactive fillers, are incorporated into the PLA matrix to enhance its effectiveness 

[Gross et al., 2013; Binay and Kumar, 2019; Liu et al., 2014]. Work on fabricating 

composite materials is also carried out by combining biopolymers to enhance their 

efficacy and feasibility [Buzarovska et al., 2018]. 

The inorganic phase of bone is mainly hydroxyapatite (Ca10(PO4)6(OH)2) (HAp), 

which constitutes 60–70% of the dry weight of the bone [Wendel et al., 1998]. Using 

nanohydroxyapatite (nHAp) as filler material for bone tissue scaffolds will promote 

good cell adhesion and enhance the bioactivity process [Shepherd et al., 2012]. Also, 

nHAp is an excellent bioactive site and imparts mechanical stability due to its high 

aspect ratio. Hence, it is extensively considered as a filler material for orthopaedic 

fracture fixation devices [Felfel et al., 2013]. On the other hand, chitosan (CS) is a 

natural biopolymer resulting from the partial deacetylation of chitin [Singh et al., 2018; 

Cheung et al., 2015; Kumar et al., 2004]. The use of CS in the biomedical field is due 

to its good antimicrobial properties, biodegradability, and biocompatibility [Cheung et 

al., 2015]. Apart from these characteristics, chitosan promotes the bone cells' adhesion 

and proliferation, along with a low cellular response (non-toxicity). CS can be modified 

by adopting a graft co-polymerisation procedure to enable its better dispersion in the 

hydrophobic PLA matrix and thereafter will be referred to as modified chitosan (MCS) 

in the manuscript. MCS synthesised through the condensation polymerisation 

procedure resulted in enhanced physical properties and surface characteristics of the 

composite that are significant for tissue engineering applications [Pal and Katiyar, 

2016]. 

It is evident from the literature that osteogenic capability improves with the use of 

PLA/nHAp in repairing bone defects Also, improvement in neovascularisation and 

newer bone formation was reported by [Tu et al., 2020]. Moreover, the PLA/nHAp 

combination has the proven ability to improve the osteo-conductivity [Liu et al., 2020]. 
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In addition, PLA/nHAp also supports cell adhesion and proliferation [Sun et al., 2022]. 

Many researchers reported the ability of PLA/nHAp bio-composite in the application 

of bone tissue repair and biomedical implants [Jia et al., 2023; Bikiaris et al., 2023; 

Prasad et al., 2023 (A); Prasad et al., 2023(B)]. 

Though several studies have reported using PLA and its composites as a 

biodegradable, non-load-bearing implant material, the strength, morphology, and other 

physicochemical properties are still a matter of concern [Prasad et al., 2017; Tripathi et 

al, 2016]. To the author's knowledge, no study has combined PLA, modified chitosan 

(MCS), and nHAp for biomedical applications as an alternative to the metallic fixation 

device for non-load-bearing applications. We hypothesize that the present combination 

of PLA, MCS, and nHAp would have justified mechanical properties and 

physiochemical characteristics to be used as a non-load-bearing internal fixation device. 

3.2 Results and Discussion 

3.2.1 Mechanical tests 

The mechanical tests were carried out with the samples prepared from PLA, PLA + 15% 

nHAp, PLA + 15% nHAp + 6% MCS and PLA + 15% nHAp + 9% MCS. The Young’s 

modulus (GPa), tensile strength (MPa), and percentage of elongation are shown in 

Fig. 3.1. Fig. 3.1 (a) shows Young’s modulus of the prepared film samples. The 

addition of nHAp to the PLA has resulted in an increase in Young's modulus by 11.86% 

compared to the neat PLA. On further addition of MCS (6%), a slight increase in 

Young's modulus (up to 7.75%) was witnessed. However, when the percentage of MCS 

  

(a) (b) 

Fig. 3.1: Mechanical testing (a) Young’s modulus (b) tensile strength and elongation of the 

prepared samples.   
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was further increased from 6 to 9%, it resulted in decrease of the Young's modulus by 

5.6%. The Youngs modulus was found to be higher for PLA+nHAp+6%MCS 

composite whereas the influence of both 6% and 9% MCS in the PLA+nHAp matrix in 

the ultimate tensile strength is almost similar (Fig. 3.1). A reduction of 26.91% (from 

42.62 MPa to 31.15 MPa) was witnessed with the ultimate tensile strength of PLA+15 

% nHAp + 9% MCS compared with PLA. The reason might be the presence of low 

molecular weight MCS in the matrix. With the increase in MCS wt%, the associated 

number of shorter polymer chains also increased. During the tensile testing of prepared 

samples, these shorter chains align faster than the longer ones, resulting in lower tensile 

strength values.  

3.2.2 Fourier transform infrared analysis 

In FTIR analysis, the peaks corresponding to PLA (Fig. 2) depict the asymmetric CH3 

stretching at 2996 cm-1, symmetric CH3 stretching at 2946 cm-1, C − H stretching at 

2880 cm-1, C = O stretching at 1748 cm-1, symmetric bending of CH3 at 1382 cm-1, and 

1381 − 1358 cm-1, asymmetric bending of CH3 at 1452 cm-1, asymmetric C − O − C 

asymmetric rocking CH3 at 1180 cm-1, symmetric rocking CH3 at 1128 cm-1, symmetric 

stretching C − O − C at 1080 cm-1, stretching C − CH3 at 1041 cm-1, stretching C − COO 

at 868 cm-1, rocking CH3 and stretching C − C at 954 cm-1, and bending C = O in PLA 

due to its crystalline phase at 753 cm-1. From the FTIR spectra of MCS, it is evident 

that the strong − N − H bending vibrations of secondary amides and –C = O stretching 

vibrations of primary amides in the chitosan powder occurred at 1545 and 1640 cm-1, 

respectively. But in the case of MCS, the regular peak (1545 cm-1) observed in the 

OLLA was shifted to a higher wavenumber (1550 cm-1) in OLLA-g-CH. Pal et al. 

(2016) in their study has also reported similar kind of findings. Also, an extra peak was 

detected at 1539 cm-1 in the modified chitosan, ensuring the amide ester linkage of 

chitosan with repeat lactic acid units. This peak (1539 cm-1) is evidence of the structural 

modification in the chitosan backbone. Fig. 3.2 also depicts the polymeric chain growth 

of OLLA on the chitosan backbone because of grafting. The nHAp spectrum shows the 

bands corresponding to O–P–O bending at 570 cm-1, the bands corresponding to 1097 

cm-1, 1048 cm-1, 603 cm-1, and 507 cm-1 corresponded to various vibration modes of 

the phosphate group, while the band at 3574 cm-1 was assigned to the stretching of the 

hydroxyl group.  
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The FTIR spectra of all the PLA/nHAp/MCS bio-composites show the C = O band at 

1716 cm-1 as compared to 1746 cm-1 for PLA. Also, the spectra are observed with a 

decreased intensity because of the presence of MCS on the PLA surface. Further, it 

shows the presence of hydrogen bonding interactions between PLA and MCS. The –

N–H bending vibration at 1545 cm-1 in the case of MCS was shifted to 1510 cm-1 in all  

the bio-composites. 

3.2.3 Thermogravimetric analysis 

The temperature variation with a weight loss percentage (TGA) and derivative of 

weight loss (DTG) of the fabricated melt-extruded strips of neat PLA, PLA/nHAp, and 

PLA/nHAp/MCS bio-composites is shown in Fig. 3.3. The bulk of the thermal 

degradation occurred in the 350–440 °C range. The onset degradation temperature 

(Ton) of purified PLA, PLA/nHAp, bio-composite with 6% MCS, and bio-composite 

with 9% MCS occurred at 270, 276, 278, and 280 °C, respectively. In contrast, the 

ending point degradation temperature (Tend) was observed at 388, 402, 390, and 397 

°C for purified PLA, PLA/nHAp, bio-composite with 6% nHAp, and bio-composite 

with 9% nHAp, respectively. The maximum degradation temperature rate (Tmax) was 

378, 389, 381, and 383 °C for PLA, PLA/nHAp, bio-composite with 6% nHAp, and 

bio-composite with 9% nHAp. The weight loss % at Tmax for PLA, PLA/nHAp, bio-

composite with 6% MCS, and bio-composite with 9% MCS was around 37%, 35%, 

 

Fig. 3.2: FTIR spectra of the neat PLA and the prepared bio-composites. 
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26%, and 25%, respectively. The corresponding residual weight % observed was 

0.61%, 3.9%, 6.62%, and 7.2%, respectively. The residual weight is mainly because of 

the formation of carbonaceous char. Moreover, the primary reason for thermal 

degradation of PLA and its composite is attributed to the intramolecular trans-

esterification or backbiting reaction of PLA [Backes et al., 2019]. 

The thermal stability of neat PLA and its bio-composites is increased with nHAp 

and MCS fillers. On further addition of nanofillers (MCS), the thermal stability 

decreased due to the increment in the short-chain oligomer, which degraded the 

composites at lower temperatures [Ambrosio-Martín et al., 2016]. The observed peak 

 

(a) 

 

(b) 

Fig. 3.3: Plots of (a) TGA and (b) DTG of the prepared samples. 
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of maximum degradation of the bio-composites (Fig. 3.3) signifies that the thermal 

degradation occurred in the single-step process. 

The degradation temperature of the PLA/nHAp/MCS composites was higher than 

the neat PLA and Chitosan. Studies involving PLA composites prepared with neat 

chitosan and nHAp showed a maximum degradation temperature of ~ 357 °C [Torres-

Hernández et al., 2018]. In another study, Mohamad et al. observed the maximum 

degradation temperature (Tmax) of PLA composites with MCS, synthesised similarly 

to that of the current study, to be around 290 °C [Mohamad et al., 2021], whereas the 

Tmax of the bio-composite developed in the present investigation was found to be higher. 

Thus, the interaction of nHAp with MCS and PLA made the synthesised bio-composites 

superior in terms of thermal stability compared to neat PLA and PLA with chitosan. 

3.2.4 Differential scanning calorimetry analysis 

The DSC analysis of the samples indicated that with addition of nHAp in the PLA, the 

glass transition temperature (Tg) has increased as compared to the neat PLA. The reason 

for this occurrence can be attributed to the hindering of movements of the PLA chain 

caused by nHAp [Injorhor et al., 2022]. In contrast, a reduction in Tg was witnessed on 

addition of MCS with the PLA/nHAp (Fig. 3.4 and Table 3.1). This might be due to the 

fact that the oligomer chain present in the MCS leads to the plasticising effect, which 

in turn increases the PLA chain mobility and subsequently reduces the Tg. Further 

addition of MCS has lowered the cold crystallisation temperatures in the bio-

composites revealing that the MCS could support the crystallisation of PLA. This 

observation agrees with the other studies in which the investigators reported that 

chitosan promotes faster crystallisation by acting as a nucleating agent [Correlo et al., 

2005; Râpă et al., 2016]. In the case of melting temperature, no obvious change in trend 

was witnessed. 

Table 3.1: DSC thermogram results. 

  Tg (°C)  Tcc (°C)  Tm (°C)  

PLA  59.2  114.1  150.74  

PLA-nHAp  61.2  123.2  151.20  

6 wt % MCS 59.6  111.3  149.80  

9 wt % MCS 56.8  110.4  150.40  
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Fig. 3.4: DSC plot of PLA, PLA/nHAp, PLA/nHAp/6 wt% MCS, and PLA/nHAp/9 wt% 

MCS. 

 

3.2.5 Contact angle study 

The contact angle (Fig. 5) of the neat PLA was observed as 74.1°, which signifies the 

poor affinity of water on the polymer surface, i.e. its hydrophobic nature [Prasad et al., 

2017]. The addition of 15% nHAp into the neat PLA matrix drastically decreased the 

contact angle to 72.7°, suggesting the composite's hydrophilic behaviour. 

The modification of the chitosan through grafting technique provides good 

dispersion in the PLA matrix; however, it retains the nature of hydrophilicity regardless 

of the modification. In addition, the grafted oligomer which is the precursor of PLA has 

a hydrophilic nature. Moreover, the nHAp particles being hydrophilic itself contributed 

towards the overall hydrophilicity of the PLA composite [Liu et al., 2020]. Thus, the 

further addition of MCS to the PLA/nHAp composite showed a decrease of contact 

angle to 70.1°. The decrease in the contact angle, compared to the PLA/nHAp 

composite, might be due to the presence of modified chitosan in the PLA matrix. 

However, all the composites showed a less contact angle with respect to neat PLA. 

Also, the composites exhibited hydrophilic nature. Noteworthy to mention, the 

enhancement in the surface wettability property suggests that the bio-composites are 

suitable for cell adhesion. 
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Fig. 3.5: Contact angle analysis of the prepared samples.   

3.2.6 Surface morphology 

PLA is a semi-crystalline and hydrophobic polymer with inherent brittleness and low 

toughness that limits its application [Tripathi et al., 2016]. In contrast, CS is a 

hydrophilic filler with non-uniform distribution in the polymeric matrix due to amine 

and hydroxyl groups [Veljović et al., 2011]. However, adding a bio-compatibiliser can 

help to overcome this hydrophilic nature. Thus, when CS is grafted to lactic acid 

(oligomer), it results in the formation of chemically modified chitosan. Fig 3.6 depicts 

the difference in the surface texture of the composites with respect to the neat polymeric 

ones. Also, it shows how the morphology of PLA scaffolds changes before and after 

HAp and MCS incorporation. It can be observed that the pores present in the PLA/HAP 

composite got partially filled with CS [Gupta et al., 2017]. 

The presence of a filler in the polymer matrix augments the mechanical and 

resorption characteristics. However, the homogenous dispersion of fillers in the matrix 

is a more significant criterion [Veljović et al.,2011; Gupta et al., 2017]. Figure 6 also 

shows the surface morphology through FESEM of the extruded strips of neat PLA and 

the composites consisting of MCS and nHAp. The difference in the surface texture of 

the composites with respect to the neat PLA strips was observed. The smooth PLA 

surface indicates the swelling of PLA chains due to the presence of MCS in the matrix. 

The microscopy image of the neat PLA was found to be flaky, as shown in Fig. 6c 
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which was eventually made smoother surface after the addition of the MCS in the PLA 

matrix.  

This is evident of the plasticizing effect of the filler, which has increased filler 

loading and changed to a smoother surface. Also, the effect of extrusion is evident from 

the proper dispersion of MCS without any voids in the PLA matrix. The presence of 

nHAp on the surface is difficult to be differentiated from that of MCS through SEM. 

Hence, EDX analysis was also carried out (Fig. 3.7). Fig. 3.7 shows the EDX analysis 

in which the presence of a specific element was ensured by mapping the X-rays 

generated from the elements. In the nHAp-containing composites, the calcium (Ca) and 

phosphorus (P) were confirmed with the X-ray coming from the spectra. The FESEM 

and EDX analysis confirmed that the non-uniform distribution problem associated with 

 

Fig. 3.6: FESEM images of (a) nHAp (b) modified chitosan (MCS) (c) neat PLA (d) 

PLA/nHAp (e) PLA/nHAp/MCS. 
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the chitosan has been overcome with the MCS. Moreover, it also ensures that the nHAp 

is dispersed properly and present at the nanoscale on the matrix. The results have also 

demonstrated the uniform distribution and dispersion of nHAp with MCS as a 

compatibiliser. During the processing of polymers, it is generally observed that a trace 

amount of contamination may occur and sometimes it gets reflected in the results of 

few analyses. This explains the presence of a peak of phosphorus for the neat PLA and 

for the modified chitosan (Fig. 7). This may be considered to bear insignificant 

relevance to the overall composition of the composite. The biocompatibility and cell 

viability analysis of the prepared composition needs to be carried out before fabricating 

biomedical implants like bone screws and plates. 

3.3 Summary of the findings 

In the present investigation, an attempt has been made to develop novel bio-composites 

made of PLA, nHAp, and MCS. Also, the novelty of the work lies in the fact that the 

bio-composites were made through a solvent-free process through extrusion cum 

injection moulding. The prepared samples were tested for their morphology, 

mechanical strength, and thermal stability. CS has the drawback of poor dispersion in 

the PLA matrix, which has been overcome with the synthesised MCS. The addition of 

 

Fig. 3.7:  EDX analysis of (a) neat PLA (b) nHAp (c) modified chitosan (MCS) (d) 

PLA/nHAp/MCS. 
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MCS and nHAp to the pristine PLA has attributed to the improvement of the thermal 

and mechanical properties of the material for biomedical applications. Uniform 

dispersion of nHAp was observed in the PLA matrix by FESEM. The TGA analysis of 

the fabricated sample showed that it has a degradation temperature that is suitable for 

high-temperature melt-processing techniques. The contact angle of the composites is 

found to decrease as compared to neat PLA which suggests that the hydrophilic nature 

of the composite has been increased. From the DSC results, no phase separation was 

witnessed, which confirms the proper mixing of the bio-fillers in the matrix. Overall, 

the developed PLA/nHAP/MCS bio-composites have the potential to be an alternative 

biodegradable implant material suitable for biomedical applications. 
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A finite element study to predict the viability of PLA-based 

composite implants for mandibular joint fracture 

 

 

 

4.1 Introduction 

The growing incidence of facial fractures and deformities resulting from any trauma, 

falls, personal assaults, oral cancer or motorized vehicle accidents has led to a 

significant rise in surgical interventions in the mandibular region [Marx, 2013; Ferlay, 

2013; Cai, 2016]. The mandibular bone, located in the lower facial region, is 

responsible for the movement of the lower teeth and jawline, making it prone to 

fractures when subjected to trauma. The primary goal in such mandibular fracture 

management is to re-establish pre-morbid anatomy, stabilizing the fracture region to 

restore functionality at the earliest. Therefore, craniomaxillofacial surgery involves the 

mandibular reconstruction of segmental defects in the affected condylar region through 

the implantation of a rigid internal fixation device [Park, 2018; Narra 2014]. Traditional 

treatment choices in open reduction techniques involve wire osteosynthesis and 

intramaxillary fixations. Common complications of such techniques include infections 

(osteomyelitis), broadening of the face, malocclusion, and implant failure. Plating 

techniques are the preferred treatment choice owing to their rigid fixations in which a 

metallic plate and a screw are fixed to the fractured bone with the head of the screw 

being tightly inserted into the plate, eliminating potential nerve damage by avoiding 

external incisions. Also, mini plates are easy to apply for fixations at all points of the 

mandible. [Levy, 1991]. Generally, Titanium micro-plates and screws have been widely 

used for the rigid fixation of mandibular fractures. However, certain disadvantages 

associated with metallic plates and screws are the dissolution of metallic ions and their 

accumulation in loco-regional lymph nodes and other organs, stress shielding 

phenomenon, and the generation of artefacts on computed tomography. Therefore, a 

secondary re-surgery is required at the earliest to remove the metallic implant often 

after fracture healing. This results in a more invasive surgical procedure increasing the 

overall socio-economic burden of the patients. The development of resorbable 
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polymeric fixation system can be proposed as an effective remedy to the conventional 

system [Neumann, 2019]. The degraded byproducts from the polymeric system will get 

naturally eliminated from the body once the fractured bone is healed, thereby avoiding 

a secondary surgery. Biocompatible and resorbable polymers, particularly polyester is 

gaining attention in biomedical applications owing to its superior mechanical 

properties, biodegradability and low immunogenicity. Few noteworthy bioresorbable 

polyesters include poly glycolic acid (PGA), poly lactic acid (PLA), poly caprolactone 

(PCL) and their copolymers. PLA is an aliphatic polyester having advantages such as 

renewability, biocompatibility, and processibility compared to other bioresorbable 

polymers [Pine, 2012]. Lactic acid, the monomer of PLA is derived from renewable 

natural resources by fermentation of agricultural feedstock. PLA is produced by either 

polycondensation of lactic acid or ring-opening polymerization of lactide [Torres-

Hernández, 2018] and has garnered much attention in the biomedical field. The 

degradation products of PLA are neither toxic nor carcinogenic to the human body and 

serve as an excellent material for implants and drug delivery systems [Peng, 2015]. 

However, due to the intrinsic brittle nature and very low elongation at the break of PLA, 

modification to improve the flexibility of the polymer is required by incorporating bio-

fillers such as HAp, MCS into the PLA matrix. 

 Finite Element (FE) -based in-silico methods have emerged as a reliable 

technique for the pre-clinical assessment of various implantation techniques associated 

with fractured bones. Lovald et al. used FE analysis in their study to carry out 

parametric optimization of bone plates for fractures of the mandible. Shape and design 

variable parameters such as the width of the bars of the bone plate., fillet radii, plate 

thickness and the spatial location of the screw holes are optimized to provide maximum 

fracture stability with minimum implanted volume [Lovald, 2006]. Cox et al. 

investigated the resorbable plastic copolymers of polylactic acid and polyglycolic acid 

as a plate & screw (implant) material for a typical mandibular angle fracture [Cox, 

2003]. Using FE analysis, they concluded that the materials are of adequate strength 

and stiffness for their successful applications to the rigid fixation of mandibular angle 

fractures. Various other authors have also previously employed FE analysis to assess 

the performance of metallic plates for mandibular joint fracture fixation, there is no 

clear FE study on PLA-based fractured plates in low load-bearing body regions [Peng, 

2015; Ilavarasi, 2011; Vajgel, 2013; Tarashi, 2006; Mohamed Haneef, 2019]. Most of 

the FE analysis work on polymeric implants are based on simplistic assumptions or data 
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carried from other reported experiments [Vajgel, 2013; Tarashi, 2006; Mohamed 

Haneef, 2019].  

 With current improved knowledge of oral biomechanics and advances in 

biomaterials, FE analysis can be employed to successfully predict load transfer across 

mandibular fractures, assess the performance of different implant materials, and 

evaluate the efficacy of various implantation techniques. The specific aims of the study 

is to check the viability of the formulated bio-composite as an alternative implant 

material to the metallic fixation device for mandibular fractures using FE analysis. To 

the author’s knowledge, this is hardly any study where the systematic formulation of 

the PLA-based composite was demonstrated, and subsequently, FE-based pre-clinical 

assessments were carried out to determine the viability of the material as a probable 

implant. We hypothesize that tailored bio-composites can be used as a material for 

implants associated with tiny fractures for low load-bearing regions in place of 

conventional metallic implants. The objective of the present study has been divided into 

two parts. The first part consisted of the experimental fabrication of the polymeric 

composites of PLA/nHAP/MCS by extrusion cum injection molding followed by its 

mechanical analysis to determine the strength of the composites under universal testing 

machine (UTM). Two different fracture model were virtually developed and analysed 

using FE methods: one with hairline fracture in the mandibular joint and the other with 

varied fracture gap~1mm. 

4.2 Results and Discussions 

The elastic modulus of the various PLA-based composites was determined using 

mechanical testing under UTM (Fig. 4.1). The maximum modulus composition among 

the various formulated composites was chosen as the desired material for the in silico 

Fig. 4.1: Mechanical testing (a) Young’s modulus (b) tensile strength and elongation of the 

prepared samples (MCS containing PLA bio-composites consists 20% HAp).   
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study. Fig. 4.2 represents the von Mises stress contours associated with PLA composite 

and Ti alloy implants, used as a fixation for hairline mandibular fracture. The maximum 

von Mises stress associated with PLA-based composite implanted mandibular 

construct, under biting force loading conditions, was around 110 MPa in the cortical 

bone around the fracture region. On the contrary, the Ti alloy implanted construct 

exhibited maximum von Mises stress around 150 MPa at the distal screw plate interface 

of the upper plate. The von Mises stress contours of the both implanted construct with 

a 1mm fracture gap in the mandibular bone, under biting force loading consideration, 

are shown in Fig. 4.3.  

In contrast, Fig. 4.4 depicts the von Mises stress contours of the 1mm fracture gap 

mandibular joints under both biting and occlusal load consideration. The maximum 

displacement associated to implanted hairline mandibular fracture was observed at the 

lower edge of the mandibular joint. This may be attributed to the fact that total load 

 
(a) 

 
(b) 

 
Fig. 4.2: Predicted von Mises stress distribution in hairline mandibular fracture considered 

under biting load condition: (a) PLA+HAp+MCS composite plate, (b) Ti alloy plate. 
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transfer was possible across the fracture region and the combining fractured parts 

showed the maximum displacement around biting the load applying area. Whereas, in 

case of 1 mm fracture gap, the maximum displacement for both the implanted construct 

was observed in the fracture end region of the left mandibular part (Fig. 4.5). It can be 

noted here that the biting force is acting on the left mandibular bone part and hence the 

maximum displacement. As the mandibular bone is totally disassociated in the fracture 

region, the displacement was noted at the free fracture end more. However, when the 

occlusal load was applied in the same fracture gap (1mm) of both the implanted 

 
(a) 

 
(b) 

Fig. 4.3: Predicted von Mises stress distribution in mandibular fracture having gap ~1mm 

considered under the biting load condition: (a) PLA+HAp+MCS composite plate, (b) Ti 

alloy plate. 
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mandibular bone construct, the right part of the broken mandibular bone was found to 

be associated with maximum displacement (Fig. 4.6). The reason behind this could be 

the short distance between the point of application of left occlusal load and the fracture 

region as compared to the left occlusal loading point. 

For both the loading conditions, the displacement of the PLA composite construct was 

found higher as compared to the Ti alloy implanted construct. Ti being implant of 

higher modulus has the ability to impart greater rigidity and stability to the fractured 

parts. In case of 1 mm fracture gap under biting load considerations, the PLA based 

 
(a) 

 
(b) 

Fig. 4.4: Predicted von Mises stress distribution in mandibular fracture having gap ~1mm 

considered under the biting load and occlusal loading condition: (a) PLA+HAp+MCS 

composite plate, (b) Ti alloy plate. 
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implant showed almost twice the displacement as compared to Ti implanted construct. 

Further two more variations were tried out to understand whether plate or screw 

material plays crucial role in stability. With PLA based composite plate and Ti screw, 

the displacement of the implanted construct was observed as 0.069mm as compared to 

the 0.085 mm associated with Ti plate and PLA screw construct. This suggests that the 

screw material plays a vital role as per the stability is concerned (Fig. 4.7). This can be 

attributed to the fact that screws connect to the bone and can enhance the bone-implant 

anchorage and overall compressive strength of the construct. Similar trends were also 

 
(a) 

 
(b) 

Fig. 4.5: Predicted displacement plots in mandibular fracture having gap ~1mm considered 

under the biting load condition: (a) PLA+Hap+MCS composite plate, (b) Ti alloy plate.  

 

TH-3869_186107004



 

Chapter 4 

 64 

observed on addition of occlusal forces to the biting forces in the mandibular joint. PLA 

based composite mandibular construct showed max displacement of 0.114 mm as 

compared to the 0.074mm associated to Ti alloy implant. However, the PLA based 

implanted construct in the present study, exhibited displacement below 150 μm under 

any kind of loading consideration, which is essential for bone healing [Soballe et al., 

1992; Bragdon et al., 1996]. The Ti alloy implant being associated with higher modulus, 

bears a major proportion of the physiological load. The conventional metallic implants 

deprive the mandibular bone of the much essential stress, which otherwise available 

 
(a) 

 
(b) 

Fig. 4.6: Predicted displacement plots in mandibular fracture having gap ~1mm considered 

under the biting load and occlusal loading condition: (a) PLA+Hap+MCS composite plate, 

(b) Ti alloy plate. 

TH-3869_186107004



 

 A finite element study to predict the viability of PLA-based composite implants ……….. 

 65 

sufficiently in an intact bone. Stress shielding is the phenomenon in which the 

implanted bone gets devoid of the essential stress required for its growth and 

consequently initiates cortical thinning [Nag and Chanda, 2021]. Cortical thinning 

makes the bone-implant construct loose and eventually it fails. Therefore, it is essential 

for the patient with metal implants to have frequent post-operative clinical check-ups 

to assess the healing and undergo implant removal surgery. In the present study, PLA 

based composite implants exhibited very minimal stress shielding owing to their low 

modulus property. Further, there is no requirement for re-surgery as the implant is made 

of a biodegradable polymer.  Thus, the present study finds the PLA-based composite 

implant as a viable alternative to the conventional metallic implantation technique for 

low load-bearing mandibular joint fractures. 

4.3 Summary of the findings 

The PLA based bio-composite implant was found to be a viable alternative to the 

conventional metallic implant for mandibular fracture. In this study, PLA-based 

composite implants exhibited minimal stress shielding due to their lower modulus 

properties. Overall, the developed bio-composites have the potential for an alternative 

biodegradable implant material suitable for biomedical applications in cases of fracture 

in low load-bearing sites. The PLA based implant comes with an added advantage of 

avoiding re-surgery once bone union happens. Further, when combinations between 

metallic plates and PLA based bio-composite screw and vice versa was considered, it 

was observed that the material of screw has dominant effect on the overall stability of 

 

 
 
Fig. 4.7: Displacement plot of PLA composite and Ti alloy based mandibular construct: 

comparison under biting force with different combination of plate and screw material. 
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the implant. In such scenarios, PLA based bio-composite plates and Ti alloy screws can 

be an interesting solution to mid-level load bearing regions of human body.  
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in vitro cytotoxicity study and in silico analysis of the PLA/nHAp/MCS 

bio-composite as a coating material for high load-bearing implants 

 

 

5.1 Introduction 

The risk of aseptic loosening in metallic implants can be avoided by improving 

osseointegration with osteoconductive coating. Such coating favours long-term implant 

stability. The primary cause that leads to failure of the implant bone association is the 

aseptic loosening i.e., the macroscopic instability of the metallic implant with respect 

to the host bone [Katz et al., 2007; Kenny et al., 2079]. Generally, the initial 

micromotion at the bone implant interface may develop fibrous and non-mineralised 

tissue that are weak to stabilize the implant. Thus, a viscous feedback loop gets created 

where increased micromotion further prevents bone growth and delays the union 

[Albrektsson et al., 2001]. As a result, the patient suffers significant pain under load 

and often requires revision surgery. Thus long term stability is essential for successful 

bone union, and that can be achieved by osseointegration where bone tissue grows and 

forms a direct bond with implants [Araújo-Gomes et al., 2018; Lewallen et al., 2015]. 

A bio compatible osteo inductive layer between bone and implant can be effective 

strategy to prevent aseptic loosening. The PLA\nHAp\MCS bio-composite being 

resorbable will facilitate new mineralized tissue growth towards the implant filing some 

gaps between the implant and the bone. In previous studies, in vivo experiments were 

used to evaluate how the osteoconductive coating layers affect the tissue response to 

induce micromotion. 

PLA is an ecofriendly bio-polymer which doesn’t produce any carcinogenic effect 

in local tissue and is bio-compatible in nature. PLA products were approved by the US 

FDA for direct contact with biological fluids. It has better thermal processability and 

saves 25-55% energy from production compared to other bio-polymers [Rasal and 

Douglas, 2010]. Chitosan is a naturally occurring biopolymer resulting from the partial 

deacetylation of chitin. The conversion of chitosan from chitin depends on the degree 

of deacetylation (DD%). Higher DD% is linked to higher conversion of chitin to 

chitosan and vice versa. Chitosan has four major important properties, which include 
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solubility, flexibility and polymer conformation. It is a hydrophilic polymer which is 

soluble in weakly acidic solutions. It is insoluble in chlorinated and organic solvents. 

The amines in chitosan are deprotonated and reactive at higher pH (>6.5), making it 

insoluble. In contrast, it is protonated and converts into NH+3 at low pH (<6), thus 

making it soluble [Pal et al., 2017]. The use of chitosan in the biomedical field is due 

to its good antimicrobial properties, biodegradability, and biocompatibility [Bose et al., 

2023]. Apart from these characteristics, chitosan promotes bone cells’ adhesion and 

proliferation, has a low cellular response and has non-toxicity. On the other hand, an 

existing limitation is it exhibits poor mechanical properties because of its 

hydrophilicity. This can be improved by modification of CS by adopting a graft co-

polymerisation procedure. 

Surgical bone restoration using implantation devices affects the mechanical 

environment within the bone by modifying the load transmission mechanism. As a 

result, the implant begins to share the joint strain that was previously carried solely by 

the bone in the pre-operative periods. This causes a significant post-operative 

complication known as stress shielding. Bones require constant stress to grow. Stress 

shielding happens when two or more components with different moduli are used in the 

same mechanical system. The component with the greater modulus bears the majority 

of the stress and protects the other component [Ferguson, 1996]. Similar situations 

happen with stiff fixation devices. In the early phase, hard fixation devices assist in the 

restoration or healing of the fractured sections of the fractured bone by sharing most of 

the load itself. However, in the later stages of healing, it may lead to osteoporosis with 

decreased bone strength [Tonino et al., 1984]. Stress shielding, as reported by several 

in vivo studies, occurs due to the use of rigid internal fixation plates. Conversely, using 

flexible plates with insufficient strength may lead to nonunion of the fracture, resulting 

in pain. Therefore, a balance must be struck between strength and stiffness. Ideally, as 

the fracture heals, the stiffness of the fixation device should decrease while the bone 

strength increases.  

Uhtoff et al. (1981) studied fracture healing using stainless steel plates and less 

rigid titanium alloy plates. They found that the titanium plates were as strong as the 

steel plates but had half the stiffness. This reduction in stiffness resulted in less stress 

shielding and, consequently, less bone loss in femurs treated with titanium plates. Stress 

concentration occurs at the edges of screw holes after the removal of a plate and can 

result in refracture of the bone. Additionally, the presence of isolated bone screws can 
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lead to bone resorption around the screw holes. When the screws are removed, the stress 

concentration at the sides of the holes affects the already weakened bone—due to the 

remodelling process—thereby increasing the likelihood of fracture. 

In the present study, we focused on formulating a bio-composite PLA, MCS, and 

nHAp. This combination of PLA/nHAp is a well-known biomaterial that has received 

approval from the Food and Drug Administration (FDA). Research indicates that 

PLA/nHAp exhibits biocompatibility. Studies have shown that PLA/Chitosan enhances 

the osteogenic capability for repairing large bone defects [Zhang et al., 2016]. 

Additionally, newer bone formation and improved neovascularisation have been 

observed with PLA/nHAp [Tu et al., 2020]. The viability and proliferation of MG63 

osteoblast-like cells seeded on PLA–chitosan–keratin samples are comparable to the 

control, with only slight variations that may be influenced by the material composition 

[Tanase et al., 2014]. Furthermore, researchers have reported that PLA/nHAp enhances 

both osteoinductivity and osteoconductivity [Liu et al., 2020]. In vitro studies with 

PLA/nHAp have demonstrated that the biocomposite supports cell adhesion and 

proliferation, confirming its biocompatible nature [Gupta et al., 2017]. Therefore, based 

on the literature, it is evident that the PLA/nHAp combination proposed in this study is 

biocompatible. The surface properties of modified scaffolds were enhanced in terms of 

hydrophilicity and bioactivity through the incorporation of CS and HAp. This 

modification resulted in improved attachment and proliferation of human osteosarcoma 

cells compared to unmodified poly(lactic acid) (PLA) scaffolds [Nazeer et al., 2020]. 

These scaffolds can be customised to fit the size and shape of bone defects and can be 

used as implants to regenerate damaged bone. It is hypothesized that PLA-bio-

composite coated implants will facilitate higher stress to the bone as compared to the 

uncoated implant, without compromising any structural rigidity. 
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5.2 Results and Discussions 

In the present study, the structural 

rigidity of metallic implant with 

bio-composite coating was 

compared to that of only metallic 

implants. The tibia bone extracted 

from the CT data was of a 

carcinoma patient. After the 

infection has been removed from 

the tibia, a metallic implant in 

shape of the tibia is designed so 

that the rest of the bone can 

continue to be in use. The 

developed implanted bone is shown in Fig.5.1. Appropriate mesh was generated for the 

implant-bone construct based on the mesh convergence analysis. FE analysis was 

conducted on the coated and uncoated implants to predict the influence of the coating 

over the bone, 

 Fig. 5.2 showcases the von Mises stress distribution of the coated and un-coated 

implant. The maximum stress was similar for both the implants ~120 MPa. The location 

of the maximum stress was near the end of the proximal screw (screw projecting 

 
Fig.5.1: FE model of the tibia and implant. 

Fig. 5.2: von Mises stress distribution of the implant: (a) PLA+HAp+MCS coated Ti alloy 

implant; (b) Ti alloy implant. 
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upward). The blue region of the coating indicates lower stress intensity as compared to 

the green in the uncoated. The average stress in the coating area was around 1 MPa as 

compared to 12 MPa in the uncoated one. Fig. 5.3 depicts the von Mises stress 

distribution of the tibia. The infected region of the tibia, which is also our region of 

interest for the present analysis, was observed to have 11.05 MPa average stress in the 

coated implant as compared to 9.6 MPa associated with the uncoated implant. Thus this 

15 % increase of stress in bone with the coated implant signifies less stress shielding in 

the area.  Contrary to the overall uniform load distribution in the intact bone region, the 

load flow pattern in a laterally plated bone is predominantly mediolateral (Fig. 5.4). 

The load that applies on the bone, distal to the fracture site is passed from bone to the 

implant. Proximally above the fracture site, the load flow pattern, however, is reverse 

since the same is transferred from on from the plate to screw and then finally to the 

bone. As a result, the maximum stress in the implant was found to be at the proximal 

screw. Displacement contours –FE predicted – in the fabricated bio-composite coated 

implant and only metallic implant constructs under an axial compressive load of 3kN 

are shown in Fig. 5.5. The maximum displacements at peak load of 3kN for coated and 

 
Fig. 5.3: von Mises stress distribution of the tibia: (a) PLA+HAp+MCS coated Ti alloy 

implant; (b) Ti alloy implant. 
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uncoated implanted constructs were found out to be almost identical to similar ~ 0.450 

mm.  

  The bio-composite coating with modulus of rigidity closer to bone can initiate bone 

implant binding at a faster rate. The non-union of bone and implant is a major cause of 

failure. Mostly in the high load-bearing regions of our body, the non-union can arise 

due to the loosening of the implant’s grip on the bone. This happens due to the 

phenomenon of stress shielding by which implants take away the bulk amount of the 

load and devoid bone of the necessary stress that is required for its growth. As a result, 

bone starts to shrinks and the union between bone and implant fails. On the other hand, 

a thick coating of bio-compatible layer between bone and implant can help the bone 

 
 

Fig. 5.4: von Mises stress distribution of the implanted tibia: (a) PLA+HAp+MCS coated 

Ti alloy implant; (b) Ti alloy implant. 
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interface to have more load and continue growing. Moreover, if that coating surface is 

bio-resorbable like in the present study after certain time the coating layer will start 

 
Fig. 5.5: displacement plot of the implanted tibia: (a) PLA+HAp+MCS coated Ti alloy 

implant; (b) Ti alloy implant. 

Fig. 5.6:  in vitro– 24 hrs, 48 hrs, and 72 hrs cytotoxicity of test product in terms of 

percentage cell viability against Mouse fibroblast (L929) cell line by MTT assay. 
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getting degraded and a porous structure formation will be initiated. Bone will have the 

chance to grow into that structure and have a proper grip with the implant eventually. 

The thick coating of implants which almost acts as a bio insert between the implant and 

the bone can also help get rid of the detrimental avascular necrosis [Lu-Yao et al., 1994; 

Perren et al., 1988] . 

Gel - PHM was assayed for In vitro cytotoxicity study against Mouse fibroblast (L929) 

cells by exposing the cells to different concentrations ranging from 1000µg/mL to 

7.8µg/mL at different time intervals (24h,48h & 72h). MTT assay was employed to test 

the cytotoxic effect of selected concentrations by measuring the metabolic activity 

through a colorimetric determination. The MTT assay is usually carried out to detect 

the cells with constant mitochondrial activity, thereby an increase or decrease in the 

number of viable cells is linearly related to mitochondrial activity. In the present study, 

the cytotoxicity of Gel - PHM was determined in terms of percentage cell viability and 

it was found to be 77.99 ± 0.80%, 75.09 ± 3.28 and 71.87 ± 3.43 at 24h,48h and 72hr 

respectively with CTC50 of >1000µg/mL at higher concentration (1000µg/mL) on 

Mouse fibroblast (L929) cell line.  

 

 

 
 
Fig. 5.7: Microscopic observations of cells after 72 hrs treatment with test product. 
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5.3 Summary of the findings 

The PLA based bio-composite coating can was found to have better stress/load transfer 

to the bone as compared to uncoated implant. Implants with thick coating act as bio-

inserts between the implant and the bone and helps in avoiding avascular necrosis, 

osteopenia, osteo necrosis rising from stress shielding effect. Fuerther, the Gel-PHM 

was found to be nontoxic on mouse fibroblast (L929) cell lines at higher concentrations. 

In the future, the fabricated PLA-based bio-composite coated over metallic implants 

can also be used as a drug delivery technique with target specific treatment strategies. 
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Conclusions 

 

 

6.1 Introduction 

In the present study, an attempt has been made to develop bio-composites made of PLA, 

nHAp, and MCS for the first time as an implant material. Bio-composites made of 

PLA/nHAp and PLA/nHAp/MCS were fabricated through extrusion cum injection 

molding. The prepared samples were tested for their morphology, mechanical strength, 

and thermal stability. The drawbacks of metallic implants, such as stress shielding and 

revision surgery, can be avoided using bioabsorbable implants. Hence, in this work, 

bio-composites made of different compositions of PLA, nHAp, and MCS were 

prepared. The prepared bio-composite was subjected surface morphology, differential 

scanning calorimetry, contact angle analysis, thermogravimetric, Fourier transform 

infrared spectroscopy, and mechanical characterisation.  

The field emission scanning electron microscopy with energy-dispersive X-ray 

spectroscopy analysis demonstrated that the drawback of non-uniform distribution 

associated with CS had been overcome with the MCS. The maximum degradation 

temperature obtained with the bio-composite developed in the present investigation was 

higher (389 °C) than with neat PLA and PLA with chitosan. Thus, the interaction of 

nHAp with MCS and PLA made the fabricated bio-composites superior in terms of 

thermal stability. The contact angle study enhanced the surface wettability property, 

suggesting that the prepared bio-composites are suitable for cell adhesion.  

The study found PLA/nHAp/MCS composite to have better modulus and 

elongation than PLA and PLA/nHAp. Also, the characterisation of the materials 

showcased better physiochemical properties with PLA/nHAp/MCS bio-composite. 

Moreover, the DSC results confirmed that no phase separation has occurred in the 

formed bio-composites. Thus, the developed bio-composites have the potential to be an 

alternative biodegradable implant material, especially for fabricating bone screws and 

TH-3869_186107004



 

Chapter 6 

 78 

plates to be used as non-load-bearing internal fixation devices. Fig. 8.1 is the schematic 

illustration of the work done in the present thesis, segmented chapter-wise. 

 Chitosan has the drawback of poor dispersion in the PLA matrix, which has been 

overcome with the synthesized modified chitosan. Uniform dispersion of nHAp was 

observed in the PLA matrix by FESEM. Based on the investigation, it was identified 

that the bio-composite materials proposed in the study possess superior strength and 

thermal stability compared to conventional PLA and HAp-based composites. From the 

DSC results, no phase separation was witnessed, which confirms the proper mixing of 

the bio-fillers in the matrix. This research aims to develop a bioresorbable orthopaedic 

construct for low and non-load-bearing applications. It incorporates nano-

hydroxyapatite (nHAp) and modified chitosan (MCS) as filler materials to enhance the 

strength of a polylactic acid (PLA)-based composite. Importantly, this can negate the 

question of secondary removal surgery, which will help reduce overall surgery costs 

and make the procedure less invasive. The study includes both computational validation 

 
 
Fig. 6.1: Schematic illustration of the work done in the present thesis. 
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and experimental fabrication methods. Additionally, it seeks to develop a bioabsorbable 

internal fixation device intended for craniofacial and maxillofacial surgical 

applications. This investigation marks the first attempt to create biocomposites made of 

PLA, nHAp, and modified chitosan. 

Purification of PLA for Use as Base Material in fabricating the biocomposites. 

Optimization of Twin-Screw Extruder and Injection Molding Parameters for 

fabricating PLA/nHAp/MCS bioabsorbable composites as per ASTM standards per 

ISO527-1BA. The test was carried out by a load cell of 5kN in a controlled environment 

(25 °C and 78% RH) and at a cross-head speed of 1 mm/min. accordance with ASTM 

D638 

   The bio-composites, PLA/nHAp and PLA/nHAp/MCS were produced through 

melt-extrusion cum injection molding. The prepared samples were evaluated for 

morphology, mechanical strength, and thermal stability. While chitosan typically has 

poor dispersion in the PLA matrix, this issue has been addressed with the use of 

synthesized modified chitosan. Field Emission Scanning Electron Microscopy 

(FESEM) revealed uniform dispersion of nHAp within the PLA matrix. 

The findings indicate that the bio-composite materials proposed in this study 

demonstrate superior strength and thermal stability compared to conventional PLA and 

HAp-based composites. Differential Scanning Calorimetry (DSC) results showed no 

phase separation, confirming the proper mixing of the bio-fillers within the matrix. 

 
 

Fig. 6.2: Fabricated screw from PLA-based bio-composite as per ASTM standards by 

extrusion cum injection molding.  
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Overall, the developed biocomposites have the potential to serve as alternative 

biodegradable implant materials suitable for biomedical applications.  

The PLA based bio-composites were further evaluated in silico as an implant 

material of bone plates for mandibular joint fracture using FE analysis. The 

biomechanical parameters, such as maximum displacements and von Mises stress 

distribution of the PLA bio-composites, were compared to conventional metallic 

implants. To further investigate the impact of plate or screw material on stability, two 

additional variations were tested. When a PLA-based composite plate was paired with 

a Ti screw, the observed displacement of the implanted construct was 0.069 mm. In 

contrast, the construct with a Ti plate and a PLA screw exhibited a displacement of 

0.085 mm. This indicates that the screw material significantly influences stability. The 

importance of the screw material can be attributed to its role in connecting to the bone, 

thereby enhancing bone-implant anchorage and the overall compressive strength of the 

construct. Similar patterns were noted when considering the addition of occlusal forces 

in the mandibular joint. The PLA-based composite mandibular construct showed a 

maximum displacement of 0.114 mm, whereas the Ti alloy implant recorded a 0.074 

mm displacement. Notably, the PLA-based implant in this study exhibited displacement 

below 150 μm under various loading conditions, which is crucial for bone healing. PLA 

based bio-composite plates and Ti alloy screws can be an interesting solution to mid-

level load bearing regions of human body.  In this study, PLA-based composite implants 

exhibited minimal stress shielding due to their lower modulus properties. Overall, the 

developed bio-composites have the potential for an alternative biodegradable implant 

material suitable for biomedical applications in cases of fracture in low load-bearing 

sites.  

Further, the PLA-based bio-composites were coated over metallic implants for 

high load-bearing fracture site- distal tibia. The coated implant facilitated in having 

15% higher stress to the tibia bone as compared to the uncoated implants. The thick 

coating of implants which almost acts as a bio insert between the implant and the bone 

can also help get rid of the detrimental avascular necrosis. Also, this will further help 

to reduce stress shielding. In the present study, the cytotoxicity of Gel - PHM was 

determined in terms of percentage cell viability and it was found to be 77.99 ± 0.80%, 

75.09 ± 3.28, and 71.87 ± 3.43 at 24h,48h, and 72h respectively with CTC50 of 

>1000µg/mL at higher concentration (1000µg/mL) on mouse fibroblast (L929) cell 

line. The Gel-PHM was found to be nontoxic on mouse fibroblast (L929) cell lines at 
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higher concentrations. In the future, the fabricated PLA-based bio-composite coated 

over metallic implants can also be used as a drug delivery technique with target specific 

treatment strategies. 

6.2 Future Scope 

The following studies can be conducted to explore this area of research further:  

1. Conduct in vitro bioactivity studies in simulated body fluid of the fabricated 

composites, following ASTM F1635-11. These studies should be performed in 

simulated body fluid (SBF) at 37.5°C, maintained at a pH of 7.4. 

2. Perform in vivo studies on the developed internal fixation devices to observe their 

behavioural changes when exposed to living organisms. 

3. Conduct a detailed in vitro bioactivity study of the fabricated internal fixation 

devices.  

4. Incorporate functional nanofillers into the existing matrix and reinforcement to 

enhance the properties of internal fixation devices. 
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