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ABSTRACT 

 

 

Osteoarthritis is a degenerative joint disease, caused due to wear and breaking down of 

the bone cartilage in a joint. Prosthetic joint replacement is the only solution after all non-

surgical treatments fail to resolve the issue. Joint replacement alleviates the pain and restores 

the function of joints, improving the activeness in the patients. However, even after decades of 

successful track record, ~10% of these implant fail prematurely, within the first 10 to 20 years, 

thereby affecting many tens of thousands of patients annually. These premature failures lead to 

revision of surgeries. Aseptic loosening, fracture and implant associated infection are the main 

causes of arthroplasty failures. Despite sterilization and aseptic procedure, bacterial infection 

remains a key challenge in total hip arthroplasties. This fact emphasizes the urgent need for 

development of new implant systems, which should take care the infection by delivering the 

drug locally and improve structural stability to minimize the implant loosening and fracture. 

Hence, the major aim of the present investigation is to modifying the surfaces of polymeric 

acetabular cup liner for sustain delivery of drugs, while retaining the mechanical and 

tribological properties of clinically used ultra-high molecular weight polyethylene (UHMWPE) 

joint prostheses. The present work mainly includes four major parts. 

In first part of the study, modified solvent based etching and lyophilization technique 

was used to engineer a thin porous surface layer on UHMWPE (PE) substrate, which is 

clinically used as acetabular cup lining. Gentamicin contained chitosan solution has been 

impregnated into modified surface, which suitably gets released over a long period. The main 

challenge was to keep the mechanical and tribological behavior of this lining material 

unaffected after the modification. Modified surface offers reduction in friction coefficient and 

wear rate, by 26% and 19%, respectively, in comparison to PE, which is encouraging towards 

the intended application. Hardness and elastic modulus decreases slightly, by 27% and 20%, 



 
ii 

 

respectively, possibly due to improper impregnation of chitosan inside porous surface. 

However, after drug release, the modified surface regains the mechanical and tribological 

behavior similar to unmodified PE. Surface modified PE have shown an impressive release 

profile for drug up to 26 days and released ~94.11% of the total drug content. In vitro 

antibacterial tests have proven that the modified surface of PE can effectively release the drug 

and fight against infection. Besides, positive outcome of in-vitro cell culture shows potential of 

this material system in intended application.  

In second part, electrostatic spray coating technique was used to construct the thin 

interconnected micro porous coating on PE substrate. Coating integrity, after curing, is 

expected to be good by considering the similarity in coating and substrate material.  Uniform 

and deep pores were observed throughout the surface. Surface morphology on drug delivery 

kinetics, antibacterial efficacy, mechanical and tribological behavior was discussed extensively. 

This technique was compared with the former (modified solvent based etching technique) and 

competitive salient features of both were identified.  Both the modified surfaces have shown 

slight decrease in hardness and elastic modulus, which may be attributed to improper 

impregnation of polymer inside porous surface. However, after the release of drug, the solvent-

based etched surfaces regain its mechanical and tribological properties, in similar range to the 

unmodified PE surface, but not in case of electrostatic spray coating. Besides, the surfaces, 

modified by both techniques, have shown lower friction coefficient. But, higher wear rates 

were noticed for electrostatic sprayed coating. On the other hand, the drug release duration (860 

h) was more for electrostatic spray modified surface than chemical etched surface (624 h).  

In third part, an attempt has been made to improve the basic properties of conventional 

PE liner by preparing CNT-PE composite, to address issue related to decrease in mechanical 

property during surface modification of liner. CNTs are the great choice as reinforcement to 

prepare bio-composite because of its high in-plane-stiffness and strength, which helps in 
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toughening agent. Besides, their weaker out-of-plane integrity offers solid lubrication 

mechanism. Two different aspect ratios of CNTs, namely high aspect ratio (HAR-900) and low 

aspect ratio (LAR-75) ones were reinforced with PE matrix. A nominal 0.05–0.1 wt.% of CNT 

addition increases the hardness and elastic modulus of PE by 3–45% and 8–42%, respectively. 

Higher aspect ratio CNTs (HARCs) are found more effective in improving hardness (45%) and 

modulus (42%) of PE composite. On the other hand, significant improvement in tribological 

and thermal degradation property was also noticed for HARCs than LARCs (low aspect ratio 

CNTs) composite. Reasons for better performance of HARCs are their morphological similarity 

with polymer chains. The composite, containing 0.1 wt.% HARC have shown best mechanical 

and tribological behavior. 

In fourth part, modified solvent based etching technique is used to engineer thin porous 

surface layer on 0.1 wt.% reinforced HARC composite. Modified test sample have shown an 

impressive gentamicin release profile up to 492 h (21 days). Around 89% of the total drug 

content got released in sustainable manner. Where as in surface modified PE, gentamicin 

released up to 624 h (26 days) and ~94.11% of the total drug content got released. The 

difference is directly related to surface morphology. In vitro antibacterial examination (Disc 

Diffusion Test) had proven the efficacy of drug release to eradicate the bacteria around the 

sample. Besides, modified surfaces of the HARC composite have shown reduction in friction 

coefficient and specific wear rate by 36% and 20%, respectively, as compared to PE. This was 

attributed due to improved mechanical properties of CNTs and their self-lubricating 

mechanism. Even after drug release, the mechanical and tribological properties of CNT-PE 

composite are much better than PE. In-vitro cytocompatibility results are also encouraging 

towards its intended application. Hence, these surfaces modified CNT-PE composite sample 

has shown great promise for fighting against initial infection after surgery.  
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The surface engineered acetabular cup lining is a promising candidate in the area of 

drug eluting implant, which can bring a significant advancement to the functionality of 

commercially used orthopedic implants by providing inherent capacity for fighting against 

infections in-vivo.  

 

 

 

 

 

 

 

Figure shows the graphical representation of the proposed work 
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CHAPTER 1  

Introduction 

 

During last five decades, biomaterials have seen a rapid growth, due to its direct impact 

on healthcare and advancements in the fabrication of synthetic biomaterials. The biomaterials 

market, including medical device and implants, is estimated to be greater than $130.17 billion 

US Dollars by the end of 2021 and is expected to increase by 13.2% every year [1][2]. The 

largest market size amongst all biomaterial products belongs to orthopedic devices and it is 

expected to reach $41.2 billion US Dollars by 2019.The current size of the Indian orthopedic 

devices market is ~$375 million US Dollars (Rs. 2,400 Crores) and it will grow ~ 20% every 

year for the next decade to reach $2.5 billion US Dollars (Rs. 16,000 Crores) by 2030 [3][4]. 

Owing to an increase in the aging population and active sedentary lifestyle, 

musculoskeletal (MSK) disorders are the second most cause of disability worldwide, according 

to a report by international experts, published in The Lancet on 15th December 2012 [5]. 

Musculoskeletal conditions, such as, osteoarthritis, osteoporosis, fragility fractures, back and 

neck pain, soft tissue rheumatism, injuries due to sports, workplace and road traffic accidents, 

so called joint diseases affect more than 1.7 billion people globally [4]. In India, 12-15% of the 

population seems to suffer from MSK [6]. Sharp increase in the number of primary total hip 

orthroplasties (THA) and primary total knee orthroplasties (TKA) are noticed in last two 

decades, due to increasing cases of osteoarthritis [7].  

Osteoarthritis is degenerative joint syndrome, resulting from sickness, generic factors 

and obesity. It makes cartilage to worn out and creates severe pain during movement, due to 

bone to bone contact [8]. Implants are suggested medically as an option only when all non-

surgical treatments have failed.  The advantages of orthopedic implants are that they offer 

enhanced mobility to patient, reduce pain, restore function of the joint and resume back to 
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higher quality of life. According to 2007 estimation, ~1.5 million joint replacements have been 

performed annually around the world [7]. In India, over 70,000 hip and knee replacements are 

being performed every year [6]. However, even after decades of successful track record, ~10% 

of these implant fail prematurely, within the first 10 to 20 years, thereby affecting many tens of 

thousands of patients annually. These premature failures lead to revision of surgeries. Aseptic 

loosening, fracture, massive bone loss, dislocations and implant associated infection are the 

main causes of arthroplasty failures [7]-[14]. Relative distribution for the revision causes of 

THA (Total Hip Arthroplasties) in India during 2013 as shown in fig 1.1 [6]. Aseptic loosening, 

wear and fracture represent the predominant mode of failure in hip arthroplasty.  

 

 

 

 

 

 

 

Fig. 1.1 Different causes for total hip implant failure in India 

Infection rate of THA during the first two years is ~ 2 to 5%, in United States and 

Europe [15]-[17]. But, in India, the infection rate found little higher than US, around 10%. This 

is due to growing number of diabetes and obesity patients in India. Besides, the infection rates 

after revision of surgery, is considerably higher (5 to 40%) than the first surgery [16]. An 

implant associated infections occur due to microbes, particularly bacterial attachment on 

implant [17]. Aseptic loosening and implant associated infection looks to be mutually 

exclusive, but in recent research exploded the potential connection between them. Implants that 
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have been reported, fail due to aseptically, later found that, latent occult infections that may 

have been missed prior to the time of diagnosis [17][18]. Hence, even in cases of implant 

failure due to aseptic loosening, where infection was not the main cause, microbial presence in 

the implant may still play a key role in initiating or accelerating the failure pathway in later 

stage [17].  Once infection starts, it is difficult to treat and also tends to persist for a longer 

period. Moreover, an episode of infection severely reduces the quality of life in many patients.  

Currently, more number of patients has high risk of infection due to growing number of 

diabetes, obesity, dialysis and aging population. As a result, health care expenditure will also 

increases for revision of surgery and it is estimated to reach greater than 1.6 billion US dollar in 

2020 [19], which is likely a worldwide valid prediction. Hence, prevention of infections is 

becoming more important. 

Bacterial infection of a joint prosthesis occurs due to homeostatic imbalance between 

the host tissue and the presence of micro-organisms around the surgical site. Despite high 

sterilization and advances parenteral antibiotic prophylaxis, implant associated infection is still 

a clinical issues [20]. Most of the bacterial infection are caused by staphylococcus aureus and 

continue to be major complication after surgical procedure [21]. During “decisive period”, after 

the surgery, first 6 h of post implantation is more susceptible to bacterial adhesion, colonization 

and biofilms formation at the implant-tissue interface [22][23]. Biofilms are biologically active 

matrix for cells and major form of microbial life [24]. Once biofilms is established within 

surgical area or implant surface, it is difficult to stamp out the infection even with high dose of 

antibiotics, due its phenotypic resistance to antibiotics [25]. It can lead to prolonged 

hospitalization and sometimes implant failure also. Secondary surgery for its removal increases 

the economic burden and mortality rate [26]. Late infection, after 4 to 6 weeks of the surgery, 

leads to high joint pain, early loosening. This is mostly caused by hematogenously spread 

bacteria, such as, coagulase-negative staphylococci and propionibacterium acnes [27]-[29].  
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Inhibiting the initial bacterial adhesion on implant surface is often regarded as the most critical 

step to prevent the implant-associated infections. Hence, adequate supply of antibiotics around 

the surgery area is must for first couple of weeks to stop the initial infection.  

In this connection, conventional or systematic drug administrative systems, such as, 

drug delivery by oral pills and injection has some drawbacks. High parenteral dose of antibiotic 

to achieve the effective therapeutic drug concentrations lead to renal and liver complications. 

Further, poor penetration of antibiotics into ischemic and necrotic tissue, due to lack of blood 

stream around the surgical site keeps delivery system challenge. All these often necessitates 

monitored hospitalization as well regular check-ups [30][31]. On other hand, in situ (local 

delivery) drug eluting devices overcomes all the limitation by  effectively delivering the 

therapeutic dosage to the targeted place [32]. Initial burst release, followed by a relatively 

slower release, is an ideal drug delivery system. This type of antibiotic release profile is highly 

desirable for orthopedic implant surgery. Initially higher amount of antibiotics is required to 

prevent infection and eradicate the bacteria from the surgical area, as well as, from implant 

surface. Sustained release for many weeks is essential to fight against the late infection, which 

occurs at much lower magnitude [20]. To achieve this ideal drug delivery, several strategies 

have been proposed on orthopedic implants, including antibiotic loaded bone cement, drug 

molecules integrated with in the implant and loaded with porous coating structure [33].  

In cemented joint arthroplasties, the femoral stem of the prosthesis is fitted into femur 

bone with the help of non-biodegradable polymeric bone cements, like, poly methyl 

methacrylate (PMMA). To reduce the deep infection, many clinical studies have incorporated 

the antibiotics into PMMA cement [16][34]. But PMMA has shown uncontrolled drug delivery, 

with initial burst followed by slow release up to months together [35]. Poor drug releasing 

efficiency is also noted with less than 50% of the loaded drug being releasing and remaining 

stuck within the cement. Further, heat generated during polymerization can inactivate the drugs 
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and kills the healthy bone cells. Besides, polymer dissolution due to water penetration into pore 

network of the cement leads poor implant stability and loosening [36]. In many cases, an 

antibiotic weakens the mechanical properties of the PMMA cement and third body wear is 

induced in acetabular cup due to cement wear debris. All of these accelerates the implant 

loosening [37][38].  In case of early clinical failure, secondary surgery would be required to 

remove the non-biodegradable PMMA cement. To overcome these drawbacks of bone cement, 

currently cementless (press fit fixation) procedures are in practice for hip replacement. 

Moreover, cemented procedure is essentially good for elder and inactive patients and not for 

young and active patients. Press-fit stems are used most frequently in today’s market (fig 1.2).  

 

 

 

 

 

Fig. 1.2 Cemented and cement-less femoral stems in hemi-arthroplasty (N=15,701) [39]. 

Press-fit stems interface directly with the bone and achieve initial stability through an 

interference fit (mechanical) with the femur, thus giving long life to the implant. Progressive 

improvement in prosthesis design has been aimed for better osseointegration and reduction in 

the infection. Drug loaded bioceramic or bioresorbable coatings strategies are also evaluated 

for their potential to prevent the infection. The main problem with drug containing bioceramic 

coatings, like calcium phosphate or hydroxyapatite, is the processing of these coatings, which 

needs high temperature. These coatings, when synthesized at low temperature, do not provide 

enough fracture strength or adhesion to implant surface and thus prone to fast failure. In 
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addition, the drug release from these coatings is very fast and cannot sustain a long term release 

[30][32][40]–[42]. Soaking antibiotics in such coating surfaces also is suitable for only short-

term release.  

The second category of coating is bioresorbable or biodegradable polymers carrying the 

drug [17][43][44]. But, coating of such polymers, as film or as beads, covers the surface of the 

implant and thus reduces its functionality in terms of sparing the mechanical and tribological 

properties and even bioactivity also in specific cases. 

Hence, there is great interest in finding new methods or strategies to inhibit biofilm 

formation with controlled drug delivery for longer period. In this connection, one of the ideal 

sites for drug loading would be those parts of an implant, which are not supposed to have bone 

grown on them and would be in direct contact with the body fluid to make the released drug 

available in the surrounding places of surgery. Such a part in a total hip implant can be the 

lining of the acetabular cup. Such liners are made of ultra-high molecular weight polyethylene 

(UHMWPE), which is clinically used in orthopedic implants. PE is chosen, based on its unique 

combinational properties against other polymer. Superior wear resistance, fracture toughness  

and good lubricity offered during rubbing action with the metallic femoral head of the implant 

gives long term performance [45][46]. Low friction coefficient and toughness of PE reduces the 

severity of abrasive and fatigue wear during complex loading and sliding motion. High impact 

strength (90-96 kJ/mm2) and elongation to failure (370 to 420%) helps in avoiding the 

catastrophic failure of PE liner [47][48]. Besides, hydrophobic nature of PE, keeps most stable 

in any chemical environment and bio-inertness in the body. Relatively low cost and good 

process-ability are the additional characteristics of PE which attracts the medical industry [49]. 

Despite these superior properties, generation of wear debris cannot be avoided fully. The wear 

debris of PE can trigger macrophage induced resorption of bone and osteolysis [45]. In long 

run, it can lead to implant loosening and reduces the in vivo life of the implant [50]. New 
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material system with improved tribological, mechanical properties and additional antibacterial 

properties increases the service time of the implants and to avoid the frequency/need of revision 

surgeries. This is particularly important for younger and more active patients. Thus, modifying 

the inner surfaces of the PE lining of acetabular cup in total hip implant for carrying and 

delivering of the drugs, with improved mechanical and tribological behavior, would be a great 

solution for post operational infection problem. Developing such an acetabular cup liner would 

bring a significant advancement in the field of drug releasing total hip implants.   

The total hip joint (fig 1.3) is the articulation of the acetabulum of the pelvis and the 

head of the femur. These two segments form a ball-on-socket synovial joint, which is enclosed 

by the joint capsule. The hip joint has a wide range of movements including flexion, extension, 

abduction, adduction and rotation. The stability of the hip joint is provided by numerous 

supporting structures, including a system of ligaments and muscles surrounding the hip joint. 

This arrangement allows motion and supports the weight of the body in both static and dynamic 

postures. During normal walking the hip is subjected to compressive loads of up to five times 

of body weight, and even greater loads can be reached when running, jumping or climbing 

stairs [51][52]. 

 

 

 

 

 

Fig. 1.3 Schematic of total hip implant in human body and picture of a metallic hip implant 
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A typical prosthetic implant system, used in hip replacements, consists of four different 

parts. The acetabular cup is inserted into the acetabulum of the pelvis [52]. Generally, the 

acetabular cup comprises a socket, which is usually made of titanium alloy, and a liner, which 

fits inside the socket and is usually made of high density polyethylene (PE). The femoral ball 

replaces the head of the original femur. This component is usually made up of cobalt-chromium 

alloy. The femoral stem is inserted into the shaft of the femur and it is usually made of titanium 

or titanium alloy. The area where the femoral ball and the liner connect is known as the bearing 

surface. Since the longevity of the implants has been directly related to wear, the major focus of 

orthopedic research during the recent years has been to improve the wear characteristics of joint 

bearings. On the other hand, liner of acetabular cup is the ideal sites for drug loading because 

these parts of an implant are not supposed to have bone grown on them and would be in direct 

contact with the body fluid to make the released drug available in the surrounding places of 

surgery. PE is the polymeric material that has been evolved after thorough scientific studies and 

it is in clinical use for last four decades as the liner of acetabular cup [45][53]-[55].  

The overall objective of this research is to establish the potential use of surface 

modification of PE lining of acetabular cup for carrying and delivering the drugs to fight 

against bacterial infection around the surgical area. The surface of acetabular cup liner is to be 

modified for this purpose with an engineered microporous surface, which can carry drugs. 

biodegradable polymer is planned to be used as carrier for drugs and impregnated drug loaded 

polymer on modified surface (porous surface). Biodegradable polymer systems has gained 

considerable attention in recent years, particularly for controlled and sustained drug delivery 

[56],  further, drug delivery kinetics, degradation rate and mechanical properties can be tailored 

easily by use of biodegradable polymer [57]. However, surface modification and drug loading 

should be achieved without compromising the mechanical and tribological behavior. 
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Developing such acetabular cup liner would bring a significant advancement in the field of 

drug releasing total hip implants. 

 Keeping the main aim in consideration, overall objective can be achieved through the 

following specific objectives: 

 Engineering a porous layer on the surface of PE with optimized the porosity 

 Impregnating the drug loaded biodegradable polymer solution on porous surface and 

evaluating the long term drug releasing capability, antibacterial effectiveness and 

biocompatibility of the modified surface 

 Evaluating the modified surface mechanical and tribological behavior before and after 

drug release  

 Comparing the surface modification results for different possible techniques – to 

establish the best one 

 Considering the requirement of mechanical and tribological behavior of the modified 

PE surface, developing suitable ways in form of composites to improve properties of 

initial PE surface 

 Analyzing the role of different aspect ratio of CNT reinforcement on mechanical and 

tribological behaviors of PE composite 

 Engineering the porous layer on the surface of the best CNT reinforced PE composite 

and evaluating for mechanical, tribological, drug release kinetics and biocompatibility 

behaviors 

The plan of research work is illustrated with the flow chart in fig. 1.4. The dissertation has been 

arranged in different chapters to present a clear picture about the background and the state of 

the art; the methods adopted in this study; the analysis of the outcomes with scientific 

interpretation and the future scope of research and improvement. 
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After brief introduction presented in chapter 1, critical review of the available literature 

on drug eluting orthopedic implant is presented in chapter 2. Different drug loading approach 

and surface modification of implants to achieve sustained drug delivery is also added. In 

addition, it contains the brief discussion on carbonaceous nano-particle reinforced PE polymer 

composite. Mechanical and tribological properties of CNT reinforced PE composite and 

limitations are discussed extensively.  It also defines the motivation behind this research work, 

objectives and scope of the work based on the literature review. 

Chapter 3 deals with the details of experimental procedure carried out for fabricating 

the PE surface with interconnected porosity to load the drug without compromising the 

mechanical and tribological property. Different surface modification technique, such as 

modified chemical etching technique and electrostatic spray coating technique included along 

with the CNT composite preparation. The instrumental setup and procedure to study the 

mechanical, tribological and microstructural behavior also covered. Detailed drug release 

kinetic procedure to improve the antibacterial efficacy and biocompatibility study are also 

explained in brief.  

Chapter 4 describes the procedure of modified solvent based etching and lyophilization 

technique to engineer a thin porous surface layer on PE substrate. Drug loaded chitosan is 

impregnated on porous surface. The mechanical behavior of the modified PE surface is 

evaluated through instrumented indentation technique, while ball on disc tribometer is used to 

evaluate the wear behavior. In vitro drug release studies were carried out to analyze the 

releasing duration and kinetics. The objective of loading the drug in acetabular cup lining is to 

reduce the on-site bacterial infection. Thus, bacterial culture study has also been carried out to 

find out the effectiveness of this drug loaded surface in fighting against infection. Mechanical 

and tribological property variation after successful drug release study is also discussed 

extensively. In addition to that, biocompatibility results on modified PE surface are addressed. 
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This study thoroughly evaluates the modified PE surface for its potential application as a drug 

releasing acetabular liner in total hip implant. 

Chapter 5 explains the procedure of electrostatic spray coating technique to engineer 

the porous surface on PE substrate. Drug loaded polymer is impregnated on coated surface 

through impregnation chamber. This chapter thoroughly compares the two different surface 

modification techniques, such as electrostatic spray coating technique and modified solvent 

based etching technique, in terms of modified surface characteristics. Mechanical and 

tribological behavior of the surfaces fabricated through two different routes are thoroughly 

analyzed and compared. In addition, a comparative in vitro drug release and antibacterial study 

is carried out to find out the most effective surface modification technique.  

Chapter 6 discusses the effect of CNT morphology on mechanical and tribological 

behavior of PE matrix. Two different aspect ratios of MWCNTs and two different 

concentrations (0.05 and 0.1 wt.%) are used as reinforcements. Differential scanning 

calorimetry and thermos-gravimetric analysis is carried out to study the thermal, oxidation or 

degradation behaviors of the composite structure. Analysis of the results gave us an in-sight on 

the origin of structural change occurring in composites, due to different aspect ratio of CNTs 

used as reinforcement. Ball on disk tribometer and nano-indentation studies were conducted to 

study necessary properties required for artificial acetabular cup, e.g., COF, specific wear rate, 

hardness and elastic modulus. Finally, the obtained results were thoroughly analyzed to 

understand the mechanisms dominating mechanical and tribological behavior of the composite. 

Chapter 7 deals with surface modification of PE-CNT composite surfaces for 

acetabular cup liner application. Modified and drug loaded surfaces are characterized for 

mechanical and tribological properties. In vitro drug releasing behavior and the efficacy to fight 

against bacterial infection is evaluated and discussed. Besides, in-vitro biocompatibility of 

surface modified CNT/PE composite is assed with osteoblasts. CNT-PE results are compared 
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with surface modified PE and highlighted the critical finding. The findings of this study leads 

to a solution for potential surface modification of acetabular cup liner in total hip implant, 

which can fight against bacterial infection and improve the in-vivo performance. 

Chapter 8 presents the summary and conclusion of the entire work presented in the thesis and 

also proposes the future directions in which these studies can be extended. 
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Fig. 1.4 Flow chart of the research plan 



 
14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
15 

 

CHAPTER 2  

Literature Review 

 

In this chapter, a comprehensive summary of the available literature on drug eluting orthopedic 

implants and CNT-PE composite is discussed in detail. Different drug loading strategy and their 

limitations are highlighted. Besides, application of CNTs in orthopedic implants for improving the 

mechanical, tribological and biological properties are also discussed. A review and analysis of the 

past and on-going research in the field helped in finding the areas that need attention and led to the 

planning of this study. 

2.1 Bone 

 

Bones are the main organs of the body for giving structural support, permitting movement 

and locomotion by providing levers for the muscles, protecting vital internal organs and structures. 

Bone is basically composed with hard living tissue [58]. Hard tissues typically have a 3D complex 

hierarchical structure with an intertwined composite structure of the inorganic mineral phases, 

calcium phosphates based derivatives, like, hydroxyapatite (HA) and organic matrices like 

collagen and nano-collagen protein fibrils as depicted in fig 2.1 [59]. Inorganic minerals make 

bone rigid and proteins (collagen) offer strength and elasticity. Hard matrix of calcium salts 

deposited around protein fibers [58]. Bone tissues are generally divided into two types, trabecular 

or cancellous bone and cortical or compact bone. Cancellous bone has more porosity (50-95%) 

than cortical bone (5-10%), but both cancellous and cortical bone are composed of osteons (fig 

2.1) [60]. Generally, an adult human skeleton is composed of 80% cortical bone and 20% 

cancellous bone. The ratio of cortical and cancellous bone also varies in different part of bone and 

it decides the strength of the bone. For example, femoral head is composed with 50:50 ratio, 

whereas vertebra is composed of 25% of cortical bone and 75% cancellous bone [58][61]. Cortical 
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bone is dense and solid, surrounding the cancellous (trabecular) bone, whereas trabecular bone is 

composed of a honeycomb-like network of trabecular plates and rods interspersed in the bone 

marrow compartment [58].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1 Structure of a typical long bone: hierarchical complex architecture of hydroxyapatite and 

collagen fibrils in natural bone 

 

Bone is a mineralized connective tissue that exhibits four types of cells: osteoblasts, 

osteoclast, osteocytes and bone lining cells [60][62][63][64]. Osteoblasts synthesize the bone 

tissue and this process is maintained by the osteocytes and bone-lining cells [65][66]. Osteoclasts 

cells take part in resorption and degradation of bone [62]. Bone is a highly dynamic organ that is 

continuously resorbed by osteoclasts and neobone formed by osteoblasts. Besides, osteocytes act 

as mechano-sensors and orchestrators of this bone remodeling process [67]. Bone undergoes 

continuous modelling and remodeling process during life. Modelling is the process by which bones 

change their overall shape in response to physiologic influences or mechanical forces, leading to 

gradual adjustment of the skeleton to the forces that it encounters [58]. Bone remodeling is the 

process by which bone is renewed to maintain bone strength and mineral homeostasis. The 

remodeling process resorbs old bone and forms new bone to prevent accumulation of bone micro 

damage [58][60]. Normal bone remodeling is necessary for fracture healing and skeleton 
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adaptation to mechanical use, as well as, for calcium homeostasis. On the other hand, an imbalance 

of bone resorption and formation results in detrimental bone diseases, like, osteoporosis [60][68].  

2.2 History of the Total Hip Replacement 

Disease and injury can damage the regular function of the hip joint and lead to severe local 

pain during bone to bone contact. This limits every day activity. Degenerative diseases, such as, 

osteoarthritis and rheumatoid arthritis are the most common causes of hip and knee disorders. 

Degenerative diseases, caused due to wearing or break down of the bone cartilage in a joint, and 

are found mostly in aged population [69]. In India, arthritis affects around 15% of the population, 

which is over 180 million people and globally ~1.7 billion people [4][70]. Most of these 

degenerative diseases will eventually require surgery (when all non-surgical treatments have 

failed) to replace one or both of the damaged surfaces of the hip joint using prosthetic components. 

Replacement of one half of the joint is termed hemi-arthroplasty, whereas, replacement of both 

components is known as total hip arthroplasty (THA) or total hip replacement (THR) [71][72]. A 

total hip replacement has two main components, the acetabular component, which fits into the hip 

socket and the femoral component, which is inserted into the femur (fig 2.2) [47]. 

 

 

 

 

 

 

Fig. 2.2 Components of total hip replacement 
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The first hip joint replacement procedure was performed by a German physician, Thomas 

Gluck, in 1886 [71]. But, practicing of it was started widely after introducing Charnley’s ‘Low 

Friction Arthroplasty (LFA)’ design in the 1960’s. Today, the total hip replacement practice is one 

of the most frequently performed surgical procedures in the world. Over two million joint 

replacements are performed in every year [73]. In India, over 70,000 hip and knee replacements 

are being performed every year [6]. The procedure is widely regarded as one of the most important 

achievements in orthopedic surgery in the 21th  century [71]. .  

2.3 Fixation of Hip Replacements 

 

According to fixation procedure, total hip replacement can be mainly categorized into two 

types, cemented and cementless. In cemented fixation, bone cement PMMA (poly-methyl-

methacrylate) is used to hold the prosthesis in place. whereas cementless fixation relies on the 

interaction at the prosthesis-bone interface to hold the prosthesis in place as shown in fig 2.3 [5].  

 

 

 

 

 

 

 

Fig. 2.3 Shows cementless and cemented hip replacement design 
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Acrylic cement PMMA is being used to fix the hip prosthesis for last 60 years [35][41]. 

Cemented replacements follow easy surgical procedure and cost effective treatment. But, interface 

between bone-cement-prosthesis is not smooth and contains lot of flaws, such as, pores and micro 

cracks [74][75]. As a result, under cyclic loading conditions, due to a patient’s natural activities, 

bone-cement interface may result in fatigue crack nucleation and fracture. Besides, temperature 

rises up to 80 °C during polymerization, leading to death of immediately surrounded living tissue.  

According to 1970’s reports, high radiographic failure rates and osteolysis led to a general 

dissatisfaction with the use of cement for fixation of total joint replacements [71]. The problems  is 

more crucial particularly to young active patients, who usually outlives the fixation of a total hip or 

knee arthroplasty [76]. This dissatisfaction led to major developments in the areas of Cementless 

implants. Cementless (press fit fixation) procedures were extensively used in hip replacement and 

are used most frequently in today’s market [39]. Success of cementless replacement lies in 

mechanical and biological fixation. Biological fixation involves specific biological reaction at the 

interface, which helps for the formation of bond between bone tissue and implant material [77]. 

Porous structures of bioactive material allow cells and tissue formation. The formation of this 

intimate bond is called as osseointegration and this can be enhanced by using bioactive material, 

such as bio-glass and hydroxyapatite (HA) [78][79]. Biological ingrowths into the porous cavities 

can bring a strong interlocking structure. Hence, it can withstand more complex stress conditions 

than mechanical fixation. Above advantages made the cementless hip replacement most successful 

in clinic. More than 60% of the patients, especially younger and active ones, and doctors prefer 

cementless practice at present [39].  
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2.4 The Clinical Need for Drug Eluting Orthopaedic Implant 

 

Even after decades of successful track record, two common problems leading to implant 

failures are implant associated infection and implant loosening due to poor structural stability [17]. 

As a result, removal of the infected or loosened implant and follow-up surgery is essential to save 

the patient from severe consequences [80]. Infection rate of THA during the first two years is ~ 5 

%, in United States and Europe [12][15]-[17]. But, in India, the infection rate is found to be 10%, 

which is significantly higher than US. This is due to growing number of diabetes and obesity 

patients in India. Besides, the infection rates after revision of surgery, is considerably higher (5 to 

40%) than after the first one [16]. It is a burden for patient in terms of health, as well as economic 

consequences [81][82]. In near future, infections associated with prosthetic joint will further 

increase due to increase in residency time of prosthesis and growing number of patients with 

osteoarthritis [27]. Bacterial infection of a joint prosthesis occur post-operative by bacterial 

contamination of the operated place during the surgery or hematogenously, by microbials 

spreading through blood from a distant place [27]. Early infection, during first three weeks after 

the surgery, is generally caused due to highly virulent microorganisms, like, Staphylococcus 

aureus or gram-negative bacilli [28] . These result in local pain, erythema, fever and disturbance in 

wound healing. Late infection, after 6 weeks of the surgery, is typically caused due to 

microorganisms of low virulence, such as, coagulase-negative staphylococci and 

propionibacterium acnes. Outcome of this is high joint pain and early loosening, finally leading to 

implant failure and requirement of a secondary surgery to remove/replace the infected implants 

[27]-[29].  Infections are associated with bacterial biofilm formation on the surface of artificial 

implant and tissues surrounding the implant.  Biofilms are biologically active matrix for cells and 

major form of microbial life [83]. Bacterial cells release an insoluble and shimy extra-cellular 
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polysaccharides (EPS). EPS offers necessary nutrients for cell growth and gives better protection 

from external environmental stresses, as well as, from antibiotics [84][85]. Once biofilms is 

established within surgical area or implant surface, it is difficult to eradicate the infection, even 

with high dose of antibiotics [26]. Thus, it is very important to stop the initial infection by 

adequate supply of antibiotics in the surrounding region of the implantation, after the surgery. This 

can be achieved most effectively by localized drug delivery. 

In connection to above problems, drug eluting implants and accessories have greatly 

evolved in last two decades. But the successes of drug eluting implant mainly depend on ideal drug 

delivery system. An ideal system is defined as, initially high burst release to completely eradicate 

the bacteria from the surgical area, as well as, implant surface, followed by sustained release for 

several weeks at therapeutic concentration for  inhibiting the occurrence of latent infection [20]. 

The improved local delivery system offers additional benefits over conventional or 

systematic drug administrative system. Drugs, delivered by oral (tablet), parenteral (injection) and 

inhalation require high dosage of drugs to achieve an actual optimized local concentration 

[20][86][87]. Besides, most of the newly discovered drugs are hydrophobic and water insoluble 

and hence their pharmacological efficiency is reduced [88]. Poor dug distribution at the site of 

infection, due to lack of blood circulation to the infected skeletal tissue, makes the drug delivery 

challenging [35]. On other hand, site-specific targeted drug delivery system have shown effective 

drug delivery to the targeted area with controlled therapeutic dosage and minimal side effects [20]. 

Implant associated infections are mainly caused due to well defined bacterial network formation on 

the implant surface, termed biofilms, which is extremely resistant to antibiotics [33]. This can be 

addressed by delivering the antibiotics locally. 



 
22 

 

Over the past decades, extensive research efforts have been made in developing drug 

eluting orthopedic implants. Various surface modification techniques and coating strategies have 

been adopted till date to deliver the drug locally after implantation [33][34][36][89][90]. However, 

it had been always a challenge to prepare a metallic orthopedic implant with sustained drug 

delivery capability. Thus, it becomes very necessary to exclusively review the studies dealing with 

drug releasing implants, which will serve as guideline to the researchers in the field to carry out 

further advancements. In this chapter, we attempted to review different techniques, used till date to 

prepare a drug eluting implant surface. These techniques include drug loaded bone cements, drug-

eluting bioceramics and natural and synthetic antimicrobial loaded polymers. A comprehensive 

account of different techniques has been presented with emphasize on modifying the surface of the 

implants for loading drugs and release kinetics. The advantages and limitation of each process is 

also critically analyzed.  

2.5 Bone Cement 

 

Gaining the good knowledge about bone cement is primary important to all orthopedic 

researchers and surgeons. Bone cements are widely used to fasten the artificial joints (hip, knee 

and elbow joints) in cemented fixation method. Use of bone cement was started clinically since 

1950 and it is gold standard in the field of joint replacement surgery [91][92]. Largely, the word 

“cement” is referred as a substance that bonds two things together. But, bone cements have no such 

intrinsic adhesive characteristics; it binds through mechanical interlock between the irregular bone 

surface and the implant. Bone cement fills the free space between the implant and the bone, that 

creates a tight space, which secured prosthesis against bone and ensures that the prosthesis remains 

in place over the long time [93]. Many commercial bone cements are available in present market. 

Poly-methyl-methacrylate (PMMA), plaster of paris, acrylic bone cement, calcium phosphate 
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cements (CPCs) and glass poly-alkenoate (ionomer) cements (GPCs) are extensively used for 

variety of orthopedic and dental application [91][94].  

2.5.1 Poly Methyl Methacrylate (PMMA) 

 

Poly-methyl-methacrylate (PMMA) is a synthetic thermosetting polymer. PMMA was 

primarily inserted in the body as a dental material. Later, famous English surgeon John Charnley 

used it for total hip arthroplasty in 1958 [91]. Charnley used cold-cured PMMA to attach an 

acetabular cup to the femoral head and to set a metallic femoral prosthesis (fig 2.4). 

 

 

 

 

 

Fig. 2.4 (a) Powder and liquid components of bone cement, (b) Cemented acetabular component 

This success was a great step for rapid advancement of orthopedic surgical practice. 

Charnley understood that PMMA could easily blend with the bone morphology and easily fill the 

medullary canal [95]. Later, in the 1970’s, U.S food and drug administration (FDA) officially 

approved the use of bone cement for implant fixation. Since then, bone cement has become more 

popular all over the world and surgeons adopted them extensively for implant fixation [91]. 

PMMA is an acrylic polymer that is prepared by blending of two sterile components (Table 2.1). A 

powdered polymer (MMA-styrene co-polymer) and a liquid methyl-methacrylate (MMA) 

monomer are mixed, followed by 5 to 10 minutes of polymerization. Liquid monomer polymerizes 
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around the pre polymerized powder particles and form viscous dough like state, that can be safely 

used for required application and then finally hardens into solid hardened PMMA [96]. Viscosity 

and hardening time can be tailored to help the surgeon safely use the bone cement into required 

application. Nearly 80-86 °C of heat is generated during the exothermic free-radical 

polymerization process [91]. This increased temperature is higher than the critical level for protein 

denaturation in the body and also it can adversely affect surrounding tissues. Thin cement coating 

should not exceed more than 5 mm in order to lower the polymerization temperature in the body 

[97]. However, generated heat is dissipated through the large implant surface and the flow of 

blood. Besides, physical and chemical properties of the PMMA cement can be altered by adding 

various additives [91][95][96]. Usually, whenever PMMA is exposed to light and high 

temperature, premature polymerization of the liquid MMA was found. Hence, in order to prevent 

premature polymerization,  hydroquinone is added to liquid as a stabilizer or inhibitor [91][97]. 

Besides, to start the polymerization process at room temperature (cold curing cement) an initiator, 

di-benzoyl peroxide (BPO) is added to the powder and an accelerator, typically, N-dimethyl-p-

toluidine (DmpT) is added to the liquid monomer [98][99]. To follow up the in vivo performance 

of the bone cement, a contrast agent, such as zirconium dioxide (ZrO2) or barium sulphate 

(BaSO4) is added to make bone cement radiopaque [91][100]. 

 

 

 

 

Table 2.1 Components of bone cement 
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The PMMA-based cements are currently the most suitable choice. Although successful 

track record was noticed for securing the prosthesis, implant failures do occur. A main reason for 

failure is poor bioactivity and poor dynamic mechanical property. Heat generation due to 

polymerization reaction and weak interface between bone and cement, bone necrosis and fibrous 

capsule can occur around the implant [101]. To improve the good interface and bioactivity, 

bioactive bone cement, such as, calcium phosphate cement (CPC) was discovered in the 1980s by 

Brown and Chow [102][103]. Since after, many CPCs with varying compositions have been 

introduced for other specific applications, such as, bone augmentation, reinforcement of 

osteoporotic bones, fixation of metallic implants in weakened bone, and spinal fractures and 

vertebroplasty [104]. 

2.5.2 Calcium Phosphate Based Cement (CPC) 

 

The core advantages of CPCs over the PMMA is the ability to harden after being implanted 

with in the body, through a low temperature (body temperature) setting reaction [104]. Whereas 

PMMA cement harden through polymerization reaction. Besides, CPCs setting reaction is not, like, 

PMMA. Hence, incorporation of different drugs and biological molecules is easier and can be used 

effectively for drug delivery application [105][106]–[110]. CPCs are commonly hydraulic cements 

and are prepared by mixing with combination of one or more calcium orthophosphate powders and 

liquid phase, generally water or an aqueous solution. CPCs become moldable paste after proper 

mixing, which can be directly injecting to damaged bone or bone cavity during surgery, by using 

minimally invasive procedure [111]. Injected CPCs pastes can self-set in vivo due to dissolution 

and precipitation process. The entanglement of the precipitated crystals (needle-like or plate-like 

crystals) is responsible for cement hardening fig 2.5 [104]. 
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     Fig. 2.5 SEM image showing the microporous structure of an apatite CPC  after self-setting 

Basically CPCs are porous in nature. Inter-granular spaces and left over extra aqueous 

solution generates micro/nanopores in CPCs after hardening. These porous structures are 

fundamentally helpful for loading drugs or biological molecules and porous structure also helps in 

bone colonization, mineralization and resorption of bone [103][104][112][113]. Porosity can be 

tailored (30 to 50%) through processing conditions and liquid to powder ratio. Besides, presence of 

nucleating agents and chemical composition of the reactants change the setting time and 

mechanical properties of the cement [114][115]. On the period of self-setting reaction various 

possible formulation can take place, predominantly precipitated apatite such as hydroxyapatite 

(HA) or calcium-deficient hydroxyapatite (CDHA) and brushite (Dicalcium Phosphate Dihydrate: 

DCPD). The key difference among these two products is their solubility. Hydroxyapatite is most 

stable CPC at physiological pH > 4.2. Brushite is generally a metastable phase, but  it may be 

transformed to stable apatite at in vivo condition [104]. Hence, CPC are considered as one of the 

versatile materials, which can be modified to different medical requirements of several 

applications. 
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2.5.3 Drug Loaded PMMA Bone Cement 

 

Bone cements are called as modern drug delivery system, because active substances, such 

as, antibiotics can be easily added to the powder component of the bone cement and it has 

capability to deliver the required drugs directly to the surgical site [91]. Drug loaded non-

biodegradable polymer cements (PMMA) or beads have been used clinically to treat the 

osteomyelitis and is also one of the infection management method for nearly four decades [33]. 

Beside, bioactive agents, including anti-osteoporetic agents, proteins and growth factor can be 

loaded to PMMA along with different antibiotics to accelerate bone healing and reduce infection 

simultaneously [33]. Quantity of drug required for local delivery is significantly lower than clinical 

routine dosages for systemic single injections. Various drugs, like, Gentamicin, Tobramycin, 

Erythromycin, Cefuroxime and Vancomycin have been successfully mixed and used with bone 

cement. But the elementary conditions for mix ability is that the drug should be heat resistant 

during polymerization reaction and subsequently, in body’s tissue. Drugs must be available as a 

powder because it mixes well with the powder cement polymer before adding of the methacrylate, 

rather than drug being in solution [93]. Besides, studies have shown that adding different drugs in 

different quantities to bone cement affects the mechanical properties. Mixing the antibiotics with 

lower than 2 g in standard packet of bone cement, does not adversely affect mechanical properties, 

but more than 2 g reduces compressive or diametrical tensile strengths [91][116]–[118].  

There are many commercial drug loaded PMMA cement available in market. The most 

common types are Palacos (Merck KGaA, Darmstadt, Germany) and Simplex P (How-medica, 

Rutherford, N.J.), which are used in European countries. Commercially accessible gentamicin 

loaded Palacos PMMA cement (Pala-cos-Refobacin) and beads (Septopal) are manufactured in 

Germany. But, in current days, United States prepare drug loaded cement on site, as per patient 
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requirement, usually in operating room prior to use [93][119]. Many reports have been published 

on in vitro stability of antibiotic in cement beads or disks and their releasing kinetics [119]–

[122][123].  

Generally bi-phasic fashion of drug releasing characteristics was observed in non-

biodegradable PMMA. Initial burst release followed by sustained release for months together and 

mainly incomplete release of drugs (retained within the cement) that continues for longer time 

[33]. These typical behavior is observed due to non-biodegradable matrices (PMMA), which slow 

down the drug release, as it is dominated by diffusion mechanism. Besides, release kinetics from 

bone cement is mainly influenced by porosity, surface roughness, area and relative loading amount 

[124][125]. 

In vivo reports also shown that drug loaded PMMA can effectively stop the infection from 

intraoperative challenge within a small period after implantation [33][126][127]. Surgeons from 

Europe and United States most frequently incorporate gentamicin and tobramycin into bone 

cements. Tobramycin is an aminoglycoside and its spectrum is closely related to gentamicin, but 

releasing characteristics are better than gentamicin.  Pharmacokinetic studies specify that drug 

elution from gentamicin loaded bone cement or beads was not sustained. Further, less than 50% of 

the drug eluted within a month and thereafter no continuous drug release was observed [33][128]. 

Dimaio, Frank R. et al [122] have impregnated 0.2, 0.5 and 1 g of ciprofloxacin per 40 g of PMMA 

cement (standard 40 g packet of Simplex cement powder) beads and observed the sustained drug 

release up to  42 days in PBS. The study has also shown that the ciprofloxacin is heat stable up to 

110 °C and remains biologically active. Besides, minimum inhibitory concentration (MIC) of 

ciprofloxacin is around 1 to 2 mcg/ml for effectively eradicating the many pathogens such as 
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Staphylococcus aureus, Streptococcus species, and Pseudomonas species which are mainly 

associated with chronic osteomyelitis. 

Around 0.2 g of ciprofloxacin impregnated cement beads eluded at least 1-2 mcg/ml (MIC) 

concentration for 7 days, whereas 0.5 g for 30 days and 1 g for 42 days. The 1 g ciprofloxacin 

loaded cement beads released above MIC levels continuously for the entire 42 days as shown in fig 

2.6.  

 

 

 

 

 

 

Fig. 2.6 Shows ciprofloxacin release for all three concentration 

2.5.4 Drug Loaded CaP Bone Cement 

Regardless of many drug loaded PMMA and its successful clinical use in orthopedic device 

fixation since four decades, inherent limitations of PMMA, such as, fragmentation and foreign 

body reaction to wear debris causes prosthetic loosening and peri-prosthetic osteolysis [122][129]. 

Besides, PMMA is not a biodegradable and secondary surgery is very essential to remove the 

PMMA if any clinical failure occurs before new bone regeneration in the defect. Bone cement 

(PMMA) generates heat and residual MMA monomer, which is toxic and can kill surrounding 

healthy bone cells and also pose potential chances for creating allergic reactions [33][130]. In 
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addition to that, during removal of PMMA, bone tissue also gets damaged/lost, as the PMMA gets 

well encapsulated within surrounding soft tissues, rather than implant surface. These all reduced 

the clinical enthusiasm for using PMMA cement [33].  

 On the other hand, excellent bioactivity, osteoconductivity and resorption property of 

calcium phosphate (CaP) and their derivatives like hydroxyapatites and tricalcium phosphate have 

also shown sustained drug release [131]. Tailorable biodegradability of CaP, as compared to other 

ceramics, and compositional similarities to bone mineral are some reasons behind the use of 

calcium phosphate and its derivatives extensively as drug delivery system for orthopedics. Calcium 

phosphates are used as drug carrier either as nanoparticle, coatings, cements and scaffold. Calcium 

phosphate cements (CPC) and CaP scaffolds are considered as 3-D construct, whereas CaP 

coatings and nanoparticle as 2-D and 1-D, respectively, as represented in fig 2.7 [132]. 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Shows different approaches of CaP as drug carrier 

 



 
31 

 

Currently, a lot of research is focused on nanoparticle-based drug delivery, especially for 

targeted drug delivery application. Drug loaded nanoparticles are effectively used to kill tumor or 

cancers cells, as it is not used for orthopedic implants for fixing permanent implant. Besides, CaP 

scaffolds was successfully used for tissue engineering application and not as permanent implant. 

Hence, the discussion over here is restricted to drug release through cements and coatings. 

Intrinsic porosity of CPC is helpful for incorporating different antibiotics, biologically 

active molecules or even cells [104]. Yu, Duncan, et al [133] have investigated in vitro elution 

behavior of cephalexin and norfloxacin incorporated HA cement and correlated release pattern 

with the Higuchi model [134]. The 4.8 wt.% norfloxacin added HA eluted the drug continuously 

up to 250 h.  Prolonged release of drugs was observed in cements, because drugs were mixed well 

with two cement phases and drugs was incorporated throughout the whole material volume instead 

of surface [135]. Besides, it also depends on microstructure, type of bond among the drug and 

matrix, degradation mechanism of matrix and drugs. Whereas, in CPC, the release kinetics mainly 

taken place through diffusion controlled and partially matrix (CPC) degradation mechanism [135]. 

Doadrio et al. [136] have studied cephalexin release behavior by impregnating 1 wt% cephalexin 

drug into calcium sulphate (gypsum) cement and HA/gypsum composite cement. Burst release 

(80-90%) of drug was observed in SBF within 8 h, whereas HA/calcium phosphate composite 

cement shown 25% of drug release within 8 h and remaining drug (90%) was released after week. 

HA changes the release kinetics and it slows down the release significantly. In table 2.2 

summarizes the various antibiotics and cements used for analyzing the in vitro and in vivo release 

characteristics of bone cement [104].   
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Table 2.2 Different combination of drug and calcium phosphate cements used to study the in vitro 

and in vivo drug release behavior [96]. ([] apatite CPC, () Brushite CPC. S: drug loaded from 

solid phase. L: drug incorporated from liquid phase. ✰ Burst release. ●Shaking or stirring. † 

Periodical media renewal. HPC: hydroxypropylcellulose, PAA: polyacrylic acid, CMC: 

carboxymethylcellulose, SDS: sodium dodecylsulfate, LMAP: Low methoxy-amidated pectin, 

PLGA: polylactide-co-glycolide, SS: Stationary Stage) 
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Gaining the progress research knowledge on bone cements is significant to all orthopedic 

surgeons and researcher. Though bone cements have been gold standard in orthopedic field, the 

uses of bone cement in current days decreased due to the start of cementless implants (press-fit), 

which support good bone in growth. To address the drawbacks, side effects and toxicity of bone 

cement advance research is required.  

2.6 Surface delivery through coating 

 

Presently used all metallic implants are biologically compatible but biologically inert. This 

may lead to weak interface with the bone and cause aseptic loosening. Besides, to avoid the fibrous 

tissue encapsulation around the implant, CaP and polymer coating had been introduced. These 

coatings are often being evaluated for their potential use for delivering the drug in-vivo.   

2.6.1 Drug loaded biodegradable polymer coating 

 

In the past three decades, a considerable amount of research work has been carried out for 

development of biodegradable polymeric materials for orthopedic applications. Degradable 

polymers are preferred candidates for potential drug delivery vehicle in scaffolds for tissue 

engineering application [137]. Based on their origin, biodegradable polymers can be categorized as 

natural and synthetic polymers. Natural polymers include polysaccharides (starch, alginate, 

chitosan, hyaluronic acid derivatives) and proteins (collagen, fibrin gels, silk, gelatin etc.) [138]. 

But, their applications are limited due to fast degradation rate, low mechanical properties and high 

physiological activity [139]. On other hand, synthetic biodegradable polymers can be produced 

under controlled conditions and careful design. They can be tailored to exhibit predictable 

mechanical property and degradation rate. In general, synthetic biodegradable polymers include 

polyesters, polyanhydrides, polyorthoesters, polyphosphazenes, and polyurethanes. Amongst the 
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members of polyesters family, polylactic acid (PLA), polyglycolic acid (PGA), poly-ɛ-

caprolactone (PCL) and poly-β-hydroxybutyrate (PHB and their copolymer, like, poly (lactic acid-

co-glycolic acid) (PLGA)  are widely used in tissue engineering and drug delivery, due to their 

controllable degradation through hydrolysis of the ester linkage, biocompatibility and nontoxic 

degradation products [139][140].  

Efficient way of drug loading on metal implant is still a challenge to biomedical engineers. 

Key factors affecting the drug loading are (a) choice of a suitable carrier system, (b) effective 

surface modification of implant prior to loading and (c) techniques used for loading the drug. For 

controlled release of drugs, a variety of biodegradable polymers, in the form of liposomes, gel 

beads, films, microspheres and hydrogels, have been introduced by different research groups 

[139]–[142]. 

      Use of micro or nano spheres of polymers as a coating on metal implant is a promising method 

for the drug delivery system [142]. In this coating, the surface texture of the metallic implant can 

be maintained, as well as, potential drug release profile can be obtained. Such coatings can be 

directly used on the bone implant, or integrated into allograft material to stimulate tissue 

integration because it will be degraded once the drug is released [142]. Di Silvio et al. [141] 

prepared the human growth hormone (hGH) loaded gelatin microspheres in a pre-heated syringe. 

The solidified microspheres were cross linked with 25% glutaraldeyhyde vapour under vacuum for 

24 h. The release profile of microspheres was checked in 5ml phosphate buffered saline (PBS). 

Ultrasound exposed microsphere shown increased release of GH due to penetration of water 

through cavitation, which promotes hydrolytic degradation of gelation. Ling Ting et al. [143] have 

prepared vancomycin hydrochloride (VH) loaded PLGA-PEG-PLGA (PPP) micelles by solvent 

dialysis and direct dissolution method. The 50 µL VH containing micelles solution was 



 
37 

 

incorporated into porous mineralized collagen (MC) coated Ti substrate by electrochemical 

deposition. The drug releasing profile showed the decrease in burst release from 81% to 58% in the 

initial 8 h, compared to the MC coating alone and controlled release was prolonged from 3 days to 

1 week. The VH releasing kinetic was reported to be adjusted by changing the concentration and 

size of micelles. Antibacterial activity was not statistically affected due to the less initial release of 

VH. In addition, the drug carrying PPP coated surface offered enhanced cell activity and 

bioactivity. 

Price et al. [30] have used the gentamicin as an antibiotic and PLGA as the biodegradable 

polymer carrier and dip coated them on orthopedic implant and checked the in vitro bacterial 

growth. 20 wt.% gentamicin containing polymer coating showed more than 99% antibacterial 

activity over 24 h, in comparison to uncoated implant. Drug released profile exhibited considerable 

burst release with a concentration of about 200 µg/mL (in 10 mL PBS at 37°) for first 6 days, 

followed by a high concentration for the rest 20 days’ period with an average of 133 µg/mL. Many 

studies have reported the drug release behavior of gentamicin, triclosan and chlorhexi-dine (CHX) 

loaded biodegradable polymer [144]–[147]. Releasing pattern of polymer coating is also a 

biphasic, with initial burst release phase, followed by and sustained release up to weeks to months 

as shown in fig 2.8 [148]. Gollwitzer et al. [149] have incorporated 5 wt.% of gentamicin and 

teicoplanin into PDLLA. SS Kirschner-wires (K-wires) was coated through solvent casting 

technique with drug loaded biodegradable polymer. Release profile in PBS shown initial burst 

release within 6 h, later observed continuous slow release up to 100 h (fig 2.8) 
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Fig. 2.8 Release pattern of gentamicin (left hand panel) and teicoplanin (right-hand panel). (four 

different lines indicates four test sample release profile) 

 

The requirements for such coatings to be successful are the coating should not get damaged 

during implant insertion in surgery  and loaded drug should remain stable within coating and get 

released in required manner, without any side effects [148]. Further, the degradation products of 

biodegradable polymer should not be harmful for any cell growth. Strategies to limit the 

degradation rates of polymer as well sustained control release fashion can be tailored with 

innovative fabrication of coating on metal implant and also it provides suitable mechanical 

property to fit the needs of implant coating. However, some studies have displayed burst with a 

short range of drug delivery and few of them established persistent drug profile. In other side’s 

lack of in vivo studies and certain mechanical properties like coating strength, corrosion and anti-

wear behavior of drug loaded biodegradable polymer coating on load bearing implant limit their 

clinical applications. 

2.6.2 Drug Loaded Bioactive Ceramic Coating 

 

Biomaterials used in orthopedic implant applications are classified as bio-inert, bio-tolerant 

and bioactive materials. Bio-inert materials remain inert while in direct contact with contiguous 



 
39 

 

tissue and hence does not induce any fibrous tissue around the implant. Some examples of such 

materials are alumina, zirconia and titanium. Bio-tolerant materials, like, poly-methyl-methacrylate 

(PMMA) bone cement acts as connecting tissue layer around the implant and bone. Bioactive 

materials, like, bioactive ceramics and bioactive glass, provoke direct chemical bond with the 

surrounding bone tissue and start the secondary reactions around the host bone as well as help in 

new bone formation. Thus, bioactive materials are an ideal candidate for replacing the damaged 

bone [150]. To overcome the problems associated with the metallic implants, like, biocompatibility 

and osteoconductivity, calcium phosphate based bio-ceramics and silica based bioactive glass 

coatings were suggested in late 1960s [151].  

 The earth’s surface contains nearly about 3.4 wt.% of calcium and 0.10 wt.% of 

phosphorus and its widely scattered around the planet. The combination of these two oxide 

elements, with or without water incorporation, gives different calcium phosphate compounds and it 

belongs to the family of orthophosphates [152]. The family of calcium phosphate includes 

numerous compounds, differentiated by Ca/P ratios. Monocalcium phosphate monohydrate 

(Ca(H2PO4)2H2O) and dicalcium phosphate dehydrate (CaHPO42H2O) compounds has the ratio 

less than one. Hence, it is more acidic and water soluble and not suitable for biological application. 

On the other side, bioactive and bioresorbable tricalcium phosphate, with respect to their solubility 

and biological stability, exists in several states like α and β tricalcium phosphate and has the ratio 

1.5. Besides, hydroxyapatite (Ca10(PO4)6(OH)2) has Ca/P ratio 1.67. It has a chemical composition 

and Ca/P ratio similar to apatite in human bone [153]. Bio-glasses, composed of sodium oxide, 

calcium oxide, phosphorus pentoxide and silica, have shown biocompatibility, osteoconductivity 

and potential to form bonds to bone without an intervening fibrous connective tissue interface 

[154][155]. 



 
40 

 

However, HA and bioglasses generally suffer from brittleness, poor strength and low 

fracture toughness, limiting their use in load bearing implant. To overcome this problem, thin 

bioactive ceramic coating is proposed on metallic implant, to get the biological advantage of 

ceramics as well as strength of metal combined [150][150] Numerous techniques have been 

studied for coating the bioactive ceramics on metal implant such as plasma spraying processing 

[156], thermal spray coating [157], sputter coating [158], pulsed laser ablation [159], dip coating 

[160], sol- gel coating [161], elecrophoretic deposition [162] and biomimetic coating [163]. These 

coatings can be used as a good carrier of drugs for a targeted delivery.  

Duan et al. [164] have developed the new method for local and sustained delivery of drugs. 

Calcium etidronate (family of bisphosphanate) were coated on titanium substrate through 

electrophoretic deposition. Coating showed amorphous globular morphology with a Ca/P ratio of 

0.78 and there was no etidronate molecular structure change after deposition process. In vitro 

release profile showed continuous release up to 8 days. Xiao et al. [165] have prepared the 

asymmetric coating on titanium alloy by immersing the samples for 30 and 60 minutes into a 

dipping solution. Dipping solution was prepared by adding 1 g of hydroxyapatite and 10 g gelatin 

in 50 ml of deionized water.  The samples were again dipped ibuprofen solution for four days and 

cross-linked with glutaraldehyde. Asymmetric coating has two layers. Outer layer was about 130 

µm thick and composed of a thin dense structure, due to evaporation of solvent in a quiescent air. 

Inner layers (10 µm) was composed of thick pores, due to phase inversion by ethanol-water change 

in quench environment. The loading efficiency of the drug is directly dependent on the 

concentration of the drug in the solution, as well as, immersion time. In vitro release profile 

showed zero order release kinetics and lasted till 30 days from an asymmetric coating, due to 

osmotic pressure effect. Avés et al. [166] have deposited porous HA films on titanium implant 
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through sol-gel spin coating. Heat treating the coating at 450 °C leads to crystalline apatite 

structure. Coating strength was achieved on sand blasted Ti substrate through both mechanical 

interlocking and chemical bonding. Interconnected porous surface was formed due to gas evolution 

during thermal decomposition. This structure helps for loading the gentamicin sulfate and pores 

acts as potential drug carrier. Release kinetics shown 30 % to 40 % burst release in first 3 h and 

continuous release up to week. It is due to drug molecules attached in superficial layers of the 

samples and were easily accessible through voids and cracks.   

The modern biomedical technology is driving the field towards cementless implantation 

procedure, which does not allow using cements as drug delivery system. However, in cementless 

prostheses, bioactive ceramics coatings on metal implants can take over the role of drug carrier. 

The success of these coated implants depends upon minimizing the early micromotion to improve 

the bonding strength as well as to avoid the fiber tissue encapsulation around the implant and 

boosting the fixation of the implant. On other hand, controlled drug delivery from these ceramic 

coated implants is facing several challenges. Stability of the coating is the critical limitation in wet 

chemical coating techniques, such as, biomimetic coating, sol-gel coating, dip coating and 

electrophoretic deposition. Wet chemical coating is solution based and low temperature process, 

where drugs can be easily incorporated into the coating. On other hand, physical deposition 

techniques, such as, pulsed laser deposition, sputtering and plasma spraying offer a greater 

interfacial bond strength and crystallinity.  However, antibiotics cannot be incorporated into these 

coatings due to elevated temperature processing conditions. The drugs and bone growth factors can 

only be loaded after the coating is synthesized, by immersing the coated sample into concentrated 

drug containing solution. In this process, drugs get adsorbed only on the surface of the coating and 

it leads to a sizeable burst release, uncontrolled elution profile from loosely bonded drugs [167], 
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[168]. In this regard, research has to focus mainly to overcome this problem and bring the 

successful implant for future generation.  

Briefly, several strategies have been proposed for orthopedic implants, including antibiotic 

loaded bone cement, drug molecules integrated within the implant and loaded with porous coating 

structure [33]. In cemented joint arthroplasties, antibiotics were traditionally doped into poly-

methyl-methacrylate (PMMA) cement, but it offers unreliable release profile and weakening the 

polymer strength. Further, in long run, cements come out as particles, inducing third body wear. 

Wear debris invite immunological reaction and implant loosening [169][170].This rules out the use 

of bone cement for localized drug delivery. On the other hand, cement less (press fit fixation) 

procedure are most suitable to younger and active patient, as it interfaces directly with bone, 

offering good initial stability and avoiding aseptic loosening. Progressive improvement in 

prosthesis design offers drug loaded bioceramic or bioresorbable coatings for fighting against 

bacterial infection. However, local drug delivery from these coatings is very fast and without any 

control [171][172]. 

Hence, there is great interest in finding new methods or strategies to inhibit biofilms 

formation through controlled drug delivery for longer period. In this connection, one of the ideal 

sites for drug loading would be those parts of an implant, which are not supposed to have bone 

grown on them and would be in direct contact with the body fluid to make the released drug 

available in the surrounding sites of surgery. Such part in a total hip implant can be the lining of 

the acetabular cup. These liners are commercially made of ultra-high molecular weight 

polyethylene (UHMWPE).  
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2.7 Acetabular Cup (UHMWPE) 

 Ultra-high molecular weight polyethylene (UHMWPE) is the polymeric material 

that has been evolved after thorough scientific studies and it is in clinical use for last four decades 

as the liner of acetabular cup (bearing surface) [173][174]. UHMWPE belongs to a family of 

polymers with a simple chemical formulation of carbon and hydrogen molecules. UHMWPE (PE) 

is a linear homo-polymer. Carbon acts as backbone in polymer chain, which can rotate, twist, fold 

into crystalline phase and provide a more complex structure at the molecular level. Mechanical 

properties, such as, elastic modulus, yield strength and fatigue, creep resistance and thermal 

properties are directly related the degree of crystallinity in polymeric materials. PE can be 

synthetized from ethylene gas (C2H4) using the Ziegler-Natta process in a solvent using titanium 

tetra chloride (TiCl4) as a catalyst (fig 2.9) [175][176]. Impurities of titanium, aluminium and  

 

    Fig. 2.9 Synthesis of UHMWPE from ethylene gas 

chloride come from the catalyst.  Two common PE resins are used for medical applications, 

namely, GUR 1020 and GUR 1050. Molecular weight, density, yield strength, ultimate tensile 

strength and elongation to failure of GUR 1020 are 3.5×106 g/mol, 935 kg/m3, 21.9 - 22.3 MPa, 

51.1 - 53.7 MPa and 440 - 452 %, respectively. The GUR 1050 resin has a higher Molecular 
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weight of 5.5-6×106 g/mol, density of 930-931 kg/m3, yield strength 21 - 21.5 MPa, ultimate 

tensile strength 46.8 - 50.7 MPa and elongation to failure 373 - 395 % [174][177].  

PE is very popular as the inner lining of the acetabular cup due to its unique combination of 

wear resistance, fracture toughness, bio-inertness and good processability, along with the lubricity 

offered during rubbing action with the metallic femoral head of the implant. Fracture toughness 

and wear resistance ensures generation of less wear debris, which can otherwise trigger 

macrophage induced re-sorption of bone and osteolysis [173][174][178][179]. Tribological 

behavior of PE lining plays a critical role in deciding life span of modular acetabular cup in total 

hip implants. Though PE is in clinical application for long time, its performance in extended period 

has been limited due to its inherent low yield strength, leading to permanent deformation, severe 

wear and ultimately premature failure of implant. Relative motion between the metal/ceramic 

femoral head and polyethylene lining surfaces generates wear debris. Generated debris migrates to 

the tissues around the implant through blood and invites inflammatory reactions, leading to 

osteolysis and gradual aseptic loosening of the implant as shown in fig 2.10 [180][181].  

 

 

 

 

 

 

 

 

 

Fig. 2.10  Key failure mechanism of total joint replacements 
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Thus, a drive always exists to improve the stiffness and wear resistance of PE lining 

without increasing the coefficient of friction (COF), which is a challenging goal in itself. Over the 

past decades, significant efforts have been taken up for the enhancement of tribological and 

mechanical properties of PE bearing. Various techniques are explored for this purpose, namely, 

cross linking of polymer [182][183], increasing the degree of crystallinity through ionizing 

radiation [184] and chemical methods [185][186]. These modifications decreased the risk of wear 

rate of PE. But a negative effect on ductility and strength is noted, resulting into catastrophic 

failure of the implant [187]–[189]. However, main aim with the PE surfaces, to be used in 

orthopedic joints, is to have a unique combination of high wear resistance and low coefficient of 

friction, which apparently appears contradictory. 

Polymer matrix composite is an alternate solution, where PE matrix is reinforced with 

either PE fiber itself [190] or various other carbonaceous nanoparticles and fibers, e.g., nano-

diamonds, graphite, GNP and carbon nanotubes [140]–[142][181]. Cross linking PE fiber and nano 

particle reinforcement reduced the wear significantly. However, the reduction of strain to failure 

and fracture toughness had shown negative effective on its potential use [194]. Among stated 

reinforcements, CNTs have been used extensively for PE due to its unique properties; high elastic 

modulus (200–1000 GPa), tensile strength (11–63 GPa) and good lubrication [195][196][197]. 

Different processing routes, namely, solvent casting, ultra-sonication, in situ polymerization and 

ball milling, are employed to synthesize these composites with an aim of improving mechanical 

and wear behavior of PE matrix [198]. Tribological properties of CNT reinforced PE composite is 

a highly relevant characteristic for potential bearing application. 
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2.8 Carbon Nano-Tubes (CNTs) and Composite 

 

CNTs are structurally defined as sheets of six-membered carbon atom rings (i.e., graphene) 

rolled up into cylinders. CNTs, having one layer, are called as single walled CNTs (SWCNTs) and 

more than one are called as multi walled CNTs (MWCNTs) [199]. Now days carbon based 

nanomaterials are used many product development applications. The key reasons beyond this is, its 

exceptional mechanical, thermal and electrical property. CNTs reinforced composite materials 

have been using already in market as sporting goods (tennis rackets), automobiles parts, body and 

in aircraft due its excellent mechanical properties [199]. 

Currently, wide range of research activities are ongoing in the world to develop a new 

CNTs based biomaterials for diagnosing the disease, cancer treatment, drug delivery and in vivo 

imaging [199][200]. Besides, CNTs were found brilliant as scaffold materials for nerve and bone 

tissue regeneration and regenerative medicine. Lot of research are still going on to expand the 

mechanical strength and durability of implants by joining CNTs with current biomaterials [200]. 

Further, many novel ideas have been put forward to explore use of CNTs in the treatment of 

different diseases.  Fig 2.11 indicates the trend in the number of research articles found in the Pub 

Med database (http://www.ncbi.nlm.nih.gov/pubmed/ (accessed on 20 March 2014) by search 

using “carbon nanotubes” and “biomaterials” as keywords. 

 

 

 

 

                Fig. 2.11 Indicates the trend in the number of research articles published 

http://www.ncbi.nlm.nih.gov/pubmed/
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2.8.1 Benefits of CNTs for Biomaterials Applications 

The primary advantage of using CNTs is due to its small size, nanometers in diameter and 

micrometers in length, high aspect ratio. The following capabilities can be attributed to the small 

size of CNTs [199][200]:  

(1) Reacting with cells by entering the cells or adhering to cell surfaces 

(2) Acting on biological macromolecules and cell organelles of similar size 

(3) Acting on parts of the body with fine structures  

(4) Distributed via the bloodstream after intravenous injection and the like; thus they may 

be used in targeted drug delivery systems and in vivo imaging 

(5) Rapidly eliminated from the body  

(6) Having effects when combined with other biomaterials, for example, on fine structures 

to increase their mechanical strength 

Many research works are carried out to improve the mechanical and tribological properties 

of PE composite. Ruanet et al. [201]  reported 38% increase in elastic modulus and 49% in yield 

strength by addition of 1 wt.% MWCNT in solution casted PE films. In another study, addition of 

5 wt.% of CNT in HDPE reduced  wear rate by 50% and frictional coefficient by 12% [197]. On 

the other hand, a very small amount (0.2 wt.%) of single wall carbon nanotube (SWCNT) addition 

to PE increases hardness and elastic modulus by ~66% and 58%, respectively [202]. Wear 

durability is also improved impressively in this composite by more than two orders of magnitude 

[202]. CNTs can also offer the unique combination of improved toughness and decreased co-

efficient of friction on surface by acting as a solid lubricant. However, effective utilization of 

CNTs in composite is strongly dependent on their uniform dispersion in the matrix, without 

disturbing their structural integrity [203]. Homogeneous reinforcement of phases and good 
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interfacial bonding enhance the load transfer efficiency from matrix to CNTs and show improved 

mechanical properties in the composite [204]. Strong interfacial bonding between polymer matrix 

and CNT is highly influenced by the aspect ratio of CNTs [205]. Hence, aspect ratio of the 

reinforcement is considered as a dominating factor for developing the theoretical and experimental 

models [206]. A few studies have explored the influence of CNT diameter and aspect ratio on 

mechanical properties of polymer composites. Diameter of CNTs have shown significant effect on 

fatigue behavior of an epoxy and 2.5 wt.% multi wall carbon nanotube (MWCNT) composite. A 

10-fold reduction in the fatigue crack growth rate is observed for CNTs having diameter in the 

range of 5–8 nm, while only 2-fold improvement was recorded for thicker CNTs with diameter of 

20–30 nm [207]. Both the CNTs possessed similar length of 10–15 µm. Thus, fatigue resistance 

and fracture toughness of epoxy is found to be functions of the aspect ratio of the filler phase. 

Ayatollahi et al. [205] have studied the epoxy-0.5 wt.% MWCNT composite with different aspect 

ratio of CNTs. A maximum of 32% increase in fracture toughness was observed with MWCNTs 

having aspect ratio of 1000 and it is decreased to 21% for a lower aspect ratio of 455. Both 

modulus of elasticity and tensile strength were increased with decreasing tube diameter. Small 

diameter and higher surface to volume ratio of CNTs form a percolated network in the composites 

and build strong interfacial bond with polymer chains, thus increasing the load transfer sites 

between the matrix and reinforcement [192]. 

Tribological properties of CNT reinforced PE composite is a highly relevant characteristic 

for potential bearing application. Only a few studies have dealt so far with the influence of CNT 

concentrations on wear and thermal stability of the polymer composite. All of these studies 

explored effect of CNT addition on the surface hardness, strength, plowing and cutting resistance 

of PE matrix. The reports mostly include improvement in wear resistance and increase in 
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coefficient of friction (COF). Few exceptions to this trend were also observed by Wei et al. [208] 

and Lee et al. [209] who reported decrease in COF by ~20% with addition of 5 wt.% CNTs. This 

decrease in COF is attributed to the self-lubrication offered by CNTs.  

2.9 Summary of Literature Reviewed 

 

 Despite advances in orthopedic materials, the development of drug-eluting bone and joint 

implants that can sustain the delivery of the drug and maintain the necessary mechanical strength 

to withstand loading has remained elusive. In this regard, a significant amount of research has been 

devoted for developing drug releasing orthopedic scaffolds which has led to successful long term 

drug delivery also. However, it is easier to introduce drug in scaffold due to its structure, which is 

very porous and often made of organic and inorganic parts. Especially wide use of polymers in 

scaffolds made it easy to introduce drug and control its release for longer period. However, the 

function of scaffold and implant is very different and implant is often used to replace a bone 

permanently, as large as a limb. Thus, the implants are mostly made of metallic materials, and 

sometimes with hard polymers or ceramics forming a part of it. Due to the nature of structure and 

expected performance of the implants, it is not so easy to make them releasing drug for a longer 

period. On the other hand, the complete healing after surgery for a limb and similar parts takes 3 – 

6 months and this is the period when drug release is needed. A very common and easy way, which 

has been tried to introduce drugs and growth factors to orthopedic implants, is through the bone 

cement. Non-biodegradable polymeric bone cements, like poly-methyl-methacrylate (PMMA), 

have been employed clinically for long time. But the problem with these type of medium is 

multifold: (a) uncontrolled delivery of drugs; (b) most of the delivery within 3 weeks with no long 

term release; (c) less than 50% of the loaded drug is released with rest being unused remaining 

inside non-biodegradable carrier; (d) requirement of surgery to remove the non-biodegradable 
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polymer during revision. In addition, the recent development in orthopedics towards cement-less 

implants leaves no scope for introducing drugs through bone-cement. The other options are drug 

loaded bioceramic or bioresorbable coatings. The main problem with drug containing bioceramic 

coatings, like calcium phosphate or hydroxyapaptite, is the processing of these coatings, which 

need high temperature. These coatings, when synthesized at low temperature, do not provide 

enough fracture strength or adhesion to implant surface and thus prone to fast failure. In addition, 

the drug release from these coatings is very fast and cannot sustain a long term release. Soaking 

antibiotics in such coating surfaces also is suitable for only short-term release. The second 

category of coating is bioresorbable or biodegradable polymers carrying the drug. But, coating of 

such polymers covers the surface of the implant and thus reduces its functionality in terms of 

sparing the mechanical and Tribological properties and even bioactivity also in specific cases. 

Thus, it is very important at this point to engineer the surfaces of different parts of orthopedic 

implants to carry and elute drugs and other necessary factors, still maintaining the functionality for 

osteoconduction and osteogenesis. 

Our goal here was to develop methods by which therapeutic agents are incorporated into 

PE bearing surfaces but not increase any risk associated with their use while adding the benefit of 

antibacterial properties. However, it is also expected that any changes to the structure of the 

polymer may result in the compromise of one or more properties. Hence, reinforcing the different 

aspect ratio of CNT into PE to enhance the basic mechanical and tribological properties of PE. 

Further, engineering the surface of CNT-PE composite liner (acetabular cup) would lead to an 

efficient drug releasing device without compromising the mechanical and tribological behavior of 

the liner. Such acetabular cup liner would bring a significant advancement in field of drug 

releasing total hip implants. 
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2.10 Work Plan 

This work aims to modify the surface of acetabular cup for carrying and sustained delivery 

of drugs without sparing functionality of the surface. The base material chosen for this work was 

ultra-high molecular weight polyethylene (PE), which is clinically used as lining to acetabular cup. 

The gentamicin (drug) was chosen because it is used to treat many types of bacterial infection 

particularly those caused by gram positive organisms. Biodegradable polymer chitosan was chosen 

for drug delivery carrier due to its compatibility with bone. Both (gentamicin and chitosan) are in 

clinical use in orthopedics and drug delivery. The critical part in this research is to modify the 

surface of PE in a way to incorporate these drug loaded biodegradable polymers in them. However, 

it is not intended to coat the surface of PE with biodegradable polymer, to avoid loss of 

functionality in terms of mechanical and Tribological behavior. In this regard vacuum 

impregnation technique was used to load the drug contained polymer into pores. The curing of PE 

needs high temperature, whereas the drugs cannot sustain heat. Thus, the PE free standing body 

(pellet) prepared and cured at high temperature with surface porosity to impregnate with drug 

loaded polymer at room temperature followed by curing through drying.  

The modified surface was primarily being characterized for mechanical, tribological 

properties and it was compared with control sample, which is PE itself without surface 

modification, in order to assess their potential application in total hip implant. The tribological 

behavior of these materials was evaluated with pin-on-disc tribometer. The mechanical properties 

(hardness and elastic modulus) was measured using an instrumented indentation technique. 

Further, analyzed the drug release kinetics and mechanism, and its antibacterial efficacy for 

different days through disc diffusion method. In vitro cell culture studies also carried out to check 

its biocompatibility. 
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CHAPTER 3  

Experimental Technique 

 
 

This chapter describes the experimental techniques that are used to develop the drug eluting 

PE liner of acetabular cup for reducing the bacterial infection. The details of materials composition 

and processing route followed to prepare the composite are being explained. Methods used to 

engineer the interconnected micro porous surface layer on PE and CNT-PE composite substrate are 

also included.  This is followed by details of techniques used for characterizing the microstructural, 

mechanical and tribological behavior of the modified surface is covered. The procedure followed 

to check in vitro drug release kinetics, antibacterial and biocompatibility are also given.  

3.1 Materials 

Medical grade ultra-high molecular weight polyethylene (PE) powder was procured from 

J.P polymer, Mumbai, India. It was in the form of white powder with an average granular particle 

size of 90 ± 30 µm and average molecular weight ~6 million g/mol. Density of the powder was 

found to be 0.953 g/cm3, as estimated using helium pycnometer (SMART PYCNO-32, Smart 

Instrument Pvt. Ltd, Mumbai, India). Fig 3.1 shows powder particle and fibril structure of PE.  

 

 

 

 

 

 

 

 

Fig. 3.1 (a) PE powder particle and (b) PE powder fibril structure 
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Two different aspect ratios of multi walled carbon nanotubes (MWCNTs), with more than 

95% purity, are used in this study to prepare the composite. High aspect ratio CNTs (HARC), with 

outer diameter of 10-12 nm, length of 8-12 µm and density 1.8 g/cm3, were procured from C-Nano 

Technology Limited, Beijing, China. Low aspect ratio CNTs (LARC), with outer diameter of 40-

70 nm, length of 1-3 µm and density 2.1 g/cm3, were procured from Inframat Corporation 

(Willington, CT).  Their average aspect ratios (ratio of average length to diameter) are about 900 

and 75, respectively.  Fig.3.2a and b shows the FE-SEM images of as received MWCNTs. An inset 

in fig.3.2a and b clearly reveals the difference in aspect ratios of two types of CNTs used in this 

study.  

 

 

 

 

 

 

 

Fig. 3.2 FE-SEM images of (a) high aspect ratio CNT, (b) low aspect ratio CNT 

3.2 Sample Preparation 

CNT-PE composite was prepared by dispersing the CNTs homogeneously with acetone by 

using a probe sonicator for 60 minutes (Power - 500 Watts and 20 kHz frequency). During this 

CNTs were dispersed uniformly in acetone. This was followed by another 30 minutes of 

sonication, after mixing the PE powder in the dispersed CNT solution. Ultra-sonication technique 

is an established technique to disperse and breaking the nano particle agglomerates. High energy in 

the tip of probe produces shock waves and it promotes separation of CNTs from the 
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agglomerates/bundles. The composite powders were dried completely by keeping it in hot air oven 

at 60 °C. Fig. 3.3a and b shows homogeneous dispersion, attachment of HARC and LARC to PE 

powder respectively. Fig. 3.3c shows the digital image of the cured PE and composite pellet.  

Compositions with low reinforcement content (0.05 and 0.1 wt.%) were chosen for this study to 

avoid agglomeration and negative effect on biocompatibility.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 (a and b) Shows the 0.1 wt.% HARC and LARC dispersion on PE powder, respectively, 

before sintering and (c) digital image of the cured pellet. 

Following nomenclatures would be used for these different compositions throughout the 

manuscript: pure UHMWPE as (PE), PE-0.05 wt.% of HARC as (PE-0.05HARC) and LARC (PE-

0.05LARC), UHMWPE-0.1 wt.% of HARC (PE-0.1HARC) and LARC (PE-0.1LARC). Disk 

shaped pellets (20 mm diameter and 5 mm thickness) were fabricated by compression molding of 

the composite powder with pressure of 300 MPa at room temperature, followed by curing at 160 

°C for 60 minutes in hot air oven.  
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3.3 Thermal Characterization 

Thermal behavior of PE and CNT-PE plays an important role in the mechanical and 

tribological property. For example, it is well known that degree of crystallinity and degradative 

oxidation behavior of PE leads to poor fracture toughness and low wear resistance, which 

ultimately lead to the aseptic loosening of the implant [210][211]. Besides, many literatures 

highlighted that addition of CNTs in PE can affect the degree of crystallinity through nucleation 

and crystals growing process [212][213]. Hence, differential scanning calorimetry (DSC) and 

thermos-gravimetric analysis (TGA) was performed using SEIKO 6300 EXTAR TG/DSC 

instrument. TGA is well known method to study the thermal stability and oxidative resistance of 

the polymer composite [5]. DSC is another thermal analysis technique for measuring the 

temperature and heat flow associated with material transitions as a function of time and 

temperature [215]. Melting temperatures, crystallization temperatures and crystallinity were 

analyzed by calorimetric study. About 10 mg of the test samples was sealed in aluminum pans; the 

samples were heated from 35º to 500° C at a heating rate of 5° C/min under nitrogen atmosphere.  

Degree of crystallinity was calculated by using the equation 1 [216] and assumed that no melting 

or crystallization occurs during heating. 

 ……………………………….. (1) 

where, XC is degree of crystallization, ∆Hc is the heat energy per unit mass (enthalpy) of 

composite and ∆𝐻100 is the enthalpy of fusion 289 J/g for a 100 % crystalline PE [216]. 

The final properties of any polymer composite are mainly dependent on the interfacial 

bonding between the reinforcement and the matrix. Hence, curing temperature of the matrix is one 

of the critical parameter in preparing the composite. Differential scanning calorimetry (DSC) test 

was carried out on as-received PE powder (fig 3.4a). The melting temperature of PE is nearly  
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123 ºC, but it is very viscous at this point. Whereas, proper curing and wrapping of the 

reinforcement phase by polymer matrix needs more flow and lesser viscosity. Thus, a higher 

temperature of 160 ºC was used for curing. This was optimized by trial and error at a range of 

temperatures (130 to 180 ºC) and by observing the integrity of cured structure through microscopic 

investigation at the cross section of the PE pellets (fig 3.4c). Strong integrity between the PE 

particles demands optimization of curing time and temperature. In this context, the green pellet 

cured at 140 ºC for 60 minutes causes partial melting of PE particles, creating the bonding between 

other particles. Fig 3.4c clearly shows the lot of porosity inside the cured pellet. Poor melting of 

PE particles leads to poor fracture strength.  On other hand, curing at 180 ºC for 60 minutes causes 

intensive melting of PE particles. Fractured surface had shown complete curing and no individual 

PE particles observed in the cured pellet (Fig 3.4d). Even though good curing was observed at 180 

ºC, the pellet shape was distorted due to high melting temperature. Hence, 160 ºC was optimized 

for curing all PE and CNT-PE pellet (Fig 4b).  

 

 

 

 

 

 

Fig. 3.4a DSC curve recorded with PE powder;(b) cross section FE-SEM images of PE pellet 

cured at 160 ºC and (c & d) cross section FE-SEM images of PE pellet cured at 140 ºC and 180 

ºC, respectively 
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3.4 Preparation of Porous Surface 

3.4.1 Modified Chemical Etching and Lyophilization 

 

Micron sized pores were engineered on the surface of the cured PE and CNT-PE composite 

pellet through modified chemical etching followed by lyophilization technique. Micro pipette is 

used to pour ~75 µl of boiling (138 ⁰C) paraxylene (procured from Sigma Aldrich, India) by drop-

wise on surface of each PE pellet.  Around 8-10 drops (~75 µl) were poured throughout the surface 

in 90 seconds and thereafter placed the samples in freezer. The samples were kept for freezing 

nearly 24 h, followed by lyophilizing (LYODEL, Delvac Pumps Pvt. Ltd, Chennai, India). Boiling 

paraxylene dissolved some amorphous regions on the surface of PE. This step was followed by 

freezing the material system at -20 °C in order to crystallize the paraxylene inside polymer pellet 

and thus stopping the full dissolution of surface. Fine pores were generated on the pellet surface 

after lyophilization process, whole process shown with the help of flow chart in fig 3.5. 

Lyophilization helps in vaporizing the crystallized paraxylene and thus leaving interconnected 

pores on PE and CNT-PE composite surface. Amount of average porosity (32 ± 5%) was 

calculated through Radical Meta check 5.0 software (Radical Instruments, Ambala Cant., India) by 

using SEM micrographs of the surface and also 3D optical profile. To get the optimized porosity 

all over the surface, different amount of boiling paraxylene was dropped and hold for different 

time to melt the surface. Pouring higher amount (≥150 µl) of paraxylene and longer holding time 

(2 to 3 minutes) leads to increase in porosity (40 ± 6%), by dissolving more PE surface (fig 3.6a). 

In case of lesser paraxylene (≤ 50 µl) and holding time (≤ 1 minutes), percentage of porosity (27 ± 

5%) was decreased (fig 3.6b).   
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Fig. 3.5 Flow chart shows the modified chemical etching and lyophilization process 

 

 

 

 

 

 

Fig. 3.6 (a) FE-SEM images of higher loading of paraxylene and hold time; (b) lower loading 

paraxylene and holding time 

3.4.2 Electrostatic Spray Coating 

Author idea here was to find other effective ways to modify the inner lining of acetabular 

cup to load antibiotic in it. The search was for a technique that can give the best drug release 

kinetics, while retaining mechanical and tribological attributes of the acetabular cup liner. In this 

context, electrostatic spray coating (ESC) technique was found logically suitable for fabricating 

such porous coating on PE liner surface. ESC offers uniform deposition rate, because all powder 
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particles are charged with same electrical polarity when they are ejected from spray gun and 

deposited uniformly on the substrate through charge repulsion. Further, the coating process offers 

controlled micro pores on the substrate [217][218][219].  Very strong integrity between porous 

coating and substrate is expected during curing, considering the fact that the substrate and coating 

material are same. Corona charge electrostatic powder spray system (Harbor Freight Tools Ltd, 

California, USA) was used to coat the cured PE pellet with PE powder.  

ESC process consists of three steps: powder charging, spraying and deposition. During the 

operation, PE powders are supplied to the spray gun from a feeder unit through carrier gas (air), 

with the gas pressure of two bars. Carrier gas pressure is used to transport the PE powder from 

feeder chamber to spray gun and electrostatically charged powders were sprayed from the gun to 

grounded substrates to achieve a powder layer on the substrate [217]–[221]. High electrostatic 

voltage (80 KV) was applied to the spray gun by high voltage generator. Schematic diagram of 

ESC is shown in as fig 3.7. The charged particles follow the electrostatic field lines in 3D and get 

deposited on the grounded substrate, due to electrical field of attraction. However, PE being 

electrically insulating in nature, it was not easy to deposit the charged particles on it. Hence, NaCl 

solution was sprayed externally on PE substrate to makes it conductive. Same electrical polarity of 

the charged particles helps in uniform dispersion of particles on the substrate by mutual repulsion 

of charged particles and thus drawing the uniform coating (fig 3.8). The powder sprayed surface 

was cured to get the integrity in the coating. However, the curing parameters were optimized to 

have the porous structure, instead of having the powder particles fully melted and making a solid 

layer on the pellet surface and it is discussed in detail in result and discussion part (chapter 6). 
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Fig. 3.7 Schematic diagram of electrostatic spray coating (ESC) system 

 

 

 

 

 

 

 

 

Fig. 3.8 (a) Digital images of the PE pellet, (b) electrostatic powder spray coated pellet before 

curing 
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3.5 Preparation of Gentamicin Loaded Chitosan 

Chitosan (medium molecular weight of 240 to 280 kDa and 80% deacetylation) was 

procured from Sigma Aldrich, India. Chitosan is a biodegradable polymer and is reported to have 

some antibiotic characteristics [222]. Different concentration of chitosan solutions was prepared to 

optimize the viscosity and flow-ability of the solution. This was done to ensure that during 

impregnation the solution easily flows inside the pores and fill them. Finally, 10 ml of 3 % w/v 

chitosan solution was prepared as an optimized condition by dissolving the 0.3 g of chitosan in 1 % 

acetic acid. The mixture was stirred for 12 h at 70 ºC, using a magnetic stirrer, to get homogenous 

solution. 

Gentamicin (molecular weight 463.6 Da) is a prototype of aminoglycoside with a broad 

spectrum of antibiotic drug and is used to treat many types of bacterial infection, particularly those 

caused by gram positive organisms. Gentamicin is used in this research to study the drug releasing 

efficiency of the modified PE surface. A measured amount (20 mg) of gentamicin sulphate 

(procured from Sigma Aldrich) was mixed well with the 1 ml of chitosan solution (3 wt% of 

chitosan in 1% acetic acid) through vortex shaker, for 30 minutes.  

3.6 Characterization of Gentamicin Loaded Chitosan Solution 

Fourier-transform infrared spectroscopy (FTIR) is the most useful technique for identifying 

the chemical components (bonds), present in the unknown mixture. Besides, it is used to find the 

chemical bonds in molecules, by producing an infrared absorption spectrum, which is like a 

molecular "finger print". The wavelength of light absorbed is characteristic of the chemical bond, 

as can be seen in this annotated spectrum. FTIR spectra over the wavelength range of 4000– 400 

cm-1 were recorded using an FTIR spectrometer (Perkin Elmer Spectrum, Germany) to 

characterize the chemical interaction of gentamicin loaded chitosan. Individual solutions of 
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chitosan, gentamicin and gentamicin loaded chitosan was mixed well with potassium bromide 

powder using agate mortar & pestle and compressed to a 10 mm semi-transparent disk to carry out 

the test. Surface potentials of the same were determined using zeta-sizer (Nano ZS90, Malvern 

Instruments, UK). 

3.7 Impregnation Procedure 

This research aims to impregnate the drug containing biodegradable polymer in the 

interconnected pores, created on the surface of PE. Impregnation system was designed to load the 

drug effectively in the pores. The custom made impregnation chamber (Vacuum Systems and 

Products, Bangalore, India) and process shown with the help of flow chart in fig 3.9. Before 

impregnating the chitosan solution, the PE pellet was kept in high vacuum (1 mbar) inside 

impregnation chamber to remove entrapped air from the interconnected micro pores in the surface 

of the sample. After evacuation, chitosan solution was slowly incorporated in the chamber in 

controlled manner through the nozzle, to be sucked in and loaded in the pores. Finally, 3 bar 

pressure was applied on the impregnated samples to further drive the solution in the pores. The 

samples were allowed to cure at room temperature. 

 

 

 

 

 

 

                    Fig. 3.9 Flow chart describes the complete impregnation process 



 
64 

 

3.8 Evaluating the Drug Release Kinetics 

In vitro drug release study was carried out by immersing the drug-loaded samples into 10 

ml of phosphate buffered saline (PBS, sigma P4417-100 TAB) solution. All immersed sample 

(Triplicates in each set) were stored in individual falcon tubes and placed in an incubator shaker 

with a speed of 80 rpm for better prediction of in vitro release kinetics. In specified time intervals, 

2 ml of solution from each set of samples were withdrawn and 2 ml of fresh PBS solution were 

added in the falcon tubes to replenish the amount being withdrawn. The released drug 

concentration, from the withdrawn solution was analyzed via UV-Visible Spectrophotometer 

(Model Hitachi- 5330). Standard Calibration curve of gentamicin solution were prepared with 

different concentration and their absorbance values recorded at 250 nm wave lengths (Table 3. 1) 

[44]. Standard solution of gentamicin showed linear relationships between peak absorbance and 

gentamicin concentration in the ranges of 0.01 to 2 µg/ml (R2 = 0.961), as presented in fig 3.10. 

Based on this calibration study, the amount of drug released from the modified surface, at specified 

intervals, was calculated.  Cumulative drug release is plotted as a function of time.  

 

 

 

 

 

 

 

Table 3.1 Absorbance value of gentamicin solution with different concentration at 250nm 



 
65 

 

 

 

 

 

 

 

   Fig. 3.10 Standard calibration curve of gentamicin concentration in the range of 0.01 to 2 µg/ml 

3.9 Antimicrobial Activity 

Antimicrobial study was carried out to evaluate the efficacy and stability of the drug 

released from the modified surface. Agar Disc Diffusion method was used to assess the 

antibacterial activity against gram-positive Staphylococcus aureus (S. aureus) bacteria. S. 

aureus was cultured in Luria Bertani Broth (LB) media and incubated in a shaking incubator at 37 

°C overnight. After one day, the bacterial cells were brought into log phase by re-inoculating the 

overnight culture with 1:100 volume ratio, in fresh media, before further experiments.  The 

experiments were started after achieving the optical density of 0.5 at 600 nm (OD 600), as 

confirmed using UV–vis-spectrophotometer (Lasany®, UV–vis double beam spectrophotometer). 

Modified drug loaded samples and unmodified PE samples were placed on freshly prepared 

nutrient agar lawned with S. aureus. All specimens were sterilized under ultraviolet rays before 

placing into agar plate. Efficacy of the gentamicin, released from modified surface, was assessed 

by measuring the zone of bacterial inhibition in the culture plate after 1, 3 and 5 days of bacterial 

incubation. SEM images were also captured after incubation.   
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In addition to that, antibacterial activity against gram negative (Escherichia Coli) bacteria 

was also assessed by the disc diffusion technique. E. coli was cultured in Luria Bertani Broth (LB) 

and incubated in a shaking incubator at 37 °C overnight. After one day, the bacterial cells were 

brought into log phase by re-inoculating the overnight culture 1:100 volumes into fresh media, 

before further experiments.  The experiments were started after achieving the optical density of 0.5 

at 600 nm (OD600), as confirmed using UV–vis-spectrophotometer (Lasany®, UV–vis double 

beam spectrophotometer). Unmodified PE surface and drug impregnated PE surfaces were used to 

study antibacterial activity for E. coli DH5α strain. The samples were sterilized under ultraviolet 

rays and incubated with 100 µl E. coli culture at 37 ºC. Antibiotic release of the specimens was 

assessed by the disc diffusion technique after 24, 48, 72, 96 and 120 h of bacterial incubation.  

3.10 Evaluation of Cytocompatibility of the Implants 

In vitro cell culture study was carried out in order to estimate the expected in vivo response 

to the modified surface produced in this study. Probable cytotoxic effect of the orthopedic implants 

was checked on osteogenic MG-63 cells through viability (MTT) and proliferation (DAPI staining) 

assays. Cells were cultured in Dulbecco's Modified Eagle Medium containing 1g/L glucose 

(DMEM low glucose, GibcoTM), and supplemented with 10% fetal bovine serum (FBS) (heat 

inactivated) (Invitrogen, Carlsbad, CA, USA), 1% antibiotic (100 U/ml of penicillin and 100 µg/ml 

streptomycin) (Hi-Media, India) and 0.3mg/ml Geneticin (GibcoTM). Cells were grown at 37 oC in 

a 5% CO2 incubator with 95% relative humidity (FormaSeriesThermoFisher, India). The implants 

were sterilized by overnight UV irradiation, followed by a round of pre-incubation in complete 

growth medium before seeding cells on them. 10 X 103, 8 X 103 and 6 X 103cells/implant/well 

were seeded in 24 well plate to check the viability after 1, 3 and 5 days, respectively. 3-(4,5-

dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay was carried out as described 
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earlier [223]. Accordingly, MTT reagent was added to every sample to a final concentration of 

200μg/ml from a 10mg/ml stock and incubated for 4 h at 37oC. Formazan crystals thus formed 

were dissolved in 800μl DMSO. 200μl of this purple solution was aliquot into a 96-well plate and 

optical density (OD) measured at 570 nm in ELISA plate reader (Fluostar Optima, BMG Lab tech, 

Germany). Percentage cell survival was calculated as following: 

 % Cell Survival =
OD from cells grown on implant

OD from cells growm on regular tissue culture well
× 100 …….. (2) 

To check the effect on proliferation, 5 X 103 cells were grown on the implants, fixed with 4% 

formaldehyde after1, 3 and 5 days of incubation and stained with 4',6-diamidino-2-phenylindole 

(DAPI).  

3.11 Evaluation of Mechanical Properties 

Nanoindentation and microindentation techniques were used to evaluate hardness and 

elastic modulus of the CNT reinforced composite and surface modified (coating) test samples.  

3.11.1 Nano-Indentation: Elastic Modulus and Hardness 

Nanoindentation test was conducted to measure the mechanical properties of the CNT-PE 

composite. Hysitron TI-950 triboindenter (HysitronInc, USA) equipped with three-sided berkovich 

diamond indenter with a tip radius of 100 nm. Tip-area calibration was done using a standard fused 

quartz substrate of known modulus (69.6 GPa). Indentations were made in the depth controlled 

mode to achieve same depth of penetration in all the indents. The maximum penetration depth of 

150 nm was achieved in 10 s followed by holding for 2 s after attaining the peak displacement. A 

minimum of 25 indents were taken on each pellet to evaluate the hardness (H) and elastic modulus 

(E). E is calculated from the slope of the initial portion of unloading curve of load versus 

displacement plots using Oliver and Pharr method [224].  
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3.11.2 Instrumented Micro-Indentation 

Instrumented micro-indentation test (M1 Mechanical Tester, Nanovea, USA) was carried 

out to measure the mechanical properties of different surface modified test samples, using a four-

sided vickers diamond indenter with tip radius of 20 µm. Micro-indentation technique was chosen 

here to study the effect of porous structure on mechanical properties. In this instrument, the applied 

load is higher and indenter tip is 200 times bigger than nano indentation tip (berkovich). Hence, 

this indention covers the larger area and depth; as a result, it avoids the localized porosity effect on 

mechanical properties of the modified surface. A minimum of 15 indents were performed at 

different areas of each test sample to evaluate the hardness (H) and elastic modulus (E). Peak force 

of 2N was reached in the rate of 2N/min, followed by 10 s dwell time to avoid the overlapping of 

loading and unloading plot. Elastic modulus was measured from the unloading part of the load 

versus displacement curve of the indents, using Oliver –Pharr method [224] 

3.12 Sliding Wear Test 

Ball-on-disk tribometer (Ducom tribometer, Bangalore, India (fig 3.11)) test was performed 

to evaluate the friction and wear behavior of the CNT-PE composite and surface modified test 

sample. One of the intended applications of this PE based material system is in acetabular cup 

lining of hip implant. This lining goes through several rubbing action with the femoral head, which 

can be properly addressed through the macro scale wear studies with the rounded (spherical) 

surface. That is why ball-on-disk tests were chosen for evaluating tribological behavior of the 

composite. Before tribological testing, the disk samples and balls were cleaned using acetone in an 

ultrasonic bath for 15 minutes, followed by drying in a hot air stream. Commercially available EN-

31 forged steel ball (hardness – 63 HRC) with 6mm diameter was used as counter body and sliding 

wear tests were done in ambient conditions (28 ±5oC and 40 ±10% RH) without any lubricant. 
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Normal load and speed was used for the tests were 5 N and 200 rpm, respectively. The track 

diameter was approximately 6mm and test duration was 2 h. At least three tests were performed in 

each composition. Contact profile meter (SJ 400, Mitutoyo, Japan) was used to determine the 

depth and width of the wear track. At least ten profiles across the track were recorded in each of 

the three tracks for all the compositions to measure the average width and depth of the wear track. 

Wear volume (V) of the track was calculated using the following formula. 

………………………… (3) 

Where r is the radius of the wear track; W and D is the width and depth of the wear track 

respectively. The variation in wear volume, thus measured, is reported as error bars in the 

corresponding calculations of wear rate. 

Electronic sensor was attached to tribometer to record the continuous frictional force. The co-

efficient of friction with respect to sliding distance is obtained from there. The specific wear rate 

was calculated from the following relationship; 

……………………………… (4) 

Where W is the specific wear rate, V is the total wear volume, P is the normal load and S sliding 

distance travelled in 2 hours. The worn surfaces were thoroughly studied through FE-SEM to 

identify the mechanisms dominating their tribological behavior. The worn surfaces and debris were 

studied to identify the dominant mechanisms of material removal using SEM equipped with energy 

dispersive X-ray spectroscopy (EDS) (ULTRA plus, Carl Zeiss, Germany). 

On the other hand, optical profiler (Nanovea ST400, USA) was used to obtain the wear 

volume from wear track. With the help of optical pen (P1-OP3500D) and Mech 3D scan software, 

scan the whole worn area with the X-Y speed of 0.1 mm/s. Optical pen works with chromatic 

SP

V
 =W

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confocal technique, where white light source (LED) passes through a series of lenses inside the 

optical pen and generates high degree of chromatic aberration. The refractive index of the lenses 

will vary the focal distance of each wavelength of the white light. Each separate wavelength of the 

white light will focus at a different distance from optical pen and create the measurement range 

(height). The measurement ranges of wavelength changes according to surface roughness level. 

The white light reflection and wave length change is used to measure the surface waviness. After 

scanning the worn surface, professional 3D.7 software (Mountains Technology Pvt. Ltd) was used 

for analyzing the track depth and for calculating the wear track volume (V). 

 

 

 

 

 

Fig. 3.11 Digital image of the ball-on-disk tribometer to perform continuous sliding wear test 

3.13 Roughness Measurement 

Surface roughness (Ra) and wear track depth of CNT reinforced PE composite was 

calculated using Mitutoyo Surftest 400 surface roughness tester. This instrument consists of a 

contact type stylus, which has 2 µm radius diamond tip and it run over the surface. The sample was 

firmly fixed with double sided tape to prevent movement during measurement. Prior to start the 

measurement, standard calibration block was used to check the accuracy of roughness tester. At 

least five measurements were taken on each test sample to calculate the average roughness.  
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3.14 Density Determination 

The density of the PE powder and CNT-PE composite was calculated using the helium 

pycnometer (SMART PYCNO-32, Smart Instrument Pvt. Ltd, Mumbai, India). The helium 

pycnometry technique involves forcing helium into the voids in a sample, as the helium can enter 

even the smallest voids and pores; it can be used to measure the volume per unit weight of a 

sample. 

3.15 Scanning Electron Microscopy 

Field emission scanning electron microscope (FE-SEM, Carl Zeiss Ultra Plus, Germany) 

and SEM (S4300, Hitachi Ltd., Japan) was used for characterizing the powders, cured composites 

and coatings at 15 kV operating voltage. All samples were sputter coated with gold before 

observing in SEM. Microscopic characterization of powders and CNTs was performed by 

dispersing them on a glass slide or silicon wafer. Fracture surface of the cured pellet and worn 

surface after wear testing was also checked under SEM to analyze the quality of CNT dispersion 

and its bonding with PE matrix. Influence of solid lubrication on friction and wear mechanism was 

well understood by SEM analysis. Further, Surface porous morphology before and after drug 

releasing well studied with the help of SEM.  

3.16 Transmission Electron Microscopy (TEM) 

To get the information, which is not accessible using optical microscopy and SEM, 

transmission electron microscopy (TEM) was used. It can magnify the specimens in the region of 

10-6 m to 10-9 m by diffraction and imaging techniques. TEM is used to analyze the drug particle 

interaction in the chitosan matrix, using Tecnai G2 20s-TWIN (FEI Netherlands). For TEM, 2 μl 

of drug dispersed chitosan solution was dropped on a carbon-coated TEM grid and grids were air-

dried prior to imaging. The images were captured at an accelerating voltage of 200 kV.  



 
72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Pictorial representation of experimental procedure carried out in present work 
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CHAPTER 4  

Surface Modified on PE by Chemical Etching and Lyophilization Technique 

 

This chapter deals with modifying the surface of PE lining for acetabular cup in total hip 

implant, for local delivering of drugs in the surrounding of the surgical area to fight against the 

initial infection. The majority of the surfaces of the metallic implant parts in total hip implant is 

generally surrounded by bones and is supposed to work as active site for growth of new bone. 

Once being covered by neobone, these surfaces are not as efficient in delivering the drug in the 

whole surrounding region to take care of all infections around. Thus, one of the ideal sites for drug 

loading would be those parts of an implant, which are not supposed to have bone grown on them 

and would be in direct contact with the body fluid to make the released drug available in the 

surrounding places of surgery. Such a part in a total hip implant can be the lining of the 

acetabular cup. Hence, surface modification of such material for holding and releasing the drug in 

controlled manner, without compromising its mechanical and tribological behavior, would bring a 

significant advancement in the field of drug releasing total hip implants. However, this is the first 

attempt in exploring the potential of polymeric acetabular cup liner as drug releasing part of a 

total hip implant and this very fact emphasizes the uniqueness of the research work being 

presented here. The modified surface released the drug in a controlled manner up to 26 days and 

shown improvement in the tribological property by reducing the coefficient of friction and wear 

rate. The in vitro antibacterial study with E. coli DH5α strain and S. aureus confirms the 

effectiveness of drug release from the modified surface. After drug release (around 26 days), the 

modified surface has shown almost similar tribological and mechanical property as like 

unmodified surface. Hence, this study would offer new dimensions to polymeric acetabular cup 

liner as drug eluting part in total hip implant to treat the initial infection around the surgical area. 

 

 

 

R. Manoj Kumar et al. "Sustained drug release from surface modified UHMWPE for acetabular 

cup lining in total hip implant." Materials Science and Engineering: C, 77 (2017): 649-661. 
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4.1 Results and Discussion 

4.1.1 Microstructural Characterization of the Porous Surface 

The PE powder compaction pressure and curing temperature of the green pellet was 

optimized by observing the integrity of the cured structure through microscopic investigation at the 

cross section, and it was clearly mentioned in experimental procedure section (chapter 3). 

Chemical dissolution and etching route was chosen to engineer the thin layer with interconnected 

micro pores on the surface of cured PE. Mechanical integrity and tribological behavior of the PE 

surface are important criteria for its use in acetabular cup lining. Thus, the aim was to avoid having 

a whole new layer of a biodegradable polymer, as coating, on the surface. It was rather assumed 

more prudential to have the biodegradable polymer impregnated in the open and beneath-the-

surface pores on the PE surface. This helps in retaining PE on the maximum fraction of exposed 

surface area. This is only possible if one can obtain a thin porous layer on PE surface with 

interconnected pores, which can be filled with drug loaded biodegradable polymer. This 

construction helps in retaining the original structure and properties of inner liner of the acetabular 

cup, as much as possible.  

Paraxylene is chosen for partial chemical dissolution of PE surface to fabricate a thin 

porous layer. It dissolves the amorphous region of the PE surface at elevated temperature. The 

aromatic hydrocarbon, paraxylene, interacts with hydrocarbon chains of PE at high temperature 

and breaks them [225][226]. The boiling point of paraxylene (138 ⁰C) is higher than the melting 

temperature of PE (127 ⁰C) [198]. Chemical dissolution was achieved by adding boiling 

paraxylene drop by drop on the surface of PE. This was followed by sudden freezing of paraxylene 

etched PE surface to avoid full melting of the surface. The remaining paraxylene crystallizes 

during freezing. Surface was lyophilized after freezing. Crystallized paraxylene evaporates during 
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lyophilization, leaving porous surface behind instead of fully melted layer. Lyophilized surface of 

PE shows porous layer with few tens of micron sized interconnected pores (fig 4.1a). An inset in 

fig 4.1a clearly indicates the interconnectivity of the pores beneath the surface, which are created 

by faster dissolution of amorphous region of the PE surface. Several trials were attempted in terms 

of number of boiling paraxylene drop casting on the surface, holding time and surface roughness of 

PE to get the optimized and interconnected porosity on the surface. It is assumed that ~1/3 of 

surface area of porosity would be optimum for holding enough drug loaded biodegradable polymer 

without losing the mechanical and tribological behavior of the PE surface significantly. The 

average depth of pores is around 190 ± 30 µm as measured using three dimensional optical profiles 

(fig 4.1g). The porosity is found to be 32 ± 6%, calculated from optical micrographs. 
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Fig. 4.1 SEM micrographs of (a) modified PE surface with interconnected micro pores ; (b) TEM 

image of drug loaded chitosan; (c) SEM images drug loaded chitosan impregnated surface (CI-

PE); (d) higher magnification image of (c);  (e) dip coated drug loaded chitosan surface (CI-PE) 

and (f) PE surface after drug release (AD-PE); (g) Three dimensional optical profile of the porous 

surface 

The morphological characteristics of gentamicin loaded chitosan was imaged using TEM. 

TEM image (fig 4.1b) shows uniform dispersion of gentamicin in chitosan matrix. The drug 

particles were some extent spherical in nature with the average particles size of 27 ± 6 nm. 

FTIR spectrum of gentamicin loaded chitosan is illustrated in fig 4.2. The main absorption 

peaks of gentamicin and chitosan solution are depicted in the spectra. fig 4.2a shows a peak at 620 

cm-1, which is considered as characteristics peak for gentamicin [227]. Three more peaks at 1137, 

1653 and 3400 cm-1 were also detected for gentamicin. These peaks can be attributed to the N-H 

and O-H vibrational bonding of primary aromatic amines. Most important peaks in chitosan (fig 

4.2b) are O-H from carbohydrate ring and N-H stretching in amine and amide groups (around 3500 

cm-1). An absorption peak for vibration of carbonyl bond (C-O-C) in amide group is also present at 

1100 cm-1 [228]. However, no additional peak is observed in gentamicin loaded chitosan than the 
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ones present in either gentamicin or chitosan individually (fig 4.2c). Thus, the FTIR results do not 

suggest formation of an extra covalent bond between chitosan and gentamicin. 

 

 

 

 

 

 

 

    Fig. 4.2 FTIR spectra of (a) gentamicin, (b) Chitosan and (c) gentamicin loaded chitosan 

Zeta potential analysis was further carried out to understand the possibility of any 

electrostatic binding between chitosan and gentamicin. Zeta potential of gentamicin, chitosan and 

gentamicin loaded chitosan was +1.11±0.4, +24.5±2.2 and +20.8±1.3 mV, respectively. This result 

clearly shows all are positively charged entities. Hence, there is no possibility to form strong 

interaction between chitosan and gentamicin. This fact helps in release of non-reacted gentamicin 

from chitosan matrix.  

During impregnation process, drug loaded polymers were filled effectively in the 

interconnected micro pores, by creating the vacuum and applying the pressure after dropping the 

polymer solution in impregnation chamber. It has been clearly explained with the help of 

schematic diagram in experimental section (chapter 3). All the interconnected pores on the surface 

of PE were evacuated before filling. This step helps the poured polymer to be sucked inside the 
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pores. Application of external pressure, in the next step, further helps in forcing the polymer to fill 

the pores more effectively. Fig 4.1c shows chitosan impregnated PE surface (CI-PE), where drug 

loaded chitosan has completely filled the pores. A comparison of this impregnation process is 

made with normal dip coating of the porous PE surface in chitosan solution (fig 4.1e). The 

entrapped air bubbles, in the latter process, did not allow the polymer solution to fill the pores. As 

a result, upon drying, the thin coating got ruptured on the surface of the pore, revealing the void 

inside (fig 4.1e). It is evident from the comparative observations made in fig 4.1c and e that 

vacuum impregnation is a very efficient method for loading the drug in micro-porous surface. In 

addition, it allows the original surface composition to be exposed, thus helping in retaining the 

tribological and mechanical behavior of the original surface. Fig 4.1f presents the modified surface 

after the release of drug (AD-PE). It reveals almost smooth surface with rare traces of pores, from 

which drug is released. Thus, it is assumed that the surface of modified PE gets modified again 

during drug release, with the pores getting collapsed and surface retaining its original morphology. 

This observation is interesting as it might help in retaining the original properties of the acetabular 

cup lining after release of drug. This fact has been investigated further by evaluating mechanical 

and tribological behavior of all the surfaces. 

4.1.2 Hardness and Elastic Modulus of the Modified Surface 

The hardness and elastic modulus of different surfaces are analyzed through instrumented 

indentation. Fig 4.3 shows the representative load-displacement plots obtained from micro 

indentation test. Chitosan impregnated PE (CI-PE) is observed to have lower gradient of the 

loading curves as compare to PE. It is also noticed that with application of 2 N load, the depth of 

penetration has reached up to 50 µm in CI-PE, which is 19% higher than PE. The above mentioned 

responses suggest that resistance of the CI-PE samples to indentation is decreased as compared to 
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unmodified PE surface. However, the surface after releasing the drug for 624 h (AD-PE), shows 

similar response as PE with the representative load-displacement plots of the two almost 

overlapping. 

 

 

 

 

 

Fig. 4.3 Representative load vs. displacement plots obtained from instrumented micro indentation 

on different surfaces 

Fig 4.4 presents the hardness and elastic modulus for all the three surfaces, calculated from 

the load-displacement plots [229]. The error bars in the plots denote standard deviation in the E 

and H values, obtained from at least 25 measurements in spatially different regions in each surface.  

 

 

 

 

 

 

 

Fig. 4.4 Hardness and elastic modulus of different surfaces obtained from instrumented micro 

indentation 
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The decrease in hardness and elastic modulus noted for CI-PE surface is ~27% and 20%, 

respectively, as compared to PE. The decrease in hardness and elastic modulus of CI-PE surface is 

partially due to chitosan filled in the pores of modified PE surface.  However, the elastic modulus 

and hardness of pure chitosan is 1.08 ± 0.04 GPa and 0.12 ± 0.05 GPa, respectively, which is 

comparable to that of PE, as reported in literature [230]. Thus, the decrease in E and H of CI-PE 

surface is not expected purely due to the chitosan impregnation but also attributed to the presence 

of partially unfilled pores on PE surface. It is interesting to note that AD-PE shows less decrease in 

H and E, by 7 and 6%, respectively, as compared to PE. Considering the standard deviations in the 

results, the mechanical behavior of PE and AD-PE is almost similar. This finding is specifically 

very interesting as it reveals the fact that after release of the drug, the acetabular cup liner would 

regain its original mechanical behavior and would bear no adverse effect in its natural function due 

to drug release. Similar characteristics in PE and AD-PE can be explained based on hypothesis 

presented as schematic in fig 4.5. While exposed to simulated body fluid (SBF) during drug 

release, biodegradable chitosan starts swelling substantially due to its hydrophilic and gel forming 

nature. During this swelling process, the pore walls experience high amount of compressive stress 

and starts deforming into thinner plates to accommodate the expanded volume. After drug release 

and chitosan degradation, these thin walls cannot retain their integrity and collapses. The 

procedure of collapsing takes place over a time period, simultaneously with degradation of 

chitosan. This happening makes the final surface smoother, reduces the volume and existence of 

pores. As a result, the surface appears relatively similar to the unmodified PE surface with little 

higher roughness. 
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Fig. 4.5 graphical representation of pores collapsing during drug releasing 

4.1.3 Friction and Wear Studies on Modified Surface 

 

Hip joint is one of the main load bearing parts in the human body and it faces severe 

frictional forces during the movement. The surfaces that are under continuous frictional movement 

during the action of limbs are the femoral head and inner lining of the acetabular cup. PE is usually 

used as inner lining material of acetabular cup of the total hip implant to reduce the wear of the 

liner and coefficient of friction. Thus, it is important to evaluate the wear behavior of the modified 

PE surface, which is being proposed for acetabular cup lining. Measuring and comparing the 

coefficient of friction (CoF) and specific wear rate, followed by detailed microstructural analysis 

of worn surface and wear debris, provide insight into the wear mechanism dominating the 

tribological behavior of any material. Fig 4.6 shows the variation of CoF with sliding distance for 

different surfaces, as recorded continuously during the test. 
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Fig. 4.6 Coefficient of friction for different surfaces plotted against sliding distance 

Coefficient of friction (CoF) increased in initial ~100 m and thereafter achieved steady 

state for surfaces in all conditions. The average CoF values in steady state are 0.23, 0.17 and 0.21 

for PE, CI-PE and AD-PE, respectively. Drug loaded chitosan coating on the PE surface (CI-PE) 

reduced steady state CoF by 26%, as compared to unmodified PE surface. It indicates that the 

chitosan helps as lubricating agent by avoiding the stick-slip mechanism [231][232]. On the other 

hand, the interconnected pores are filled effectively and attached nicely with the chitosan during 

impregnation process, which reduces the surface delamination. The combined effect of less wear 

debris and lubrication reduces CoF of CI-PE, as compared to PE. This speculation is visually 

confirmed through the wear rate analysis and microstructural observation of wear track and debris, 

which is explained later.  After drug release, the AD-PE surface has also shown 8% decrease in 

CoF as compared to unmodified PE surface. This might be due to some chitosan left over inside 

the pores after drug release and also due to less contact surface of the counter body. AD-PE 

recorded the surface roughness (Ra) of 1.366 ± 0.300 µm, which is higher as compared to PE 

(0.361±0.070 µm) and CI-PE (0.260±0.050 µm), as observe in fig 4.7. The SEM images of wear 
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track are found to be smoother in CI-PE as compare to AD-PE and PE, which augments to the 

above mentioned reasoning.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 Three dimensional optical profiles of the wear tracks and corresponding two dimensional 

profiles across the track on different surfaces 

Fig. 4.8 Specific wear rate calculated from ball-on-disc wear tests on different surfaces 
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Fig 4.7 reveals 3D profile of the wear track and 2D line profile across the wear scar for PE, 

CI-PE and AD-PE samples. The average wear volume of PE, CI-PE and AD-PE is 0.448, and 

0.362 and 0.418 mm3 respectively. Fig 4.8 shows the specific wear rate values in bar chart for each 

type of surface. The small error bars in these chart denotes uniform tribological behavior for all the 

surfaces. CI-PE shows the lowest wear rate, which is in agreement with its low CoF value. Better 

lubrication on surface helps in reducing the linear force applied and thus results in less mass 

removal. As it can be observed, specific wear rate of CI-PE decrease 19% as compared to 

unmodified PE surface. AD-PE sample has shown 5% reduction in wear rate as compared to PE. 

However, considering the standard deviation, it can be assumed unmodified and drug released 

surfaces show similar wear rates. These observations have been correlated with micrographs of 

wear tracks and debris.  

Fig 4.9 and 4.10 present FE-SEM images of worn surfaces and wear debris, respectively. 

The worn surface of PE reveals grooves in normal direction to sliding (fig 4.9a and a’). Grooves 

are formed due to the micro-cutting or micro-plowing of the PE surface by the abrasion of the hard 

steel ball [233]. In addition, the worn surface also consists of thin and weekly adherent layered 

material. It is a well-established understanding in sliding of polymers that such material transfers 

and adheres as films onto the hard counter body [1][2]. Platelets of transfer film, along with small 

particles, found as wear debris, (fig 4.10a) confirm the contribution of adhesion and abrasion as 

mechanisms of material removal for the PE surface, while sliding against steel ball.  
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Fig. 4.9 FE-SEM micrographs of wear track for different surfaces revealing wear mechanism 

On the contrary, the worn surface of chitosan impregnated PE (CI-PE) shows mild 

adhesion and abrasion. However, wear debris analysis, obtained during sliding of CI-PE, reveals 

only platelets transfer films on the ball surface are worn during sliding, while CI-PE surface is 

protected. For the given conditions of sliding and surface of hard counter body, the extent of 

transfer films is known to depend on mechanical properties of the polymer surface [234]. 

Relatively soft surface of CI-PE, in the present study, is easily removed in initial stages of sliding 
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and large amount of material is transferred onto the steel ball surface. The large extent of 

transferred material on the steel ball surface avoids contact of steel with CI-PE surface during 

further sliding. Thus, reduced friction and wear are recorded (fig 4.6 and 4.8) for CI-PE surface as 

compared to unmodified PE surface. Fig 4.9 (c and c’) show worn surfaces of AD-PE sample. The 

presence of both abrasion and adhesion can be observed. After releasing drug, the surface becomes 

porous and results in increased wear as compared to CI-PE. The morphological features of debris 

collected during sliding of AD-PE (fig 4.10c), are also having combination features of those 

obtained for PE and CI-PE.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 FE-SEM micrographs of wear debris generated during wear tests on different surfaces 
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4.1.4 Percentage of Drug Loading and in Vitro Releasing Kinetics 

Different surfaces, at least in triplicates, were impregnated with 1 ml of chitosan solution 

containing 20 mg of gentamicin.  An average percentage of drug adsorption on the surface is 

calculated by using weight difference method. An example of such calculation is as following: 

Initial weight of the modified PE (without drug loaded chitosan) is 1.4830 gm and weight of PE 

after impregnation of drug loaded chitosan is 1.5185 gm. Total weight of drug loaded chitosan 

filled in the pores is 0.0355 gm. Total drug adsorption (14.2 mg) is calculated by multiplying the 

ratio of chitosan to drug (3:2) and weight of drug loaded chitosan (35.5 mg). The drug loading 

capacity is found to be ~70%, with respect to the amount of drug used for each pellet. Drug 

loading capacity decreased due to small sample size as compared to impregnation chamber. 

Therefore, excess drug containing chitosan solution was over flown and remained unutilized. 

However, sample size and more efficient design of impregnation chamber can significantly 

improve the drug loading efficiency.  

The main interest behind fabrication of this surface modified PE sample is to release the 

drug in a controlled manner for longer period to treat the initial bacterial infection around the 

surgical area. In vitro drug release is recorded in terms of cumulative percentage of gentamicin 

released with respect to time (fig 4.11). All the test samples showed sustained release of 

gentamicin until 624 h (26 days).  

The release rate is found to be a function of time and biodegradability of chitosan. Several 

drug delivery systems (DDS) are presented in the literature [13][15]. The ideal DDS should have a 

high initial drug release rate to eradicate the initial bacterial infection, followed by sustained 

release for several weeks to fight against the delayed infection. 
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Fig. 4.11 In vitro drug release kinetic profile of modified surface up to 624 h; (b) drug release 

profile for checking the drug stability in the sample after 7 days 
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In the present study, a very fast release of the drug is noted during the first 24 h. 

Approximately 54% of the drug got released by diffusion mechanism, followed by sustained 

release up to 624 h (fig 4.11a). The complete release profile can be divided into two distinct 

behavioral categories. In the first phase up to 280 h, the release amount decreases gradually with 

time showing a behavior best defined as exponential decay. An inset (a`) in fig 4.11a clearly shows 

the best fit with high R2 value of 0.95 (coefficient of determination). During this period ~83% of 

the gentamicin is released in fast and sustained manner. This behavior is typical to that of drug 

release being dominated by diffusion. Second phase of the release profile (280 to 624 h) follows 

the linear fit equation (R2 = 0.97) (fig 4.11a``). The percentage of drug released per hour is 

calculated from slope of the equation. Around 1.513 mg (13.2 %) of drug is released in continuous 

manner during this time with a rate of 0.0043 mg/hr. This release is dominated by gradual 

degradation of the drug containing polymer, which happens at a constant rate over time.  

Chitosan is biodegradable, non-toxic and biocompatible polymer. It serves as an ideal 

carrier for the controlled release of gentamicin. Various factors may affect the release kinetics of 

gentamicin from chitosan. The initial fast releasing of gentamicin can be attributed to high 

solubility and low molecular weight of the drug. The sustained gentamicin releases up to 624 h is 

due to degradation of chitosan. The cumulative percentage release of gentamicin from the test 

samples was about 94.1% over 624 h.  This proves chitosan to be a very effective drug carrier for 

modified PE surfaces, as it releases almost the entire amount of loaded drug. 

In addition to the above mentioned study, one more set of drug loaded samples (CI-PE) 

were kept for 7 days at 2 ºC in dried condition after fabrication, followed by drug release study in 

PBS. This was done in order to assess if the drug is leaked from the surface, when the implant is 

stored for some time before use. Fig 4.11b shows the cumulative drug release of this second set of 
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sample with respect to time. The release profile is almost identical to the first set of samples (fig 

4.11a) and percentage of drug released is about 95%. This confirms there is no leakage of drugs 

from this material system during storage in dry state. It is emphasized here that; this research is 

more about proving the concept of using the inner liner of the acetabular cup as drug eluting part. 

Being an open surface, the drugs released from this liner gets direct access to the synovial and 

body fluid and thus can attack any infection around the total hip implant site after surgery. The 

modified liner, proposed here, can be further tailored for catering to specific requirement, i.e., 

sustained release for longer time; fast release over short period or a suitable combination of both. 

This can be achieved by optimizing the surface porosity and/or by using different biodegradable 

polymer with varying degradation rate. However, while modifying the liner, the mechanical and 

tribological behavior of the same should not be sacrificed. 

4.1.5 Antimicrobial Activity 

The antibiotic resistance study for S. aureus was designed to assess the in vitro antibacterial 

activity of gentamicin impregnated PE (CI-PE) surface. S. aureus (gram positive) is the pathogen 

that is responsible for about two thirds of chronic osteomyelitis infections [227]. The modified and 

drug loaded PE surface (CI-PE) was exposed to culture of S. aureus to evaluate the effectiveness 

of released drug in fighting infection, up to 10 days. Unmodified PE surface was used as control 

sample for this observation. The evaluation was performed using agar disc diffusion method. 

Released gentamicin from CI-PE was found killing S. aureus bacterial strains (fig 4.12). Distinctly 

clear and bacteria free area (zone of inhibition) is observed in the agar plate in the vicinity the drug 

loaded PE pellet, as marked in fig 4.12. On the contrary, no such bacteria free region was observed 

around the unmodified PE pellet. Same trend is observed throughout, up to 10 days of culture. This 

observation evidenced the potential of the drug loaded PE surface in combating bacterial infection.  
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Fig. 4.12 Bacterial activity for PE and CI-PE (10, 15, 20 mg of gentamicin) samples for 1, 3, 5 

and 10 days (a-d) evaluated through agar disc diffusion tests. Inhibition zones are marked with 

yellow dotted circles in all the CI-PE images (for better visualization); (e) antibacterial efficiency 

rate as a function of different gentamicin concentration in for 1, 3, 5 and 10 days of culture. 
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SEM analysis of the pellets is also performed after incubation to observe the PE surfaces 

with bacteria grown on it. The PE surface reveals a high population of bacteria grown on it with 

the passage of time (fig 4.13a). In contrast, no bacterial cells and trace of biofilm were found on 

the CI-PE surface (fig 4.13b). Furthermore, the amount of S. aureus remained at null level and did 

not increase with time, suggesting the antimicrobial effectiveness of gentamicin impregnated PE 

implant in long run. Modified surface effectively eradicated infection induced by gram-positive 

bacteria, even when exposed to high concentrations of microbes. The comparative antibacterial 

analysis is represented in the graph (fig 4.12e).  The results show the increase in antibacterial 

efficiency with increasing drug amount from 10 to 20 mg/ml as well as with time i.e. from day 1 to 

day 10. This study also suggests that the drug does not get inactivated during the impregnation 

procedure. The established drug release profile for extended period of time, with an initial fast 

release, will enable the sterilization of the operated area at an early stage and effectively prevent 

any bacterial infection and biofilm formation around the implant.  

 

 

 

 

 

 

 

Fig. 4.13 FE-SEM micrographs revealing the antibacterial activity on (a) unmodified PE surface 

and (b) drug loaded (10 mg/ml) surface, for 3 days of culture. 

On the other hand, to evaluate the antibacterial effectiveness of the modified surface 

against the gram negative bacteria, the modified and drug loaded PE surface (CI-PE) was exposed 

to culture of E. coli.  Unmodified PE surface was used here also as control sample for antibacterial 
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observation. The evaluation was performed using agar disc diffusion method. Released gentamicin 

from CI-PE was found killing E. coli bacterial strains (fig 4.14). Distinctly clear and bacteria free 

area (Zone of inhibition) is observed in the agar plate in the vicinity the drug loaded PE pellet, as 

marked in fig 4.14. On the contrary, no such bacteria free region was observed in the whole agar 

plate, in case of the unmodified PE pellet. Same trend is observed throughout, up to 120 h of 

culture. This observation evinces the potential of the drug loaded PE surface in fighting against 

bacterial infection.  

 

 

 

 

 

 

 

Fig. 4.14 Bacterial activities for (I) PE and (II) CI-PE (20 mg of gentamicin) samples for 24, 48, 

72, 96 and 120 hrs (a-e) evaluated through Agar disc diffusion tests. Inhibition zones are marked 

with yellow dotted circles in all the CI-PE images (for better visualization) and the plates 

containing PE samples are covered with bacterial lawn all over. 

SEM analysis of the pellets is also performed after incubation to observe the PE surfaces 

with bacteria grown on it. The PE surface reveals a high population of bacteria grown on it with 

the passage of time (fig 4.15 a & c). In contrast, no bacterial cells and trace of biofilm were found 

on the CI-PE surface (fig 4.15b & d). Furthermore, the amount of E. coli remained at null level and 
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did not increase with time suggesting the antimicrobial effectiveness of gentamicin impregnated 

PE implant in long run. Modified surface effectively eradicated infection induced by Gram-

negative bacteria, even when exposed to high concentrations of microbes. This study also proves 

that the drug does not get ineffective during the impregnation procedure and killing effectively all 

kinds of bacterial stain.  

 

 

 

 

 

Fig. 4.15 FE-SEM micrographs revealing the antibacterial activity on (a & c) unmodified PE 

surface and (b & d) drug loaded one for 24 and 96 hrs respectively. Inset in (a) shows the E. coli 

DH5α bacteria at higher magnification.    

4.1.6 Evaluation of Cytocompatibility 

 

The surface modified PE liner of the acetabular cup in the present work is intended for 

orthopedic application. Therefore, it is very important to make sure that they are cytocompatible. 

We chose MG-63 cells for this study because they can be directed towards osteogenic 

differentiation. Cell survival and proliferation in the presence of the implants were evaluated 

through MTT assay and DAPI staining, respectively. MTT is a colorimetric assay to assess the 

metabolic state of cells. NAD(P)H dependent mitochondrial membrane associated oxido-reductase 

enzymes can reduce 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) to water 

insoluble purple formazan crystals, which are then dissolved in DMSO. Amount of formazan 
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crystals formed is indirectly measured and its OD at 570 nm gives a quantitative idea of the 

metabolic state of the cells under treatment (here, grown on implants) relative to untreated/ control 

cells (here, grown on regular tissue culture surface). This can be represented as percentage cell 

survival. DAPI is a fluorescent dye that stains DNA strongly, by binding to the A-T rich regions. 

This gives blue appearance to the nucleus. Cells take up DAPI stain proportionate to the 

proliferation rate. Moreover, any chromosomal damage that could eventually translate to reduced 

cell proliferation due to experimental conditions can also be followed through this staining. 

Healthy living cells have a typical DAPI stained profile of their nuclei. Any deviation from this 

would reflect as alteration in the nuclear integrity of the cells. This will be a strong indication of 

lack of cytocompatibility of the biomaterial under study. Cells grown on tissue culture treated plate 

were taken as positive control for both the assays. 

Unmodified PE and surface modified with drug contained chitosan impregnated (CI-PE) 

samples used in the current study to analyze and compare the cytocompatibility results. After 

incubating on these implants for 1, 3 and 5 days, cells show an overall survival comparable to the 

positive control (fig. 4.16). Cells grown well on both the sample, PE and C-PE, initially PE sample 

showed around 92-95% survivability after first two days of incubation. But survival rates of PE 

became almost comparable to positive control (fig 4.16), and cells became significantly 

proliferative (fig 4.17G & H) after 5 days. Besides, our observations show overall better survival 

and proliferation on surface modified chitosan impregnated (CI-PE) sample (fig 4.16, fig 4.17 

panels C, F, I with rest). The cells appear to be more proliferative when grown on chitosan 

impregnated CI-PE sample. It indicates drug loaded chitosan surface is more biocompatible than 

PE and their survivability is also higher (~108%) even compared to the control.  Our observations 

on cell survival on the implants fall in line with those from DAPI staining of the cells’ nuclei.  
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Magnified single nuclei from a representative cell from each implant and control show a healthy 

nuclear integrity (fig 4.18A-C). A healthy DAPI stained nucleus shows an unstained spot amidst 

intense blue background. The unstained spot is the nucleolus populated by more rRNA (a type of 

RNA) and less DNA (fig 4.18, shown with white arrows). A dying or unhealthy nucleolus will 

have fragmented nucleolus. Thus, the surface modified implant (CI-PE) is highly cytocompatible, 

supports cell proliferation and do not affect the nuclear integrities of the cells. Concluding that 

even after surface modification, it retains the biocompatibility nature. 

 

 

 

 

 

 

 

 

 

Fig. 4.16 Cytotoxicity assay for evaluating the effect of implant surface modification on cell 

survival. Quantitative representations of MTT assay as % cell survival of MG-63 cells grown on 

different surface for 1, 3 and 5 days relative to control cells grown on regular tissue culture plastic 

ware. Data represents mean ± SD of 3 sets of independent experiments. 
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Fig. 4.17 Nuclear staining shows the proliferation of cells over 5 days. Panels A-C, D-F and G-I 

shows DAPI stained nuclei of living cells after 1, 3 and 5 day of incubation, without implants: 

control (A, D & G) and on implants: PE (B,E & H), CI-PE (C, F& I).Scale bar =100μm. 

 

Fig. 4.18 Nuclear staining shows the nucleolar integrity. Panels A-C, show representative single 

DAPI- stained nuclei from each group of cells. White arrow head in each panel points towards the 

intact nucleolar region pertaining to healthy cells in each case. Scale bar =10 μm 

A thorough analysis of different PE surfaces reveals that modifying the PE surface with 

drug loaded chitosan increases wear resistance, but registers slight decrease in hardness and elastic 

modulus. After the release of drug, the PE surface regains similar mechanical and tribological 

behavior as the unmodified PE surface. Tribological properties are most important for the inner 
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lining material of the acetabular cup, as it mainly faces the rubbing actions with femoral head. It is 

interesting to observe that drug loaded PE surface actually improves the tribological behavior, due 

to better lubrication offered by modification.  Moreover, after drug release (up to 26 days), the 

liner surface recovers its property with reference to normal PE surface. Thus, the modified inner 

lining material of acetabular cup, with additional functionality in terms of drug releasing capability 

for longer time, should be a very potential means to treat the initial infection around the surgical 

area in cases of total hip replacement. 

A concern might arise related to the differential in-vivo and in-vitro behavior of this lining 

material. However, the pores were filled effectively with drug loaded chitosan during 

impregnation. The surface roughness (Ra) of CI-PE is 0.260 µm as compared to 0.36 µm without 

surface modification and the pores got collapsed after the drug is released (fig 4.1f). Thus, the 

pores never remain with their bare morphology to influence the degradation or the behavior of 

body fluid, immune cells and reactive oxygen species significantly.  

The other concern could be related to the biodegradation of the structure. PE, being non-

biodegradable polymer, would not have any role in this process. On the other hand, chitosan is a 

biodegradable polymer and is reported to degrade faster in-vivo [16][17]. However, in the present 

case, most of the chitosan mass is not exposed to the body environment as they remain inside the 

pores and often inside the interconnection regions beneath PE surface. Only a small volume of 

chitosan in exposed at a time through the opening of the pore cavity and the part beneath is 

exposed only after the degradation of the top layer. Thus, the degradation rate should not vary 

widely due to differential degradation rate of chitosan between in-vitro and in-vivo conditions. 
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4.1.7 Summary 

The present study introduces, for the first time, the concept of surface modification of the 

inner lining material of the acetabular cup to show the additional functionalities, required to meet 

the future demand. The modified surface released the drug in a controlled manner for up to 26 

days. This improved functionality of the acetabular cup will be the key for a successful hip implant 

for treating the initial infection around surgical area. Inner lining material of acetabular cup of total 

hip implant faces severe frictional forces and load during the movement of limbs. The modified 

surface has shown good improvement in the tribological property by reducing the coefficient of 

friction (26%) and wear rate (19%), respectively. However, hardness and elastic modulus 

decreased 27% and 20%, respectively. After drug release, the modified surface has shown almost 

similar tribological and mechanical behavior as unmodified surface. Hence, based on the current 

data it could be concluded with conformity that the modified surface of the acetabular cup is one of 

the new generations of drug eluting implants, to treat the initial infection around the surgical area. 

The antibacterial study with S. aureus confirms the effectiveness of gentamicin, released from the 

modified surfaces, in inhibiting the bacterial infection. Besides, positive cytocompatility results 

give the new dimension for surface modification. In summary, while there is still significant 

potential for surface modification through different routes and process optimization, results of this 

study provide a foundation to use inner lining material of the acetabular cup as drug eluting 

material to treat post-operative infections in-vivo. 
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CHAPTER 5  

Comparison Study – Modified Chemical Etching and Electrostatic Spraying 

Technique 

 

This chapter deals with comparison of two methods for modifying the surface of polymeric 

acetabular cup liner PE as drug eluting part in total hip implant to treat the initial infection 

around the surgical area. In previous chapter, successful modification of the surface of PE for 

sustained drug release has been presented [1]. Briefly, a modified solvent-based etching and 

lyophilization technique was used to engineer a thin porous surface layer on PE. Drug containing 

chitosan solution was impregnated to the pores through impregnation chamber. Modified surface 

of PE have shown an impressive drug release profile for 26 days. It also offered reduction in 

friction coefficient and wear rate by 26% and 19%, respectively, in comparison to unmodified PE, 

which is encouraging towards the intended application. Modified surfaces did not affect the 

mechanical and tribological behavior significantly.  

However, there might be other effective ways to modify the inner lining of the acetabular 

cup to load antibiotic in it. In this context, electrostatic spray coating (ES) can be a useful tool for 

fabricating such porous coating on PE liner surface. Electrostatic spray coating offers uniform 

deposition rate, because all powder particles are charged with same electrical polarity, when they 

are ejected from spray gun and deposited uniformly on the substrate through charge repulsion. 

Further, the coating process offers controlled micro pores on the substrate. 

 

Manoj Kumar R, et al. “Comparative Study on the Efficacy of the UHMWPE Surface 

Modification by Chemical Etching and Electrostatic Spraying Method for Drug Release by 

Orthopedic Implants” under review in Materials Science and Engineering: C 
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In ES technique, very strong integrity between porous coating and substrate is expected 

during curing, considering the fact that the substrate and coating material are same. The coated 

surface is loaded with antibiotic containing biodegradable polymer. Such coated surface is 

characterized for mechanical and tribological behavior with drug loaded into it and after release 

of the same. The drug releasing behavior of such surface and their efficacy infighting against 

bacterial infection is also evaluated and analyzed.  

Finally, this study thoroughly compares the effect of surface modification by electrostatic 

spraying route with the previously used solvent-based etching route, in terms of mechanical and 

tribological behavior, as well as drug releasing and antibacterial potential. The findings of this 

study leads to the identification of the most efficient surface modification technique for acetabular 

cup liner in total hip implant, which can fight bacterial infection in-vivo. 

5.1 Results and Discussion 

5.1.1 Microstructural Characterization of the Porous Surfaces 

The PE powders are compacted through hydraulic press and cured at 160 ºC in hot air oven. 

Integrity of the cured pellet was investigated by observing the cross section in microscope. 

Interconnected micro porous coating is engineered on cured PE substrate through electrostatic 

spray coating (ES) technique. Integrity of the coating and wear characteristics are the two most 

essential criteria to offer the performance required by acetabular cup lining. Thus, it is important to 

have the surface mainly constituted of PE, which is achieved by engineering the PE coating on PE 

substrate. Filling the drug loaded biodegradable polymer into pores and modifying the surface 

without altering its basic mechanical and tribological property is the aim of this research.   

In the above context, electrostatic spray coating appears to be the effective and easy 

technique to modify the surface of PE. During the operation, same (PE) powders were 
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electrostatically deposited on PE substrate [2]. Such coating is supposed to have very strong 

integrity at the interface between coating and substrate, after curing. This is due to the same 

physical, chemical and melting nature of both the substrate (PE) and the coating. Visual and SEM 

observation shows uniform coating with interconnected porosity. However, synthesis of such 

porous, yet integrated coating demands optimization of curing time and temperature. Hence, 

different range of temperature (140 to 180 ºC) and time (30 to 80 min) was chosen to optimize it 

(Table 5.1). 

 

 

 

 

 

 

 

 

 

Table 5.1 Shows the different curing parameter to optimized the coating porosity 

Curing at low temperature (e.g., ˂180 ºC) takes prolonged time for melting of the PE 

powders and unmelted particles makes surface uneven, as well as, increases the surface roughness. 

In this context, at a curing temperature lesser than 140 ºC, no acceptable porosity was obtained 

even after 3 h of curing time. At high curing temperature (>200 ºC), intensive melting, blistering 

and surface smoothening was observed on the coating. All these results were observed on coating 

subjected to a 60 min curing time. Finally, 180 ºC was chosen as curing temperature, from the 

temperature range of 140ºC to 200ºC. On the other hand, at a curing temperature of 180 ºC, the 
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coating porosity and integrity also depends on the curing time. For a low curing time (30 min), 

unmelted crystallite of PE was clearly observed in SEM (fig 5.1c). At higher curing time (>70 

min), the density of the porosity decreases, because polymer melt viscosity is high enough to 

provide a good contact between macromolecules. The SEM micrographs of these optimization 

processes are presented in fig 5.1. Optimized porosity (37 ± 5%) was obtained at 180 ºC with 60 

min curing time (fig 5.2a). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 SEM micrographs of electrostatic spray coating prepared with different temperature and 

curing time (a) 140 ºC with 60 min (b) 200 ºC with 60 min (c) 180 ºC with 30 min and (d) 180 ºC 

with 70 min 

On other hand, chemical etching and lyophilization technique (CL) uses boiling paraxylene 

to partially etch PE surface [1]. Paraxylene is added drop by drop to avoid full melting of the 

surface, followed by freezing the remaining paraxylene. Lyophilizing process is used to evaporate 

the crystallized paraxylene and thus, leaving interconnected pores in the surface. Few tens of 

micron sized pores were observed in SEM image (fig 5.2b). Comparing both the surface 
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modification technique, electrostatic spray coating (ES) has shown 10 ± 4% higher percentage of 

porosity as compare to chemical etching technique. The increase in porosity is observed in the 

former due to the big size of pores in the surface and uneven surface due to partially melted 

particles (fig 5.2a). 

Fig 5.2c and d shows the drug impregnated PE surface of the both coating, where drug contained 

polymer has completely filled in the pores. Fig 5.2c has shown little higher surface roughness 

(0.440 ± 0.30 µm), as compared to fig 5.2d (0.260 ± 0.090 µm), which is due to higher roughness 

offered by partially melted PE particles in ES coated surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.2 SEM micrographs PE surface (a) electrostatic spray coating with interconnected pores; 

(b) chemical etching and lyophilization technique; (c & d) after impregnating the drug loaded 

polymer and, (e & f) after drug releasing, respectively 
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After the drug is released (AD-PE), the chemically etched (CL-PE) surface is smoothened with 

rare traces of pores. Collapsing of the thin walls of pores modifies the surface morphology of CL-

AD-PE (fig 5.2f). Walls collapsing mechanism was explained in detail in the previous chapter. 

But, in case electrostatic spray (ES-PE) coating, the pores remain unchanged even after drug 

release (fig 5.2e), due to thicker walls of pores and coating morphology (inset image of fig 5.2e). 

These differential evolutions of surface morphologies are supposed to have different effect on drug 

releasing, mechanical and tribological behavior, which are investigated and analyzed in following 

sections. 

5.1.2 Drug Loading and Releasing Kinetics 

The aim behind this surface modification of PE lining is to release the loaded drug in a 

controlled manner over a time, to fight against the initial bacterial infection around the surgical 

area. The amount of drug release is represented in terms of percentage of cumulative release and 

total quantity (mg) of release with respect to time (fig 5.3A and B). Electrostatic spray coated 

surfaces (ES-CI-PE) adsorb 16.34 ± 0.4 mg of drug (~82% ± 2), whereas chemically etched (CL-

CI-PE) surfaces absorb 14.02± 0.5 mg (70%± 3) of drug. So, the former is loaded with 12% more 

amount of drug. Surface morphology and big size of pores in ES-CI-PE allows holding higher 

quantity of drug-loaded chitosan. Both ES-CI-PE and CL-CI-PE had shown sustained release of 

gentamicin until 860 h (35 days) and 624 h (26 days), respectively. In all the triplicate 

experiments, the obtained release profiles have shown good reproducibility with relatively small 

deviation, presented as error bar in fig 5.3.  

Initial burst release, followed by a relatively slower release, is ideal drug delivery kinetics. 

This type of antibiotic release profile is highly desirable for orthopedic implant surgery. Higher 
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amount of antibiotics is required initially to prevent infection and eradicate the bacteria from the 

surgical area, as well as, from implant surface. Sustained release for several weeks is required to 

fight against the delayed infection [5].  

Surface modification techniques have shown marked differences in the drug release 

behavior. ES coated surface shows a longer release profile. This observation can be explained with 

respect to surface morphology and pores structure. The complete release profile can be divided 

into two distinct behavioral categories. In first phase, up to 400 h, the amount of gentamicin 

released decreases slowly with time. This typical characteristic graph is best fitted with an 

exponential curve fit, as seen in fig 5.3a’. This fit indicates the dominance of diffusion mechanism 

in the drug release profile. During this period, ~70% of drug is released in fast and sustained 

manner from ES coated surface. In the similar region, CL-CI-PE had shown 83% of drug release in 

280 h (fig 5.3b’). An increase in release percentage is observed due to higher diffusion rate in 

chemically modified surface. Open pores and lower depth of pores structure helps fast dissolution 

of chitosan.  As a result, an antibiotic inside the chitosan dissolves and gives rise to burst release 

effect. Second phase of release profile continues 460 h onward till 860 h in ES-CI-PE and the 

release graph is best fitted with linear equation (R2 = 0.88). The percentage of gentamicin released 

is calculated from the slope, which is ~2.94 mg (20%) of gentamicin released in continuous 

manner with a rate of 0.00684 mg/h. This behavior is dominated by gradual degradation of the 

drug-containing polymer. On the other hand, the second release phase of CL-CI-PE continues only 

up to 624 h (280 to 624). The drug release rate is noted as 0.0043 mg/h with ~1.513 mg (13.2 %) is 

being eluted in the whole period.  
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Fig. 5.3 In vitro cumulative gentamicin release profile of (a) ES-CI-PE modified surface up to 860 

h; (b) CL-CI-PE modified surface up to 624 h; (B) shows drug release in terms of total content 

Various factors may affect the release kinetics of gentamicin from chitosan. The initial fast 

releasing of gentamicin can be attributed to high solubility and low molecular weight of the drug. 

The sustained gentamicin release is due to slow degradation of chitosan. During drug release, the 

reaction between amine groups of chitosan and phosphate (PO4)
3- ions in PBS might lead to 

crosslinking of the chitosan, which leads to lower and sustained release of antibiotic [6]. The total 

cumulative percentage release of gentamicin from ES-CI-PE test samples was about 90% for 860 
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h. But, it was 94.1% for 624 h in CL-CI-PE test sample. Increase in total release by 4% was 

observed for CL-CI-PE, due to complete degradation of chitosan by collapsing of pores. Even 

though ES-CI-PE shown 4% less cumulative release, the amount of gentamicin release is 14.7 mg 

(Fig 5.3B), which is 10.27% higher than CL-CI-PE (13.19 mg). Deep pores and highly 

interconnected structure in ES-CI-PE allows slow degradation of chitosan and some left over 

chitosan inside deep pores, leading to slow and less cumulative release. 

5.1.3 Antimicrobial Activity 

The antibiotic resistance study, against S. aureus, was carried out to assess the effectiveness 

of gentamicin release from ES-CI-PE and CL-CI-PE. S. aureus is the pathogen that is responsible 

for about two thirds of chronic osteomyelitis infections. Fig 5.4 shows the antibacterial activity of 

ES-CI-PE and CL-CI-PE samples. All test samples were exposed to culture of S. aureus for up to 5 

days, with unmodified PE sample being used as control for this observation. The test was 

performed by using agar disc diffusion technique. 

Three different drug concentrations (10, 15 and 20 mg/ml) were used to test efficacy of low 

to high drug content to eradicate bacterial strains. Both (techniques) of the modified surfaces (20 

mg concentration) displayed bacterial inhibition rings in the agar plate (marked in yellow dotted 

line in fig 5.4a and b). However, the inhibition zone of the S. aureus for CL-CI-PE at fifth day is 

slightly larger (4%) as compare to ES-CI-PE. It can be attributed to higher gentamicin release 

(20%) rate for the former in the starting 125 h, as discussed earlier in section 3.2. On the contrary, 

no such bacteria free region was observed around the unmodified PE surface. Same trend is 

observed throughout, up to 5 days of culture in both the coating method. Lower drug concentration 

(10 and 15 mg) was also checked to observe the effectiveness of lower concentration against S. 
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aureus. Inhibition zone is proportional to drug concentration. This observation evidenced the 

potential of the drug loaded PE surface in combating bacterial infection. The comparative 

antibacterial efficiency is represented in fig 5.4c, d and e for 20 mg, 15 mg and 10 mg respectively. 

Inhibition area is found increasing with increasing drug concentration and days, and it’s clearly 

observed in percentage of antibacterial efficiency with respect to time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 Antibacterial activity after 5 days of incubation on (a) ES-CI-PE and (b) CL-CI-PE 

samples. Inhibition zones are marked with yellow dotted circles for better visualization; (c) 

antibacterial efficiency rate for 20 mg of gentamicin concentration as a function of time, (d) for 15 

mg of gentamicin and (e) 10 mg of gentamicin concentration 
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SEM investigation was also performed after incubation to examine the grown bacteria on 

each test sample. High population of bacteria growth with the passage of time was found on the 

surface of unmodified PE (fig 5.5a). In contrast, no bacterial cells and trace of biofilm were found 

on the drug loaded PE surfaces (fig 5.5b). No traces of S. aureus were found at extended culture 

period of 5 days, suggesting the antimicrobial effectiveness of gentamicin impregnated PE implant 

in long run. Modified surface of both coating techniques effectively eradicated infection induced 

by gram-positive bacteria, even when exposed to high concentrations of microbes. This study also 

suggests that the drug does not get inactivated during mixing with chitosan and impregnation 

procedure. The established drug release profile for ES-CI-PE and CL-CI-PE shows the potential 

for sterilization of the operated area at an early stage and effective prevention of any bacterial 

infection and biofilms formation around the implant.  

Fig. 5.5 SEM micrographs revealing the antibacterial activity on (a) unmodified PE surface and 

(b) drug loaded (20 mg/ml) surface of ES-CI-PE, after 5 days of culture 
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5.1.4 Mechanical Properties of Modified Surfaces 

 

The mechanical properties of liner in acetabular cup are critically important to support 

skeleton and to bear the body weight, as well as, to bear frictional forces during operational 

condition. The hardness (H) and elastic modulus (E) of different surface modified PE was 

measured through instrumented indentation technique. Fig 5.6 shows typical indentation load-

displacement behavior of different surfaces. Chitosan impregnated ES-CI-PE and CL-CI-PE 

surfaces have shown lower gradient in unloading curves and higher depth of penetration with the 

application of 2 N load. A 23% (ES-CI-PE) and 19% (CL-CI-PE) higher displacement is recorded, 

as compared to PE surface. The above mentioned responses suggest that resistance of the 

impregnated surface to indentation is decreased as compared to unmodified PE surface. However, 

after releasing the drug for 860 h, ES-AD-PE has shown further lower slope in the unloading part 

of the curve, because of porous surface morphology. But, in case of CL-AD-PE, the slope of 

unloading curve and depth of penetration is almost same as PE after drug release, due to surface re-

modification after drug release [1].  

 

 

 

 

 

 

Fig. 5.6 Representative load vs. displacement curves obtained from instrumented micro 

indentation test 
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Unmodified surface of PE has shown hardness of 0.057 ± 0019 GPa and elastic modulus of 0.95 ± 

0.38 GPa, which was considered as reference for all modified surfaces. Fig 5.7 shows the average 

values of hardness and elastic modulus for all prepared samples, with the standard deviations 

presented as error bars. Decrease in hardness and modulus is noted in all chitosan-impregnated 

samples as compare to PE. Around 27% and 29.2% decrease in hardness and 20% and 16% 

decrease in modulus is found in CL-CI-PE and ES-CI-PE, respectively, as compare to PE. The 

hardness and modulus of pure chitosan is 0.12 ± 0.05 GPa and 1.08 ± 0.04 GPa, respectively, 

which is comparable to PE [7]. Thus, the negative effect of impregnation on H and E can be 

explained as the improper impregnation of chitosan in pores. 

 

 

 

Fig. 5.7 Hardness and elastic modulus of different surfaces obtained from instrumented micro 

indentation 

It is interesting to note that after drug release, CL-AD-PE regains its H and E values almost 

similar to PE. This finding is specifically very interesting as it reveals the fact that after release of 

the drug, the acetabular cup liner would bear no adverse effect in its natural function due to drug 

release. The reason behind this is proposed in detail earlier in chapter 4. Briefly, when samples are 

exposed to PBS during drug release study, biodegradable chitosan starts swelling substantially due 

to its hydrophilic and gel forming nature. During this swelling process, the pore walls experience 
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high amount of compressive stress and starts deforming into thinner plates to accommodate the 

expanded volume. After drug release and chitosan degradation, the thin walls cannot retain their 

integrity and collapses. The procedure of collapsing takes place over a time period, simultaneously 

with degradation of chitosan. This happening makes the final surface smoother, reduces the 

volume and existence of pores. As a result, the surface appears relatively smooth with slight 

increase in surface roughness (Ra = 1.366 ± 0.300 µm) than that of unmodified PE surface (Ra = 

0.391 ± 0.070 µm). 

On other hand, after drug release, ES-AD-PE had shown further decrease in H (42%) and E 

(19%) as compared to PE, because of porosity in the surface. In this case, the surface did not get 

modified by collapsing of the pore walls. The surface pores remained similar as before 

impregnation of chitosan and roughness noted as ~3.26 ± 0.900 µm (fig 5.2e). It was possible due 

to higher thickness of pore walls (pores generated between PE melted particles, fig 5.2a’), which 

made them strong enough to withstand compressive forces during swelling. Comparison of 

mechanical behavior of both modified surfaces reveal that CL is better than ES, as after specific 

periods of drug delivery the former is able to regains its mechanical property, which is required for 

this application. 

5.1.5 Friction and Wear Studies on Modified Surface 

 

Total hip and knee joints are the two main load-bearing parts of the human body, which are 

continuously experiencing severe dynamic frictional forces during movement of limbs. The mating 

parts of the total hip implants, namely, femoral head and inner lining of the acetabular cup, is 

continuously facing severe frictional forces during limb movement.  
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Fig. 5.8 Coefficient of friction for different surfaces 

PE is clinically used as inner lining material of acetabular cup to reduce the friction and 

wear of hip prosthesis. Hence, it is important to assess the tribological performance of the modified 

PE surfaces, which are being proposed for acetabular cup lining. Fig 5.8 shows the average friction 

coefficient for different surfaces with standard deviation marked as error bars. For unmodified PE 

surface, the average CoF in steady state is 0.23 ± 0.02, which is 35% and 26% higher than ES-CI-

PE and CL-AD-PE, respectively. It was clearly observed that impregnating the drug loaded 

chitosan on PE has significantly reduced the frictional forces. This observation indicates that drug 

contained chitosan might be acting as lubricating agent on PE surface, by avoiding the stick-slip 

mechanism. Further, drug and chitosan films have lower shear strength due to the inherent property 

of its molecules, as compared to ultra-high density PE. Hence, flexible molecules of drug 

containing chitosan offers lower resistance to the shearing force, leading to reduction in friction 

coefficient [8]. Further, ES-CI-PE has shown 11% lower CoF than CL-CI-PE. This could be 

related to lesser contact area, higher surface roughness and uneven surface morphology of the 

former, due to presence of partially melted PE particles on the surface. The combined effect of 

smooth worn surface and chitosan lubricant behavior reduced the CoF of chitosan impregnated PE 
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samples. After drug releasing, the friction coefficient of ES-AD-PE decreased to 45%, whereas, 

CL-AD-PE decreased to 8%. Higher decrease in CoF in former is found due to less contact area on 

porous surface. The left over chitosan inside the pores may also play a role. But in case of CL-CI-

PE, pores got collapsed during drug release and surface regained its morphology similar to 

unmodified PE. Hence, the frictional characteristics are almost similar to PE.  

 

 

 

 

 

Fig. 5.9 Specific wear rate of different test surface calculated from 2D line profile 

Fig 5.9 shows specific wear rate of different surfaces and it was calculated through wear track 

profiles. 2D track profiles are shown in fig 5.10. The 2D wear track profile clearly shows the 

amount of material removed from each test surfaces. Deep and broad worn scar was seen in ES-

AD-PE as compare to other surfaces. On the other hand, least worn surface was observed on CL-

CI-PE sample. The error bar of the respective bar chart denotes the variation of tribological 

behavior of the surface. The specific wear rate of PE is ~20 x 10-5 mm3/Nm, which is 19% higher 

than CL-CI-PE, while 15% lower than ES-CI-PE. Besides, it was interesting to note the wear rate 

after drug release. The CL-AD-PE surface regains its surface morphology, as like PE, and offers 

wear rate in similar range. However, ES-AD-PE has shown further increase in wear rate (29%) 
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along with larger error bars than PE. These remarkable observations of wear rates have been 

further analyzed by correlating with micrographs of wear tracks and debris.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 Represents the wear track surface profile of different test surfaces 
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Fig 5.11 shows SEM images of worn surfaces as well as wear debris for all surfaces. The 

micrographs reveal different wear mechanism and microstructural effect on wear behavior. The 

worn surface of PE is relatively broader and shows deeper track profile. It shows that PE surface 

asperities experience severe compression and plastic deformation during sliding of counter body. 

As a result, adhesion and abrasive wear mechanism dominated on the worn surface, which can be 

validated by observing lot of tiny deformed wear debris (fig 5.11a and f). It is an established 

sliding wear mechanism of PE [9]. On the contrary, the scale of deformation differs markedly in 

case of chitosan impregnated PE samples. CL-CI-PE has shown almost no deformation and mild 

adhesion on the worn surface fig 5.11c. In addition to that, wear debris analysis reveals the 

platelets of transfer films (fig 5.11h). Combining these observations, it is understood that during 

initial sliding large extent of chitosan films adhere onto the surface of hard steel ball. The 

transferred material on the steel ball surface avoids contact of steel with CL-CI-PE surface during 

further sliding. Thus, reduced friction and wear rate were recorded (fig 5.8 and 5.9) for CL-CI-PE 

surface as compared to unmodified PE surface. In addition to that, impregnated chitosan did not 

get pulled out during the sliding process, which may suggest a good impregnation of chitosan in 

the pores. But in case of ES-CI-PE, though great reduction in CoF and mild adhesion wear was 

found, ~15% of increase in wear rate was noted. Reason for the latter case was surface roughness 

and scuffing (fig 5.11b). Besides, after drug release, damaged porous surface lead to increase in 

abrasion and adhesion wear on the surface of ES-AD-PE. This can be validated by observing the 

worn surface and deformed debris in fig5.11d and e. Hence, ES-AD-PE surface shown higher wear 

rate than ES-CI-PE and PE. But, it was not found in case of CL-AD-PE; the wear rate is lesser or 

almost similar to PE. Because, the surface of CL-CI-PE is modified during drug release and 

became almost similar like PE surface (fig 11e).  In short, modified chemical etching and 
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lyophilization technique (CL) shown better tribological property than electrostatic spray coating 

technique (ES). Thus, the study suggests CL-CI-PE surfaces are more suitable for drug eluting 

acetabular cup liner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.11 SEM micrographs of worn surface and wear debris of different test sample 
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5.1.6 Summary 

 

Bacterial infection remains serious clinical issue in orthopedic implant, although series of 

prophylactic methods are available in the market. In this perspective, local sustained delivery of 

drugs offers a powerful tool to fight against initial bacterial colonization and delayed infection. 

The concept of surface modification of inner lining of acetabular cup comes handy in this effort. 

Present study had shown two different surface modification techniques, namely, electrostatic spray 

coating (ES) and chemical etching and lyophilization (CL) technique to engineer the porous 

surface on PE. The engineered surface impregnated with drug-loaded chitosan and investigated to 

understand the influence of surface morphology and pore structure on the drug delivery kinetics, 

mechanical and tribological behavior. Electrostatic spray coating (ES) has shown remarkable 

release profile up to 860 h in sustained manner, which is much longer than chemically etched 

surface with 626 h. However, drug delivery rate is higher in the latter case. Decrease in mechanical 

and tribological property, even after drug release, are the draw backs of ES surfaces, while 

chemically etched surface retains its mechanical and tribological behavior same as unmodified 

surface, after release of drugs. 
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CHAPTER 6  

CNT Aspect Ratio – Effect on Mechanical, Tribological and Thermal Behavior 

on PE Composite 

 

In order to improve the basic properties of conventional PE liner and to address the 

limitation of surface modification (decrease in mechanical property) of PE, CNT-PE composite 

was prepared. This chapter experimentally presents the effects of CNT morphology on mechanical 

and tribological behavior of PE composite. In addition to analyzing the effect of CNT 

reinforcement on mechanical and tribological behavior of PE, CNTs with different aspect ratio 

was also used in this study. The idea was to understand the effect of the aspect ratio of nano-fillers, 

if any, on the final behavior of PE. 

Carbon based nanomaterials are great choice as reinforcement to ultra-high molecular 

weight polyethylene (PE), with potential use in orthopedic joints. While high in-plane stiffness and 

strength of these nanomaterials help in toughening, their weaker out-of-plane integrity is 

instrumental in offering lubrication for the composite structure. Tribological properties of CNT 

reinforced PE composite is a highly relevant aspect for potential bearing application. Only a few 

studies deal with the influence of CNT concentrations on wear and thermal stability of the polymer 

composite [241]-[247]. All these studies explored the effect of CNT addition on the surface 

hardness, strength, plowing and cutting resistance on PE. The reports mostly include improvement 

in wear resistance and increase in coefficient of friction (COF).  

 

Kumar, R. Manoj, et al. "Effects of carbon nanotube aspect ratio on strengthening and 

tribological behavior of ultra-high molecular weight polyethylene composite." Composites Part 

A: Applied Science and Manufacturing 76 (2015): 62-72. 
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However, exceptions were observed by Wei et al. [246] and Lee et al. [247], who reported 

decrease in  COF by ~20 % with addition of 5 wt.% of CNTs. This decrease in COF is attributed to 

the self-lubrication offered by CNTs. However, effect of aspect ratio of CNT in controlling the 

lubrication at polymer matrix surface is not reported. This study finds out that high aspect ratio 

CNTs are deeply rooted in the matrix and supplying continuous lubrication under the application 

of frictional force, whereas low aspect ratio CNTs are broken and coming out from the matrix. The 

morphological similarity of high aspect ratio CNTs to that of polymer chains help in cross linking 

of the polymer chains, thus leading to superior mechanical property in the composite even at low 

concentration. 

As mentioned earlier, not many researchers have explored the morphological effect of CNT 

on mechanical properties of the composite. However, to the best of the authors’ knowledge, no 

studies exist till date on the effect of CNT morphology on wear behavior of any polymer based 

composites. A thorough understanding of the mechanism involved in the COF and wear resistance 

of different morphological CNTs, their concentration, distribution effect is required to understand 

the role played by morphology of reinforcement.  

In order to experimentally analyze the effect of CNT morphology on mechanical and 

tribological behavior of PE matrix, we used two different aspect ratios of MWCNTs, with two 

different concentrations, as reinforcement. Ball on disc test and nano-indentation test was 

conducted to examine the basic properties which are required for artificial acetabular cup. Such 

properties include coefficient of friction (COF), specific wear rate, hardness and elastic modulus. 

Differential scanning calorimeter and thermos-gravimetric analysis was also carried out to study 

the thermal, oxidation or degradation behaviors. Analysis of the results gave us an in-sight on the 

causes of structural change occurring in composites, due to different aspect ratio of CNTs used as 
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reinforcement. Finally, the obtained results were justified based on the dominating mechanism 

involved in the composite. 

6.1 Results and Discussion 

6.1.1 Microstructural Characterization of the Composite 

Fig 6.1a, b and c shows FE-SEM images of as received CNTs as well as PE powder. An 

inset in fig 6.1a and b clearly reveals the difference in aspect ratios of two types of CNTs used in 

this study. Briefly, high aspect ratio CNTs (HARC) were having outer diameter 10-12 nm and 

length 8-12 µm, whereas low aspect ratio CNTs (LARC) were having outer diameter 40-70 nm 

and length 1-3 µm. Their average aspect ratios are about 900 and 75, respectively. Probe 

sonication (Power-500 Watts and 20 kHz frequency) is found to be very effective in distributing 

the CNTs very uniformly with PE powders, irrespective of their significant difference in sizes. Fig 

6.1d and e shows CNTs getting homogeneously distributed and attached to the polymer powder 

surface as a result of probe sonication. This is very important for effective use of the total 

reinforcement volume and uniform mechanical/tribological behavior of the composite.  
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Fig. 6.1 FE-SEM images (a) high aspect ratio CNT (HARC); (b) low aspect ratio CNT (LARC)  

and c) PE  powder. Figure (d and e) shows the HARC and LARC dispersion on PE powder, 

respectively, before sintering 

The curing temperature of the polymer and composites was determined through differential 

scanning calorimetry (DSC) of the as-received PE powder (explained in chapter 3). The melting 

temperature of PE is nearly 123 °C, but it is very viscous at this point. However, proper curing and 

wrapping of the reinforcement phase by polymer matrix needs more flow and lesser viscosity. 

Thus a higher temperature of 160 C was used for curing. This was optimized by trial and error at a 

range of temperatures and by observing the integrity through microscopic investigation at cross 

section of the cured PE pellets. Those results are included in the experimental chapter 3. 
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Fig 6.2a and b shows the fracture surface of the HARC and LARC composite with 0.1 wt. 

% reinforcement content. CNTs are nicely embedded with polymer matrix in both the composites. 

Both the CNTs are found to be deeply rooted in the matrix with protruded ends revealed at fracture 

surface, which indicates strong interfacial bonding with the polymer matrix and it helps for 

effective load transfer. However, the protruded ends are found to be longer in case of HARCs than 

in LARCs. The reason could be the lower aspect ratio of the latter, and/or uprooting of the same at 

higher load, as compared to the former. 

 

 

 

 

 

 

 

Fig. 6.2 Fracture surface of 0.1 wt. % HARC (a) and LARC (b) composite 

6.1.2 Thermal Analysis of the Composites 

Fig 6.3 shows the DSC results of the composite. The peak in the DSC curve corresponds to 

the melting temperature and area under the peak is equal to the enthalpy of melting. Researchers 

[248]-[250] have reported that CNTs can act as nucleating agent for the crystallization of polymer. 

Addition of 1 wt.% of MWCNT enhances the rate of crystallization up to a significant distance 

from their vicinity. As a result, crystallinity of polymer increases without a change in melting 

temperature of the composite.  On the contrary, reduction in crystallinity from 58 to 48% for 5 

wt.% CNT [220] and 32.5 to 27.6% for 10 wt.% of CNT [251] in PE is also reported by other 
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study. However, no study has reported yet the effect of aspect ratio of CNT, if any, on the 

crystallinity of polymer matrix composite. To understand this, DSC tests were conducted and the 

results were analyzed.  The enthalpy of melting for pure PE, PE-0.05LARC and PE-0.1LARC is 

88.1 J/g, 84.5 J/g and 70.3 J/g respectively (fig 6.3). The percentage of crystallinity was calculated 

by dividing the enthalpy of melting of the prepared composite with the enthalpy of fusion for 100 

% crystalline PE [53], as referred in equation 1 (chapter 3). Crystallinity recorded is 30%, 29% and 

25%, respectively, for PE, PE-0.05LARC and PE-0.1LARC. Addition of lower aspect ratio CNTs 

reduces the crystallinity of the composite to some extent, which can be explained due to following 

two reasons.  LARCs are dispersed uniformly in PE matrix as a stiff fiber (fig 6.1e), which form, at 

parts, tube to tube connection and this network, at places. Such network enhances the thermal 

conductivity of the composite, considering excellent thermal conductivity of  3,000 W/m·K [252] 

for CNTs. This, in turn, increases the cooling rate of the composite during solidification, leaving 

less time for arrangement of the polymer chains to form crystallites. This type of behavior was also 

observed by other researchers [220][253].  Secondly, LARCs have higher diameter as compared to 

polymer chains and hence they act as obstacles and restrict the movement of chains during 

solidification. This may be other reason for reduction in the crystallinity of the LARC reinforced 

composites. PE-0.05HARCs show almost similar crystallinity of 29.76%, like PE.  However, high 

concentration of HARCs (PE-0.1 % HARC) shows increase in crystallinity by ~3 %. One of the 

reasons for the latter case could be that randomly bent fibers and self-entangled flocks of high 

aspect ratio CNTs covering the polymer as compared to distribution in LARCs. Further, their high 

surface area to volume ratio increases the viscosity and nucleation sites for the crystallization in 

the composite and hence, crystallinity increases. 
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Fig. 6.3 DSC analysis for different CNT reinforced PE and pure PE composite. 

In addition to that, HARCs are nicely embedded within matrix due to their morphological 

similarity with polymer chain and it is discussed in detail later in subsection (mechanical property 
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analysis). The higher specific heat of CNTs (Cp=0.75 Jg-1K-1 at 300 K [254] can cause a heat pool 

in the surrounding polymer, which thermodynamically helps rearranging the polymer chains in a 

manner to increase the crystallinity. But 0.05 wt.% is not a sufficient filler fraction for giving such 

effect and hence PE-0.05HARC has shown almost no change in crystallinity.  This observation is 

in line with the findings of other researchers [250][255]. Therefore, aspect ratio and volume 

fraction of the CNTs influences the crystallinity behavior of the composite, which indirectly affects 

the mechanical properties.  

Effect of CNT aspect ratio on thermal degradation behavior of the composites can be 

explained from the TGA plots presented in fig 6.4.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 Thermo-gravimetric curves of composite revealing degradation loss through temperature 

range up to 500 °C 

It is observed that high aspect ratio carbon nanotubes reduce the amount of oxidation or 

degradation of the composite at higher temperature. At 400 °C the mass remaining for PE is 81.13 
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%, PE-0.05HARC is 90.9 % and PE-0.1HARC is 92.45%. This is due to high aspect ratio and 

surface area of CNTs which are sufficient to cover the polymer particles and giving protection 

from degradation. Further, more carbon-carbon bonds in HARCs and their self-entanglement do 

not allow the polymer to melt. Thirdly, HARC reinforcement also induces more crystallinity to the 

polymer matrix, as discussed before, which makes the structure more stable at higher temperature. 

As a result, HARC reinforced composite shows more stability at higher temperature as compared 

to pure polymer. In case of LARCs, the mass loss is much higher than PE, with a 79% remaining 

for PE-0.1LARC and 71% for PE-0.05LARC at 400 °C. It is due to the fact that uniformly 

dispersed stiff fibers expose their surface freely resulting in easy oxidation of amorphous carbon 

present in the CNTs and other carbonaceous impurity. Further, LARC reinforcement decreases the 

crystallinity by disturbing the polymer chain arrangement, which leads to increase in amorphous 

region. Polymer chains in amorphous regions easily degrade when it is exposed to higher 

temperature. Hence, more mass loss is found in composite with less concentration of LARCs as 

compared to pure PE. But, increasing the concentration of LARCs reduces the mass loss to some 

extent, because more CNTs will stabilize the composite by covering polymer and also due to the 

presence of more carbon-carbon bonds.  

As a whole, it can be conceived that even low concentration of HARCs are also capable of 

significantly improving the thermal stability of polyethylene matrix. Besides, HARCs are 

contributing for increasing the crystallinity in the PE composite. 

6.1.3 Effect of CNTs Aspect Ratio on Hardness and Elastic Modulus 

The mechanical properties of the composites are evaluated through instrumented 

indentation technique. Fig 6.5 shows the representative load-displacement plots obtained from 

nano indentation test of different compositions with a depth controlled indentation mode. It can be 
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observed that the load required to attain 150 nm depth of indent is higher for all the CNT 

reinforced PE composite. Presence of CNTs in polymer matrix helps to sharing load and thus the 

composites show higher hardness and elastic modulus. 

 

 

 

 

 

 

 

 

 

Fig. 6.5 Representative load displacement curves obtained from nano-indentation tests for 

prepared composite 

Fig. 6.6 shows the average hardness and elastic modulus values and their standard 

deviations for at least 25 indents on each composition. Improvement in hardness and modulus is 

observed in the range of 3-45% and 8-42%, respectively, with increasing the concentration of 

different aspect ratio CNT reinforcement. PE-0.05HARC shows 13% and 29% improvement in 

hardness and elastic modulus as compared to pure PE. But, in case of PE-0.05LARC, a smaller 

improvement of 3% in hardness and 8% in elastic modulus is recorded. This result clearly indicates 

that HARCs have an edge over LARCs in terms of mechanical behavior of the composite. Same 

trend is observed in case of composite with 0.1 wt.% nano-fillers. PE-0.01HARCs show an 

impressive improvement of 45% in hardness and 42% in modulus, whereas the improvement in 

case of PE-0.1LARC is 19% in hardness and 28% in elastic modulus over pure PE.  
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    Fig. 6.6 Hardness and Elastic modulus of different compositions obtained from nanoindentation 

Appreciable improvement in mechanical properties for composites reinforced with HARCs 

can be explained in terms of their high surface area to volume ratio and interfacial strength. These 

factors increase the load transfer efficiency to the CNT network throughout the composite 

uniformly and avoid the failure due to high stress concentration. Cipiriano et al. [255] have also 

noticed positive effect of aspect ratio of CNT on storage modulus, elastic modulus and viscoelastic 

property of polystyrene/CNT composite. HARCs, in the present study, have diameter of 10-12 nm, 

which is in much closer range to typical polymer chains with diameter range of ~1-3 nm [256]. 

This opens up two possibilities. Firstly, the HARCs can align themselves along polymer chains, 

increasing a better interfacial bond area and thus more effective load transfer. Further, due to the 

similar diameter and the broken C-C bonds present in CNT, they can act as cross linkers between 

polymer chains and making the inter-chain sliding difficult. This in turn restricts the plastic 

deformation and increases the strength of the polymer. In case of LARCs, due to their huge 
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mismatch in size (diameter) with the polymer, they cannot align or act as cross-linkers. Rather, 

they are potential cause of disturbance in the arrangement of polymer chains, decreasing the 

strength. This hypothesis is explained with the help of a schematic presented in fig 6.7.  

 

 

 

 

 

 

 

 

 

Fig. 6.7 Graphical representation of the effect of CNT aspect ratio while interacting with polymer 

chains 

Further, at identical composition level, the high aspect ratio CNTs have more number of 

total flocks as compared to low aspect ratio CNTs, resulting in percolation network with compact 

structure. This increases the micro mechanical interlocking of CNT and polymer chains, holding 

the matrix together and restricting the movement of polymer chains through creating bridges. In 

case of LARCs, chances of interfacial bonding and mechanical locking are lesser due to their 

larger diameter and shorter length. Thus, the mechanisms of strengthening in HARCs are manifold, 

as compared to LARCs with only sharing of load through interface. This explains the significantly 

higher hardness and elastic modulus in polymer matrix with HARC reinforcement as compared to 

LARCs. The reinforcement potential of fibers as a function of their aspect ratio and volume 

fraction has been explained by some theoretical models. Amongst these, Shear lag based models 
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and Halphin–Tsai models are widely used. A modified form of Halpin Tsai relationship, as 

proposed by S. Kanagarj [250][43] and Jonathan N. et al [257], gives a simpler approach getting 

rid of information related to the thickness of interfacial region and fiber alignment direction. Thus, 

this one is more suitable for present study with randomly oriented nanotubes well adhered in the 

polymer matrix.  In this model, both volume fraction and aspect ratio of CNT are considered to 

estimate the elastic modulus, as following:  

PEC EE  CNTPECNTo1 )VE-E (  ……………………………………. (6.1) 

Where,  1  = length efficiency factor =
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o  = Orientation efficiency factor = 0.2 for randomly oriented fiber, young’s modulus of CNT is 

taken as 910 GPa [258] and for PE is 0.95 GPa obtained from this study. 

        The above expression is used for estimating the theoretical elastic modulus of different 

compositions used in this study. Fig 6.8 shows the comparison of experimental and theoretical 

elastic modulus for the two selected aspect ratios of CNTs. It can be observed that modified 

Halpin-Tsai model predicted values are in the similar range to that of the experimental values. 

Further, regression analysis was done to verify how this experimental result fits to the theoretical 

results. R2 (coefficient of determination) values were calculated for both HARC and LARC in 

different volume fraction. The R2 values for HARC are 0.822 and LARC is 0.957, which indicates 

linear relationship between the predicted theoretical and experimental results of the composite. 

Halpin Tsai equation fits very well for low volume fraction. But linear increase of modulus is 

predicted for higher volume fraction [257] as shown in fig 6.8. Thus, this model is a better fit for 

this study, as the volume fraction of reinforcement is < 0.1 wt. % in all cases. High aspect ratio 

CNTs have shown high modulus because a good fraction of isolated nanotubes is potentially 
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aligned with polymer chains, which leads to high interfacial bond and cross linking of polymer 

chains. Fig 6.7 clearly shows HARCs aligned along the direction of polymer chains in fracture 

surface of the composite. The strong coating of polymer around the CNT and their interfacial 

bonding can easily transfer the external load to CNTs and help in avoiding the rupturing of 

polymer chains as well as in minimizing the stress concentration in the composite. 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8 Regression analysis for the experimental and theoretical elastic modulus of the HARC 

composite (a) and LARC composite (b) 

6.1.4 Effect of CNTs Aspect Ratio on Tribological Properties 

Fig 6.9 shows the average co-efficient of friction (COF) for different concentrations and 

aspect ratios of CNT reinforced PE composites. The COF increases from zero to peak value during 

running-in-period due to the influence of surface roughness and thereafter attained a steady state. It 

is observed that addition of CNTs to polymer remarkably reduces the friction force as compared to 

pure PE composite. One of the key reasons is the role played by carbon nanotubes as solid 

lubricants, by releasing graphene layers on wear track [259]. MWCNTs possess concentric 

cylindrical layers of graphene, bonded to each other with Vander Waals forces [260]. Individual 

cylinders of multi wall carbon nanotubes are expected to slide or rotate easily with respect to each 
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other because MWCNT interlayer corrugation energy is small. Therefore, it is expected that 

decreased friction is due to worn off CNTs acting as a lubricants, like solid powder graphite 

lubricants [197]. Aspect ratio of the CNTs greatly influenced the friction force irrespective of the 

concentration. 0.1 wt. % of HARCs and LARCs reduced the COF by 48% and 25%, respectively 

when compare to PE (fig 6.9). The percolation network formation of CNTs strongly depends on 

the aspect ratio. It is expected that the HARCs are rooted deeply on the polymer matrix and it 

contributes to continuous lubrication effects. Fracture surfaces of the composites have also shown 

longer HARCs protruding out of matrix as compared to LARCs (fig 6.2). This in turn signifies the 

presence of CNTs in wear track for more time. On the contrary, LARCs tend to break from the 

polymer matrix and get detached from the track. Thus, they cannot provide as efficient lubrication 

as HARCs.   

 

 

 

 

 

 

 

Fig. 6.9 Variation of friction co-efficient and specific wear rate for the prepared compositions 

The surface profiles of the wear tracks were measured in the transverse direction of the 

sliding. Fig 6.10 presents the representative profiles of wear tracks in each composition. The 

average width and depth of the PE track (2.5mm and 35µm respectively) are much higher than that 

of PE-0.05LARC (2mm and 30µm) and PE-0.05HARC (1.5mm and 17µm). The width and depth 
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of the track on PE-0.1LARC is 1.5mm and 20µm, respectively as compared to those in PE-

0.1HARC being 0.7mm and 4µm.  Furthermore, the width and depth of the track decreased 

remarkably with increasing CNT concentration. Altogether, this shows significant improvement in 

wear resistance with CNT addition, as well as increasing aspect ratio of CNTs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      Fig. 6.10 Wear track surface profile for the prepared composites 

The variation in specific wear rate with composition is shown in fig 6.9. Specific wear rate 

of PE is 76% and 18% higher than 0.05 wt.% of HARC and LARC, respectively. Besides, addition 

of 0.1 wt.% of HARC and 0.1wt.% of LARC improves the wear rate by 81% and 45% 

respectively, when compared with PE. It’s interesting to note that, with same identical composition 
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of CNT reinforcement in PE, lot of improvement in tribological property was observed for high 

aspect ratio CNTs than low aspect one. This enormous improvement in wear resistance is expected 

to be a combined effect of increase in mechanical properties and decrease in COF. 

The worn surfaces of the prepared composites were examined to understand the 

predominant wear mechanism (fig 6.11).  The continuous sliding causes increased polymer 

asperities at the tribo-contact with the harder counter body. Further, the elastic plastic deformation 

of polymer asperity increases the deep furrows due to rubbing action and it further rolls into thin 

molecular sheets. This results in deeper grooves and generates wear debris on the polymer surface. 

Deep craters and damages on the rough wear track of PE (fig 6.11a) indicate low wear resistance 

of this surface. Hard asperities and compaction of wear debris (fig 6.11a′) lead to increase in COF. 

But, in case of CNTs reinforced composite, smoother wear track surface without broad exfoliation 

and micro-cracking (fig 6.11 b and c) is observed. Strong interfacial shear resistance of the CNT 

reinforced composite restricts the ploughing and cutting mechanism. The effective load transfer 

effect from polymer to CNTs suppresses the plastic deformation and cracking, which all leads to 

less removal of the polymer chains or particles from the composite. In addition, continuous 

lubrication effect from CNTs results into a smoother worn surface. During sliding the CNTs are 

exposed on the surface of the composite, create the interface and prevent direct contact between 

the counter body surfaces. All these greatly reduce the ploughing and scratching effect in the 

composite. This effect is predominant in case of HARCs, because these CNTs are deeply rooted 

with the matrix (fig 6.11c′). But, LARCs come out with the polymer coating. Hence, it fails to give 

continuous lubrication effect and also increases the debris in the surface (fig 6.11b′). 
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Fig. 6.11 FE-SEM images of worn surface showing debris contained rough surface in pure PE (a 

and a′) and smooth features in PE-0.1LARC (b-b′) and PE-0.1HARC (c-c′) 

While comparing the effect of CNT aspect ratio on wear behavior, HARCs are found to 

show significant improvement over LARCs at both the concentration. HARC composite (fig 6.10) 

shows shallower and smoother wear track with less width and depth as compared to LARC 

composite. Smoother wear tracks indicate that the tribological loss is mainly governed by adhesive 

wear, which results in less wear volume. The effect is more prevalent with increasing nano-filler 
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content, noting an impressive decrease in specific wear rate of 28% and 62% at 0.05 and 0.1 wt.% 

of HARC content respectively as compared to similar concentrations of LARCs (fig 6.9). The 

additional improvement in wear resistance for HARC reinforced composite (w.r.t. LARCs) can be 

explained in terms of better mechanical behavior and lower COF in the former. HARC associated 

with strong interfacial bonding to polymer chains and also self-entangled compact structure 

prevents the easy removal of debris and polymer chain movements.  All the above discussions 

point towards the benefit of using HARCs as reinforcement in PE composite for improving 

tribological behavior.  

6.1.5 Summary 

In the present chapter, CNTs having two different aspect ratios (HAR-900 and LAR-75) 

were reinforced with PE matrix. Composite having higher aspect ratio of CNTs show greater 

hardness and elastic modulus as compared to lower aspect ratio CNTs. Differential improvement in 

mechanical properties of composite with HARCs and LARCs are explained in terms high surface 

area to volume ratio and strong interfacial bonding in the former, which increases the load transfer 

ability from matrix to CNT. Thermal stability of the composite containing HARCs is also better as 

compared to LARCs. Tribological behavior of the composites reveal significantly lower coefficient 

of friction and specific wear rate for HARC reinforced composites, which is the ideal requirement 

for its intended application in orthopedic joints. Better attachment of HARCs to polymer matrix 

and their morphological similarity to polymer chains are found to be important factors in fortifying 

their dual role as toughened and solid lubricator for polymer matrix. 
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CHAPTER 7  

Surface Modified CNT Reinforced PE Composite 

 

Previous chapters have described successful modification of the surface of PE and 

demonstrated the experimental feasibility of sustained drug delivery. But such modification causes 

deterioration of mechanical properties of the cup to some extent. Hence, an effort on reinforcing 

CNTs to PE is being presented in this chapter. The aim of this study is to enhance the initial 

mechanical property of the matrix and to take care of the issue related surface modification. 

Prepared composite surface was modified with thin porous surface layer by solvent-based etching 

and lyophilization technique. Drug contained chitosan is impregnated into porous surface through 

impregnation chamber by applying vacuum and pressure. These modified and drug loaded 

surfaces are characterized for mechanical and tribological properties. The drug releasing 

behavior of such surface and the efficacy of fighting against bacterial infection also evaluated and 

analyzed. Besides, in-vitro biocompatibility of surface modified CNT/PE composite is assed with 

osteoblasts. The findings of this study leads to a potential surface modification of acetabular cup 

liner in total hip implant, which can fight bacterial infection in-vivo. 
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7.1 Results and Discussion 

7.1.1 Microstructural Characterization of Modified Porous Surface 

Different aspect ratios of CNTs, with different concentration, were tried in previous chapter 

to get the optimized mechanical and tribological property of the PE composite [1].  The present 

chapter uses the best composition from that study, which is 0.1 wt.% high aspect ratio CNTs 

(HARC) reinforced PE composite. Briefly, the average aspect ratio of CNT (ratio of average length 

to diameter) and density is ~900 and 1.8 g/cm3, respectively. HARC is having outer diameter of 

10-12 nm and length of 8-12 µm (fig 7.1a). As received CNTs was dispersed uniformly in the 

acetone, using probe sonicator. Around 30 minutes of sonication was carried out continuously with 

the power of 500 watts and frequency 20 kHz to break the agglomeration of CNT. After that, PE 

powder was slowly added into CNT dispersed solution and was sonicated for another 30 minutes 

to maintain the good dispersion of CNTs in the PE matrix. Nicely dispersed and attached CNTs on 

PE surface were found in SEM, after drying the composite powder in hot air oven at 60 °C (fig 

7.1b). 

 

 

 

 

 

 

 

 

Fig. 7.1 Shows (a) the as received HARC and (b) uniform dispersion of HARCs on PE powder 
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Probe sonication has been found to be very efficient method for distributing the CNTs 

homogeneously with PE powder. Dispersion is important for successful utilization of the entire 

reinforcement volume in getting better mechanical/tribological property in the composite structure. 

The fracture surface of cured pellets reveals very good integrity between CNTs and PE (fig 7.2a). 

Polymer matrix nicely wrapped the CNTs. These deep rooted CNTs can enhance load transfer 

efficiency by strong interfacial bonding with the polymer matrix. Besides, addition of CNTs 

increases the crystallinity of the PE composite, as shown in previous studies [198][211].  More 

than 3% of increase in crystallinity was found by reinforcing the 0.1 wt% of CNTs [198]. Superior 

thermal conductivity of CNT 3000 W/mK [252] and higher aspect ratios increases the melt 

viscosity of polymer molecules and nucleation sites for crystallization. Excellent specific heat of 

CNTs (Cp = 0.75 Jg-1 K-1 at 300 K[254] generates the heat pool in the composite and 

thermodynamically helps in increasing the crystallinity. Overall improved crystallinity and good 

interfacial bonding attributes to the superior mechanical behavior of the composite. Modified 

chemical etching, followed by lyophilization, was used to engineer interconnected micro pores on 

PE surface in the previous chapter (chapter 4) [69]. Same method is used in the CNT reinforced PE 

composite (C-PE). Briefly, surface chemical dissolution occurs by pouring the boiling paraxylene 

on C-PE. Further, immediate freezing of boiling paraxylene on C-PE surface avoids full 

dissolution of the surface layer. During lyophilization, frozen crystal of paraxylene evaporates due 

to high vacuum and leaves thin porous layer on surface, as seen in fig 7.2b. An average surface 

porosity of C-PE is 27 ±6 %., which is 18% lesser than the porosity in PE (33 ± 5 %) (fig7.2c). 

Decrease in porosity was found due to matrix strength. Enhanced composite strength and 3% 

increased crystallinity restricts the boiling paraxylene to dissolve the surface easily. 



 
144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.2 (a) Fracture surface of the composite; (b& C) modified C-PE surface and PE surface with 

micro pores; (d) drug loaded chitosan impregnated CI-C-PE surface and (e) after the drug release 

AD-PE surface; (f) after drug release AD-C-PE surface 

Customized impregnation chamber was used to fill the drug (gentamicin) loaded chitosan 

solution into micro pores. Entrapped air in pores were removed by applying 1 mbar vacuum, after 

which drug loaded chitosan was poured on surface to get sucked in the evacuated pores. After that 

3 bar external pressure was applied on the surface to ensure effective filling of the pores.  Fig 7.2d 
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shows the surface of drug loaded chitosan impregnated C-PE sample (CI-C-PE). The surface 

shows a smoother contour with no traces of open or unfilled pores.  This surface modified 

composite is further evaluated for drug releasing kinetics, antibacterial efficacy, mechanical and 

tribological behavior. After the drug is released, the AD-PE surface is much smoothened with rare 

traces of pores as compared to AD-C-PE (fig 7.2e). Smoothened surface was found due to 

collapsing of the thin walls of pores during drug release kinetics.  When samples were exposed to 

PBS for drug release study, hydrophilic and gel forming nature of chitosan starts swelling 

substantially inside the pores. As a result, pore walls experience large amount of compressive 

stress and walls deforming into thinner plates to accommodate the expanded volume. After drug 

release and chitosan degradation, the thin walls cannot retain their integrity and collapses. The 

procedure of collapsing takes place over a time period, simultaneously with degradation of 

chitosan [69]. This happening makes the final surface of PE smoother, reduces the volume and 

existence of pores (fig 7.2e). But, in case of composite surface (AD-C-PE), the existence of pores 

is much higher than PE after drug release (fig 7.2f). Because of higher matrix strength and thicker 

pores walls (fig 7.2b), some of the pore walls are not collapsed. Hence, surface of the composite 

after drug release (AD-C-PE) appears relatively rougher (Ra= 1.51± 0.410 µm) than PE surface 

(Ra=1.366 ± 0.300 µm). These differential evolutions of surface morphologies are supposed to 

have different effect on drug releasing, mechanical and tribological behavior, which are 

investigated and analyzed in following sections. 

7.1.2 In Vitro Releasing Kinetics 

Main interest about this surface modification and impregnation process was related to the 

controlled drug release for longer time to reduce the infection around the surgical area.  Hence, a 

triplicate of samples was impregnated with 20 mg of gentamicin contained 1 ml chitosan (CI-C-
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PE). Around 13 mg (65%) of gentamicin was successfully loaded on composite modified surface 

(CI-C-PE). Whereas, in PE modified surface got loaded with 14.1 mg (70%) of gentamicin (CI-

PE) [69]. Decrease in drug loading concentration is directly attributed to surface porosity, ~18 % 

of lesser porosity in C-PE surface leading to 5% of decrease in drug loading capacity. Weight 

difference technique was used to calculate the percentage of drug loading. Fig 7.3 shows 

cumulative release of drug with respect to specified time. The CI-C-PE has shown a sustained 

release of gentamicin until 492 h (21 days) and CI-PE shown 624 h (26 days) [69]. Initial burst 

release, followed by a relatively slower release, is an ideal drug delivery system. This type of 

antibiotic release profile is highly desirable for orthopedic implant surgery. Higher amount of 

antibiotics is required initially to prevent infection and eradicate the bacteria from the surgical 

area, as well as, from implant surface. Sustained release for many weeks is essential to fight 

against the late infection [20]. 

 

 

 

Fig. 7.3 In vitro cumulative gentamicin release profile of (a) CI-C-PE modified surface up to 492 h 

and (b) CI-PE modified surface up to 624 h 
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The entire release profile can be analyzed as two distinct behavioral categories. The first 

part denotes a burst release phase and it found up to 200 h, where the amount of gentamicin 

released decreases slowly with time. This typical characteristic graph is best fitted with an 

exponential curve fit, as seen in Fig 7.3a’. This fit indicates the domination of diffusion mechanism 

in the drug release profile. During this period, ~71% of drug got released in exponential manner. 

Second phase of release profile continues during the period of 200 to 492 h and is best fitted with 

linear equation (R2 = 0.98). The slope of linear curve is used to measure the percentage of 

gentamicin released. It is found that ~1.257 mg (17.2 %) of gentamicin got released in continuous 

manner with a rate of 0.0043 mg/h. This behavior is dominated by gradual degradation of the drug-

containing chitosan. The total cumulative percentage of gentamicin released from CI-C-PE was 

about 89% over 492 h. Same trend of drug release kinetics was found in surface modified CI-PE. 

Burst release phase continued up to 280 h. During this period, ~83% of drug got released in 

exponential manner (fig 7.3b’). It was followed by sustained release is observed during the period 

of 280 to 624 h. Around 1.513 mg (13.2 %) of drug is released in liner manner with a rate of 

0.0043 mg/h and cumulative percentage of drug release was 94% over 624 h [69]. More sustained 

release behavior was observed in CI-PE as compare to composite surface, due to higher amount of 

drug loading capabilities and complete degradation of chitosan by collapsing most of the pores on 

surface (fig 7.2e). But, drug loading and releasing efficiency of CI-C-PE can be increased by trying 

with other synthetic biodegradable polymer. Biodegradable and non-toxic chitosan serves ideal 

carrier for controlled gentamicin release. Various factors may influence the kinetics gentamicin 

release from chitosan. Burst releasing of gentamicin can be attributed due to its high water 

solubility and low molecular weight. Besides, sustained gentamicin release is due to slow 

degradation of chitosan. During drug release, the reaction between amine groups of chitosan and 
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phosphate (PO4)
3- ions in PBS might lead to crosslinking of the chitosan, which leads to lower and 

sustained release of gentamicin [261]. Analysis of this section shows the surface modification 

effect on gentamicin loading and releasing.  

7.1.3 Antimicrobial and Biocompatibility study 

The antibiotic resistance test against S. Aureus was performed to assess the effectiveness of 

gentamicin release from CI-C-PE. Two third of the chronic osteomyelitis infection are caused due 

to gram positive bacteria (S. Aureus). Fig 7.4 reveals the antibacterial activity of CI-C-PE and CI-

PE, when exposed to 5 days of S. Aureus culture. The experiment was carried out by using the 

agar disc diffusion method. Three different drug concentrations (10, 15 and 20 mg) were used to 

test the efficacy of low to high drug content to eradicate bacterial strains. All the surface modified 

CI-C-PE samples have displayed clear bacterial inhibition rings in agar plate (marked in yellow 

dotted line in fig 7.4b). Besides, no such bacteria free area was found around the unmodified C-PE. 

In all five days of culture, the trend of bacterial inhabitation remains same. This shows the 

potential importance of drug loaded CI-C-PE surface in fighting against infection. Low 

concentration (10 mg) of gentamicin also effectively eradicated the gram-positive bacteria around 

it, even when exposed to high concentrations of microbes. Besides, almost same trend of 

antibacterial effectiveness was found in surface modified CI-PE (fig 7.4a). The diameter of ZOI 

(zone of inhibition) is also changes with drug concentration (fig 7.4c). Different drug 

concentrations and its antibacterial efficiency are presented in fig 7.4c. The increase in 

antibacterial efficiency was found with increase in the drug concentration (10 to 20 mg/ml) and 

also with time (day 1 to day 5).  
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Fig. 7.4a Shows images of agar disc diffusion test after 3 days of incubation, revealing bacterial 

inhabitation zones for PE and CI-PE; (b) for C-PE and CI-C-PE (10 to 20 mg concentration) 

respectively; (c) diameters of zone of inhibition (ZOI) of different test sample; (d) antibacterial 

efficiency rate with respect to time and drug concentration for CI-PE and CI-C-PE. respectively. 

 

SEM investigation was also done after incubation to examine the grown bacteria on each 

test sample. High population of bacteria growth with the passage of time was found on the surface 

of unmodified PE and C-PE (fig 7.5b & d). In contrast, no such bacterial cells and trace of biofilm 

was noticed on the drug loaded CI-PE and CI-C- PE surfaces (fig 7.5a & c) and same thing was 

also observed on drug loaded PE surface (5). This characterization suggests antimicrobial 

effectiveness of drug impregnated CI-PE and CI-C-PE implant in long run. 
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Fig. 7.5 SEM images showing the antibacterial activity on (a & c ) unmodified PE and C-PE 

surface and (b & d) drug loaded (20 mg/ml) CI-PE and CI-C-PE surface, for 3 days of culture. 

The surface modified implants, in the current study, are intended for orthopedic 

application. Therefore, it is very important to make sure that they are cytocompatible. We chose 

MG-63 cells for this study because they can be directed towards osteogenic differentiation. Cell 

survival and proliferation in the presence of the implants were evaluated through MTT assay and 

DAPI staining, respectively. MTT is a colorimetric assay to assess the metabolic state of cells. 

NAD(P)H dependent mitochondrial membrane associated oxide-reductase enzymes can reduce 3-

(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) to water insoluble purple 

formazan crystals, which are then dissolved in DMSO. Amount of formazan crystals formed is 

indirectly measured as its OD at 570 nm, which gives a quantitative idea of the metabolic state of 

the cells under treatment (here, grown on implants), relative to untreated/ control cells (here, 

grown on regular tissue culture surface). This can be represented as percentage cell survival. DAPI 
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is a fluorescent dye that stains DNA strongly by binding to the A-T rich regions. This gives blue 

appearance to the nucleus. Cells take up DAPI stain proportionate to the proliferation rate. 

Moreover, any chromosomal damage that could eventually translate to reduced cell proliferation 

due to experimental conditions can also be followed through this staining. Healthy living cells 

have a typical DAPI stained profile of their nuclei. Any deviation from this would reflect as 

alteration in the nuclear integrity of the cells. This will be a strong indication of lack of 

cytocompatibility of the biomaterial under study. Cells grown on tissue culture treated plate were 

taken as positive control for both the assays. 

Four types of samples (implants) were used in the current study to analyze and compare the 

cytocompatibility results: namely, (1) PE (2) CI-PE (3) C-PE and (4) CI-C-PE. After incubating on 

these implants for 1, 3 and 5 days, cells show an overall survival comparable to the positive control 

(Fig. 6). Cells grown on PE and C-PE initially showed around 92-95% survivability after first two 

days of incubation, but survival rates became comparable to positive control (fig 7.6) and cells 

became significantly proliferative (fig 7.7 L & N) after 5 days. Our observations show overall 

better survival and proliferation on chitosan impregnated PE (CI-PE) and chitosan impregnated 

CNT-PE composite (CI-C-PE) implants (fig. 6; fig. 7, compare panels C, H, M & E, J, O with 

rest).  Although, there is no significant difference in cell survival rates observed for CI-PE and CI-

C-PE (fig. 6), the cells appear to be more proliferative when grown in the absence of CNTs. This 

difference is apparent after 3 and 5 days of incubation (fig 7.7; compare panels H & M with J & 

O). Their survivability is also higher (~108%) even compared to the control.  Our observations on 

cell survival on the implants fall in line with those from DAPI staining of the cells’ nuclei.  

Magnified single nuclei from a representative cell from each implant and control show a healthy 

nuclear integrity (fig. 8A-E). A healthy DAPI stained nucleus shows an unstained spot amidst 
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intense blue background. The unstained spot is the nucleolus populated by more rRNA (a type of 

RNA) and less DNA (fig 7.8, shown with white arrows). A dying or unhealthy nucleolus will have 

fragmented nucleolus. Thus, the implants are highly cytocompatible, supports cell proliferation and 

do not affect the nuclear integrities of the cells. Thus, it can be concluded that even after 

reinforcing with CNT and surface modification, the acetabular cup liner surface retains the 

biocompatible nature. 

 

 

 

 

 

 

 

 

 

Fig. 7.6 Cytotoxicity assay to evaluate the effect of implants on cell survival. Quantitative 

representations of MTT assay as % cell survival of MG-63 cells grown on different surface for 1, 3 

and 5 days relative to control cells grown on regular tissue culture plastic ware. Data represents 

mean ± SD of 3 sets of independent experiments. 
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Fig. 7.7 Nuclear staining shows the proliferation of cells over 5 days. Panels A-E, F-J and K-O 

shows DAPI stained nuclei of living cells after 1, 3 and 5 day of incubation without implants (A, F 

& K) and on implants: PE (B, G & L), CI-PE (C, H & M), C-PE (D, I & N) and CI-C-PE (E, J & 

O). Scale bar =100μm. 

 

Fig. 7.8 Nuclear staining shows the nucleolar integrity. Panels A-E, show representative single 

DAPI- stained nuclei from each group of cells. White arrow head in each panel points towards the 

intact nucleolar region pertaining to healthy cells in each case. Scale bar =10 μm. 

7.1.4 Mechanical Properties 

 

The mechanical properties of liner in acetabular cup are significantly essential to support 

skeleton and to bear the body weight, as well as, frictional forces during operational condition. The 

hardness (H) and young’s modulus (E) of different surface modified C-PE samples was measured 

through instrumented micro indentation technique. Fig 7.9 shows representative indentation load-

displacement behavior of different surfaces. Pure PE surface has shown higher indentation depth in 
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the load-displacement curves, as compare to CI-C-PE, AD-C-PE and C-PE surface. The depth of 

penetration reached to 43 µm with the application of 2 N loads in pure PE, which is 30% (30 µm), 

16% (36 µm) and 20% (34 µm) higher than C-PE, CI-C-PE and AD-C-PE, respectively. Increase 

in surface resistance against indentation (30%) in C-PE was found due to effective load bearing 

characteristics of CNT wrapped PE. Even distribution of load bearing center’s in the composite 

effectively transfers the induced stress into matrix uniformly. Surface modified CI-C-PE has 

shown 14% decrease in resistance as compared to C-PE, which is due to chitosan impregnation in 

porous surface. But, after drug release and chitosan degradation, the surface (AD-C-PE) regains its 

mechanical behavior similar to C-PE. But, reinforcement of CNT shows improvement in hardness 

as compared to surfaces without CNTs, i.e., chitosan impregnated PE (CI-PE) and PE after drug 

release (AD-PE). Surface hardness of CI-PE is ~19% lesser than PE. After drug release (AD-PE), 

the hardness is almost similar to PE, with load displacement curves overlapping each other. 

However, in case of CNT reinforced composite, even after surface modification (CI-C-PE), the 

hardness is improved (28%) as compared to CI-PE. This was the aim for adding CNT in these 

modified surfaces. 

 

 

 

 

 

 

Fig. 7.9 Representative load verses displacement plots for different test samples 
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The hardness and elastic modulus for all the test samples were calculated from the slope of 

the unloading curve of load-displacement plots. Minimum 20 measurements were taken across the 

surface in each test sample. An average hardness and modulus is presented with standard deviation 

as error bars in fig 7.10. Around 38% and 31% increase in hardness and modulus observed in C-

PE, as compared to PE. Reasons for significant improvements are the increase in crystallinity and 

uniform reinforcement of CNTs. Around 17% and 13% decrease in hardness and elastic modulus 

found in CI-C-PE, as compared to C-PE. Considerable reduction in H and E is due to chitosan 

impregnation on porous surface. But, when compared to PE, the H and E values of CI-C-PE are 

still considerably higher, by 20% and 19%, respectively. On the other hand, H and E values of CI-

PE is 43% and 35% lesser, respectively, then CI-C-PE. This serves the purpose of adding CNT in 

the PE composite to retain the mechanical properties even after surface modification.  

The mechanical properties of the surface after the drug release (AD-C-PE) are also 

evaluated to assess the feasibility of surface modification in practical application. The surface 

regains the hardness and modulus values similar to unmodified C-PE, with only 8% and 6% 

decrease in H and E recorded. Same trend is observed in case of AD-PE also, with only 7% and 

6% decrease in H and E, respectively, as compared to PE. This can be attributed to regaining of 

surface morphology after drug release (fig 7.2e & f). This happens due to pore-collapsing 

mechanism being operational, which is explained in details in the previous chapter (chapter 5).  

It is important to emphasize here that all modified surfaces of CNT–PE composite and 

specially the surface after drug loading (CI-C-PE) have offered better resistance against 

indentation than PE. This indicates that CNT reinforced acetabular cup can maintain its mechanical 

behavior to require level, even after modification with porous layer and impregnation with drug 
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containing polymer. This was the reason to reinforce the PE surface with CNTs, which is achieved 

successfully.  

 

 

 

 

 

 

Fig. 7.10 Represents average hardness and elastic modulus with error bars for all test samples 

7.1.5 Tribological Behaviour on Modified Surface 

Hip and knee joints are the two major load-bearing parts of the human body, which are 

continuously experiencing severe dynamic frictional forces during limb movement. The inner 

lining of the acetabular cup and femoral head are the two mating parts of the total hip implant, 

which are continuously facing sever frictional forces during limb actions. Therefore, it is essential 

to consider the tribological performance of all surface modified C-PE composite, which is being 

projected for acetabular cup liner. Fig 7.11 demonstrates the variation in friction coefficient (CoF) 

and specific wear rate for different test surface.  
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Fig 7.11 Coefficient of friction and specific wear rate for different test surfaces 

 

Initially, during ~150 m sliding distance, continuous increase in friction coefficient was 

observed, followed by attaining of steady state. Reinforcing the 0.1 wt.% of CNT in PE brings 

down the friction coefficient significantly. More than 48% of decrease in CoF was observed in C-

PE than PE, due to self-lubricating nature of CNTs [211]. During the rubbing action, the broken 

CNTs act as a solid layered graphite lubricant, resulting in lower friction [198]. Chitosan 

impregnated CI-C-PE and drug released AD-C-PE have also shown 36% and 20% decrease in 

friction coefficient than PE. On other hand, same trend is noticed for CI-PE and AD-PE, with ~ 

27% and 8% decrease in CoF, as compared to PE. Overall, impregnated chitosan (drug loaded) 

helps as lubricating agent by avoiding the stick-slip mechanism [69] and thus helps in reducing the 

CoF of CI-C-PE and CI-PE further. In both the cases (CI-C-PE & CI-PE), impregnated chitosan 

was the key factor for reducing the friction coefficient. Whereas, after drug releasing, by 

comparing both AD-C-PE and AD-PE, AD-C-PE had shown ~11% decrease in CoF than AD-PE. 
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Reason for the reduced CoF in AD-C-PE is the left over pores on the surface and CNTs solid 

lubrication mechanism. 

Fig 7.12 shows the 2D line profile across the worn surface of PE, C-PE, CI-C-PE, CI-PE, 

AD-C-PE and AD-PE. Total volume of material removed from the surface during test and 

corresponding wear rate were calculated using 2D line profile. The average specific wear rate and 

its standard deviation are represented as error bar in bar chart fig 7.11. Lowest wear rate was 

observed in C-PE, which is the combined effect of low friction and good mechanical properties. 

Furthermore, the improved crystallinity with the addition of CNTs plays a key role in tribological 

performance. According to an energy-based model, wear rate of PE is mainly dependent on energy 

dissipation. Crystalline phase shown good damping and fatigue nature by dissipating the applied 

load [262]. Thus, increasing crystallinity in C-PE facilitate energy dissipation mechanism and 

reduces the wear rate [211]. Worn surface characteristics also supported self-lubricating 

mechanism, offered by CNTs fig 7.13b. Deep rooted CNTs suppress the plastic deformation and 

cracking on the surface during rubbing, which leads less removal of material. But in PE, deep 

furrows were generated due to continuous elastic plastic deformation of the polymer asperity fig 

7.13a, which further ends up with abrasive wear mechanism. Combined effect of higher CoF and 

lower hardness and modulus decreases the wear resistance of PE surface. CI-C-PE and AD-C-PE 

have also shown 20% and 26% improvement in wear rate as compared to PE. 
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            Fig. 7.12 Shows the 2D line wear profiles across the worn surfaces 
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Same trend was noticed for CI-PE and AD-PE; ~19% and 5% improvement in wear rate was 

recorded against PE. Worn surface of chitosan impregnated CI-C-PE and CI-PE has shown mild 

adhesion and abrasion Fig 7.13c& d. During tribo-contact, large extent of chitosan film transfers to 

counter body surface. As a result, CI-C-PE and CI-PE surface is protected from rough wear and it 

was shown clearly in chapter 4 [69].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.13 FE-SEM images of different test samples worn surfaces: (a) PE, (b) C-PE, (c) CI-PE, 

and (d) CI-C-PE, (e) AD-PE and (f) AD-C-PE respectively 
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Fig 7.13f shows the morphology of worn surface after drug release (AD-C-PE), revealing 

some traces of pores and debris. Debris induced abrasive wear mechanism, increasing the wear rate 

by 14% as compare to C-PE. Same type of wear mechanism is identified in AD-PE, with wear rate 

almost similar to PE (fig 7.13e). During drug release, pores were collapsed and turned similar to 

PE surface with traces of tiny debris.  

In short, all surface modified CNT-PE composite have shown remarkable improvement in 

tribological property, as compared to unmodified PE and modified PE (CI-PE). CNT reinforced 

acetabular cup can maintain its wear behavior to required level, even after incorporating the 

therapeutic agents into modified surface. It’s an additional benefit for acetabular cup for reducing 

antibacterial infection. Drug eluting CNT reinforced PE composite is expected to perform well as 

part of fully weight bearing acetabular liner. 

7.1.6 Summary 

In this study, CNTs reinforced PE composite are prepared and surface is modified through 

modified chemical etching technique. Interconnected micro pores were effectively filled with 

gentamicin contained chitosan and this modified surface was evaluated for drug release kinetics. 

Sustained release of gentamicin up to 492 h (21 days) successfully eradicated the bacteria and 

avoids the initial infection around the surgical area. Besides, biocompatibility results fortify the 

candidature of surface modified CNT composite for clinical use. Addition of 0.1 wt.% CNTs to PE 

reduced the friction coefficient and specific wear rate by 48% and 36%, respectively, as compare 

to pure PE. The hardness and elastic modulus of the C-PE composite increased by 37% and 31%, 

respectively, due to presence of effective load sharing centers. Besides, implants after drug loading 

and releasing shown improved mechanical and tribological behavior, as compared to unmodified 

and modified PE surface. Thus, surface modified CNT-PE composite (CI-C-PE) liner of acetabular 
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cup is predicted to perform better than PE, both mechanically and biologically. But, modified PE 

(CI-PE) has shown comparatively better drug release (624 h) than CI-C-PE (492 h). The difference 

in drug release was mainly due to morphology of surface pores.  
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CHAPTER 8  

Conclusions and Future Scope 

 

8.1 Conclusions 

This thesis has explored the possibility of developing the conventional PE acetabular cup 

liner into drug eluting liner for reducing the bacterial infection around the surgical area. In this 

regard, dissertation presents a complete analysis on surface modification of PE and CNT-PE 

composite, in terms of surface morphology for loading and delivering the drugs and mechanical, 

tribological and biological behavior to judge its potential for orthopedic application. Two different 

surface modification techniques, such as, modified chemical etching technique and electrostatic 

spray coating technique are used to engineer thin porous surface layer on PE. Porous surface layer 

is filled with drug containing chitosan using the impregnation chamber. An in-vitro antibacterial 

efficacy proves the success of surface modification in terms of drug loading and releasing kinetics. 

Besides, significant improvement in tribological performance enhances the interest in surface 

modification of acetabular cup liner.  

To address the issue with the mildly inferior mechanical property of the modified PE 

surface, different aspect ratio of MWCNTs is used as reinforcement in PE composite. High aspect 

ratio CNTs had shown the better mechanical, tribological and thermal degradation behavior than 

low aspect ratio CNTs. This CNT-PE composite liner can reduce the wear debris by providing low 

friction.  Wear debris are known for inducing osteolytic condition and leading to implant loosening 

problem. Modified chemical etching technique is used to engineer the interconnected micro pores 

on the surface of high aspect ratio CNT reinforced PE composite. Thereafter, effective loading of 

drug contained chitosan within pores was performed. These surface modified liners were evaluated 

for mechanical, tribological and antibacterial behavior. Modified surface of composite has shown 
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sustained release of drug and eradicated bacteria around it. Comparing all the results with surface 

modified PE liner, it is found that surface modified composite liner could be the promising 

alternative to conventional PE liner for total hip joint replacement, though the period of drug 

release should be improved further, which is possible. In this regard, Suhardi, V.  et al. [47] have 

also developed drug-eluting UHMWPE with highly eccentric drug clusters. The vancomycin 

(drug) powder was mechanically mixed with GUR1020 UHMWPE powder and consolidated by 

compression moulding at 170 °C and 20 MPa, for 5 min. The resulting consolidated sample had 

shown sustained release of vancomycin up to 500 h and retaining the mechanical and wear 

properties of clinically used UHMWPE joint prostheses. The antibiotic eluting UHMWPE led to 

complete bacterial eradication and the absence of detectable systemic effects. But, it is a composite 

method (vancomycin blended with UHMWPE), during the curing (170 °C) process, the drug may 

get loses its effective antibacterial property due to temperature and even it may affect the structural 

integrity of the composite. Besides, entrapped drug inside the composite is not releasing until 

composite degrade or wear out.  But, in our current technique only surface modified and loaded the 

drug effectively through impregnation process at room temperature. As a result, any type of drug 

can be used without damaging its physical property. Effective drug delivery and antibacterial 

efficacy can be expected along with improved tribological property. However, it is important to 

emphasize the need for further studies to understand the in vivo behavior of this new drug eluting 

PE liner, prior to their clinical use. 

The following are the specific conclusions drawn out of the present work.  

  A modified chemical etching and lyophilization technique is used to engineer the surface 

of PE to deliver the drug in sustained manner for eradicating the initial bacterial infection 
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around surgical area. The concept of surface modification of the inner lining material of the 

acetabular cup brings additional functionalities and capabilities to meet the future demand.  

   A modified chemical etching technique is developed, which offers uniform interconnected 

micro porosity on PE surface. Boiling paraxylene dissolves the surface preferentially, and 

creating pores during lyophilization. Customized impregnation system can fill drug 

contained chitosan solution into pores successfully. This modified surface releases the drug 

in controlled manner up to 624 h (26 days). Complete release profile has two distinct 

behavioral categories, with initial burst release up to 280 h, followed by sustained release 

till 624 h. It is an ideal drug delivery system to control the initial infection, as well as, 

delayed infection. Modified surface has shown good antibacterial behavior against 

Staphylococcus aureus and cytocompatibility with MG-63 cells. Chitosan impregnation 

reduces the frictional force and wear rate by 26% and 19%, respectively, as compared to 

PE. Besides, decrease in hardness (27%) and elastic modulus (20%) was noticed for the 

same. But it is interesting to observe the regaining of mechanical and tribological property 

after drug releasing (26 days). During drug release, surface is modified by degrading of 

chitosan and collapsing of pores. 

 Electrostatic spray coating technique was also used to construct the thin porous coating 

layer on PE substrate. Very strong integrity between porous coating and substrate was 

noticed after curing, because both substrate and coating material are same (PE). Uniform 

and highly interconnected porosity characteristics increased the drug loading efficiency by 

~82% and drug releasing kinetic up to 860 h (35 days), which is much longer than modified 

chemical etching technique (626 h) and loading efficiency of ~70% ± 3 (14.02 ± 0.5 mg). 

However, both techniques had shown almost similar antibacterial behavior. Besides, 
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chitosan impregnated surface of both the techniques had shown almost similar decrease in 

mechanical and tribological property. But after drug release, chemically etched surface 

regains its property similar to unmodified PE surface, while decrease in mechanical and 

tribological property was noticed for electrostatic spray coating technique. This is the big 

drawback for electrostatic spray coating technique.  

 In order to enhance the basic properties of conventional PE liner and to address the 

limitation of surface modification (decrease in mechanical property) of liner, CNT-PE 

composite was prepared. Two nominal concentrations of 0.05 wt.% and 0.1 wt.% of 

different aspect ratio of CNTs (HAR-900 and LAR-75) were reinforced in PE matrix. It 

was found that high aspect ratio of CNTs (HARCs) have shown remarkable improvement 

in mechanical, tribological and thermal degradation properties as compared to low aspect 

ratio of CNTs (LARCs). Besides, the effect is more prevalent with increasing nano filler 

content. An increase in HARC content from 0.05 to 0.1 wt.% improved the specific wear 

rate by 28% to 62% respectively, as compared to PE. But, similar trend of improvement 

was not observed in case of LARCs composite. A reason for the former case is 

morphological similarity between HARCs and polymer chains. In addition to this, 

differential improvement in hardness, elastic modulus and crystallinity is observed in 

composite. Strong interfacial bonding increases the possibility of load transfer centers from 

matrix to CNT and CNT to matrix in the composite.  

 Chemical etching technique is used to engineer thin porous surface layer on 0.1 wt% 

reinforced HARCs composite. Modified surface of composite (drug loaded) gives sustained 

release of drug up to 492 h (21 days), whereas the same in unreinforced PE is 624 h (26 

days). Reasons for the former case are directly related surface morphology and drug 
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loading efficiency ~13 mg (65%). Both surface modified composite and PE shown good 

antibacterial characteristics and effectively eradicated the bacteria. Surface modified CNT 

composite liner can maintain its mechanical and tribological behavior even in sever service 

condition. This was the reason to reinforce the PE surface with CNTs, which is achieved 

successfully. Besides, positive in-vitro biocompatibility results and the absence of 

detectable systemic effects secure the candidature of surface modified CNT composite liner 

for clinical use. Besides, drug release kinetics can be tailored in sustained manner by using 

other drug carrier such as PCL, PLA and PLGA. Cross linking the drug carriers will also be 

the solution to ovoid the burst and fast release rate. 
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8.2 Scope for future work 

The aim of the current research was to explore the potential of surface modified PE liner as 

drug eluting implant without compromising the required property to inhibit initial infection around 

the surgical area. The criteria for judgment were the effect of surface modification on drug delivery 

kinetics, antibacterial effectiveness, biological, mechanical and tribological properties of the 

surface.  The findings of this study establish surface modified CNT-PE composite liner to be 

potential alternative for clinically used PE liner. However, some of the topics need further 

investigations to progress towards the clinical translation of CNT-PE liner. Following is a tentative 

list of recommendations for the same. 

 In the present work, natural biodegradable polymer, such as, chitosan has been used as drug 

carrier, while the study can be extended by using other biodegradable polymer such as 

PLGA, PDLG, PCL, PLA, collagen for further enhancing the drug release kinetics for 

longer period to take care of delayed infection. 

 Combination of two biodegradable polymer and drugs can be used for tailoring the 

antibacterial efficacy.  

 Cross linking of the drug carriers will also extend the research work towards reducing the 

burst and fast drug delivery kinetics 

 Different wear conditions, such as, reciprocating sliding, lubricated sliding (bovine serum) 

and multidirectional wear simulator can be used to study the modified surface tribological 

behavior. Besides, study can be extending to predict the biological activity of wear debris.  

 In-vitro cytocompatibility test was carried out in present study to check the primary 

biocompatible nature of modified surface. Analyzing the in-vivo performance of surface 

modified PE liner is a recommended work towards translation. 
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 Modifying the other hip replacement parts, such as, femoral stems (metal parts) and 

impregnating the drugs in similar method for eradicating complete bacterial infection. 

 Reinforcing other than CNTs, such as hollocite nano clay (HNT) to PE for improving the 

mechanical and tribological property 

 Vacuum impregnation technique can be used to any drug eluting implants for effectively 

controlling the release kinetics.  
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