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Abstract 

 

Due to superior physical qualities, ultra-high molecular weight polyethylene has become a prominent 

biomaterial for ligament/tendon (L/T) implants. There has been interest in addressing UHMWPE's bio-inert 

shortcomings by using bioactive components like hydroxyapatite, either as composite fillers or as a surface 

coating. In this thesis, as an alternative strategy, we explored the application of Plasma Immersion Ion 

Implantation (PIII) as a surface treatment for UHMWPE to enhance bioactivity by altering its surface 

properties and to offer a practical method for covalently immobilizing biomolecules on the surfaces of 

UHMWPE fabric. 

Chapter III focuses on fundamental knowledge of the physical and chemical properties of UHMWPE fabric 

surfaces after they have been treated with the PIII procedure. It describes the  characterization of the surface 

properties of two different types of UHMWPE fabric. 

Chapter IV reports on developing a synthetic ultra-high molecular weight polyethylene (UHMWPE) 

ligament graft to evaluate the mechanical properties before and after the PIII treatment. Immediate and long-

term physiological loading was used to validate the mechanical performance of the synthetic ligament graft.  

Chapter V focuses on the immobilization of collagen and fibronectin protein to investigate the covalent 

binding of proteins on the surface of UHMWPE fabric without any chemical linkers. Release dynamics of  

bovine serum albumin (BSA) proteins with or without PIII treatment were studied for ligament/tendon 

healing processes.  

Chapter VI demonstrates in vitro biocompatibility of two different grades of UHMWPE fabric surfaces for 

ligament/tendon (L/T) cells and describes how the PIII treatment of UHMWPE surfaces impacts 

biocompatibility. The cell interactions with the bare PIII-modified UHMWPE surfaces in the absence of any 

protein functionalization are studied in this section using two easily obtainable and well-known cells, human 

fibroblasts (FB) and human adipose-derived stem cells (ADSC). 

Chapter VII describes whether the biomolecules fibronectin, collagen type I, and Connective tissue growth 

factor (CTGF) can still function after becoming attached on the surface of UHMWPE fabric. It also describes 

whether the PIII treatment leads to better bioactivity results than passive binding without PIII by evaluating 

the effects of bound proteins on cell adhesion, proliferation, and differentiation. 
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Graphical Abstract 

 

 

 

 

A diagrammatic representation of the initial stages of ligament/tendon tissue integration for non-

functionalized and biomolecule-functionalized implants. 
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1.1 Introduction 
 

Ligament and tendon are connective tissues with strong mechanical properties that stabilize a joint through fixation at either end [1]. 

Ligaments usually attach two bones together while tendons attach to muscle at one end and bone at the other. Together they prevent 

dislocation and restrain or enable movement of the joints. Injuries of the ligament/tendon are common in sports such as soccer, 

football, or downhill running [2–6], ranging from mild tears to more severe rupture in completely torn ligaments. As most of the 

ligament/tendon injuries don’t heal themselves due to their avascular complex structure, autografts and allografts have been used to 

reconstruct the damaged tissue [7]. Autograft is the transplantation of tissue from a different location from the same indivi dual while 

allograft tissue is from a donor. Autograft has been known for the fastest incorporation and healing; however, it has a high risk of 

inducing morbidity at the donor site. Although allograft can reduce this risk for patients, it has a higher failure rate and may transmit 

diseases from the donors [8]. 

Due to such significant drawbacks associated with allografts and autografts, synthetic ligament grafts are receiving particular attention 

for ligament/tendon reconstruction [9]. A synthetic ligament/tendon graft connecting the ends of two bones is made from a layered or 

tubular woven ligament with an extra-articular region, consisting of at least one bending region and one end region. Each area should 

be woven to provide support and flexibility in response to expected stresses [1]. Ligament/tendon grafts should have desirable 

properties such as strength and stiffness comparable to a natural ligament/tendon, minimal inflammation upon implantation into the 

body, and be degradable over time to facilitate tissue ingrowth [11].  
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Various biomaterials have been developed over the past few years as artificial ligaments such as poly -l-lactic acid 

(PLLA)polycarbonates, poly arylates, polycaprolactone, PDS, poly(diaxonane), PLGA, poly (lactic-co-glycolic acid), PLLA, poly (L-

lactic acid) [12–15]. However, the selection of biomaterials for such regeneration is a major challenge due to the lack of 

biocompatibility of mechanically suitable materials that are capable of appropriately handling in vivo mechanical loadings [10]. 

Further, after a ligament/tendon rupture, the blood supply is disturbed, s hampering ligament/tendon regeneration [10]. 

In the last few decades, bioabsorbable and non-bioabsorbable biopolymers have been applied for use in orthopedic applications due to 

their high mechanical strength and biocompatibility compared to metals and ceramics [16]. Ultra-high molecular weight polyethylene 

(UHMWPE) is among the non-bioabsorbable polymers which are commonly used for joining replacement and other applications 

where sustained function is required. The market demand for medical-grade UHMWPE has increased tremendously from 60.9 

kilotons (2015) to 204.8 kilotons (2024) according to a survey conducted by Grand view research [17]. The comprehensive use of 

UHMWPE in the medical field is due to its low wear volume, ultimate tensile strength, and low coefficient of friction [18]. However, 

despite all these advantages, its biocompatibility needs to be improved as this polymer is not easily linked to most biomolecules due to 

its hydrophobicity and the absence of functional groups for forming the bonds [19].  

Various strategies have been investigated to resolve these problems and enhance the surface properties of UHMWPE including 

physical treatments and chemical treatments. Physical treatments such as gamma or electron beam radiation followed by chemical 

modification [20–22], conventional plasma treatments [23, 24], UV treatment [25], gamma irradiation [26], and corona discharging 



4 

 

[27] have been investigated. However, some of the treatments are accompanied by a decrease in bulk mechanical properties, such as 

toughness, tensile strength, fatigue performance and wear resistance[2].  

Wet chemical-based methods have been described in the literature for creating covalent bonds of biomolecules to the substrates [28, 

29].  Silane and polyethylene glycol (PEG) are the two most often utilized synthetic linker molecules in orthopedics for protein 

immobilization [30, 31]. Salinization of orthopedic substrates was first published in 1995 and has since become the most extensively 

used approach for protein immobilization. Alkyl silane linkers form an O-Si bond with hydroxylated substrates through a 

condensation reaction [32, 33].  

Proteins have been immobilized by PEGylation of orthopedic substrates [33] using the substrate's pre-existing hydroxyl terminals to 

chemisorb the PEG molecules [34]. In place of unmodified PEG molecules, terminally modified PEG molecules have recently been 

employed. Protein immobilization by carbodiimide reactions using amine- (NH2 – PEG-NH2) and carboxyl- (COOH–PEG-NH2) 

functionalized PEG has been investigated [35]. Although linker chemistry approaches only change the polymer surface without 

affecting the bulk properties, they involve a series of wet chemical reactions, which makes the process complex, producing additional 

chemical by-products, creating toxicity and solvent disposal issues [36].  

Plasma immersion ion implantation (PIII) has been known as a surface modification technique for polymers to facilitate covalent 

bonds with biomolecules with very minimal impact on the bulk material. The ion bombardment from the PIII treatment creates a 

reservoir of long-lived reactive radicals embedded in sub-surface layers [36]. The PIII treatment has been shown to covalently 
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immobilize proteins and peptides on a wide range of natural and synthetic polymers without the use of multi-step wet chemistry [37, 

38].  

It has been shown that such surface-embedded radicals facilitate covalent attachment of bioactive molecules, including proteins and 

peptides, thereby endowing a biomimetic character to the material [37, 39–41]. The hydrophilic nature of the PIII-treated polymer 

surfaces enables the bioactive conformation of protein molecules to be preserved while being immobilized on the surface. These 

works suggest that the PIII technology holds great potential to bioengineer the surfaces of UHMWPE woven fabric used to create 

biomimetic constructs for ligament and tendon regeneration.  

Here we demonstrate the capability of PIII treatment to create biomimetic UHMWPE woven fabric constructed through covalent 

attachment of cell signaling proteins such as collagen and fibronectin. A woven fabric form was selected due to its high surface area 

and mechanical properties as well as its suitability for implant design and fixation. The biomimetic fabri cs were further used to 

investigate the attachment, growth, and activity of human primary fibroblast cells (FB) and adipose derived stem cells (ADSC) for 

synthetic ligament graft purposes. 

The opportunity to construct designs for total ligament/tendon (L/T) replacements and implants is appealing when using UHMWPE 

fabric that had increased histocompatibility and was able to encourage the ingrowth of new ligament/tendon tissues.  
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In this research, a bioactive surface was created by the nitrogen-based Plasma immersion ion implantation (PIII) technique on 

UHMWPE fabric to construct a synthetic ligament implant. The purpose of this study was to determine whether new hybrid artificial 

ligaments could facilitate tendon-bone healing processes and accomplish "ligamentization" through in vitro study.  

Firstly, characterization of two grades of untreated & PIII treated UHMWPE fabric was completed to understand their surface 

functional properties.  

Secondly, a woven synthetic ligament/tendon graft prototype was created to study mechanical properties of synthetic UHMWPE 

ligament/tendon graft. 

Thirdly, protein immobilization on untreated & PIII treated UHMWPE fabric was evaluated to check covalent bonding of proteins 

with the fabric surface. Immunofluorescence experiments were used to assess the surface's physical characteristics and test its capacity 

to bind proteins covalently.  

Fourthly, the biocompatibility, and  bioactivity of untreated and PIII modified UHMWPE fabric with attached  Fibroblast (FB) and 

Adipose derived stem cells (ADSC) were evaluated.  

Finally, primary human fibroblasts and ADSC cultured on untreated, PIII-treated, and protein-functionalized UHMWPE fabric were 

tested for adhesion, proliferation, and differentiation. 

 



7 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 : Literature Review 

 

 

 

 

 



8 

 

 

2.1 Introduction 
 

The biomaterials used as biomedical implants are expected to be biocompatible i.e. they need to be non-toxic, non-inflammatory and 

should not cause any allergic reactions in the human body [3]. Moreover, the material must have an excellent combination of high 

strength and low Young's modulus closer to the implant to ensure longer service life and avoid implant loosening and revision surgery 

[4]. Ultra-high molecular weight polyethylene (UHMWPE) is distinguished by its high ultimate tensile strength, good 

biocompatibility, corrosion resistance, low water uptake, low coefficient of friction, and high abrasion resistance [5]. Such properties 

define UHMWPE's use in many development areas and in medicine and biology, including the manufacture of artificial joints and 

implants for orthopedic surgery. All knee replacements and 85% of hip replacements today use UHMWPE on their bearing surfaces , 

which represents over two million orthopedic implants per year [6, 7]. Two key factors decide the quantity and consistency of cell 

adherence to the implants: implant wettability (surface chemistry) and surface topography (surface roughness) [8, 9]. Currently, 

UHMWPE is commercially fabricated under several brand names: Polymin SK (BASF, Germany), Polystone M (Roechling, 

Germany), Tivar (Quadrant, Belgium), Tecafine PE10 (Ensinger, Germany), Okulen 2000 (SP-Plast, Finland), GUR (Tina, Solidurraz, 

Germany) and by various companies, such as Goodfellow (United Kingdom) and Braskem (Brazilian Chemicals) [10, 11].  

In ACL and other ligament and tendon reconstructions, UHMWPE fiber is selected because of its having the most durable property 

known in the biomedical field [11–14]. In addition, it possesses excellent tensile strength, enough to support human load-bearing 

demands [15]. Despite these features, particular drawbacks have been noted, such as UHMWPE fibers being problematic to bond to 
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most materials due to their chemical inertness, and poor wear resistance[16]. Wear debris generated during joint motions, could cause 

osteolysis and implant displacement, contributing to the primary reason for joint revision[17]. 

UHMWPE fibers’ appealing physical and mechanical qualities are related to their highly aligned crystalline micros tructure polythene 

chains[18]. These days, gel-spinning processes are usually used to manufacture UHMWPE filaments.  In this technique an oxygen-

rich slim limit layer is created during turning of UHMWPE filaments, which is responsible for a decrease in the bond properties of 

strands[19]. As a result, eliminating oxygen-rich boundaries is required to maximize fiber adhesion to other materials through surface 

modification of UHMWPE. Multiple methods have been utilized to modify the surface biocompatibility and wear resistance of 

UHMWPE [20]. These modifications can be divided into two types: chemical and dry techniques. Chemical surface modifications 

conducted with oxidative acid etching [19], coating treatment [21, 22]and chemical grafting [23] of  UHMWPE [24, 25]. Dry surface 

modification techniques include different types of plasma treatments, grafting, UV & gamma irradiation treatments[26–28]. Typically, 

molecular modification processes involve the insertion of oxygen-rich functional groups on the surface of UHMWPE fibers, which 

provide excellent chemical bonding sites. Additionally, the surface treatment would introduce imperfections or roughening, such as 

micro-pits, which act as mechanical anchor points, facilitating mechanical interlocking of the polymer matrix to fibers. Sometimes 

combined methods applied to improve interfacial adhesion of the materials[29]. Nano-reinforcement, such as carbon nanotubes 

(CNTs), nano clay, graphene, boron carbide, nano alumina (AL2O3),vitamin C, has recently been employed to change the polymer 

matrix to be used with fiber in order to create the best potential interfacial connection through resonance[30–33]. 
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The improvement of its surface can modify its biological and tribological properties [34, 35]. Use of these materials can improve the 

surface hardness and abrasion resistance of the UHMWPE. Traditional ways of upgrading the wear performance of the UHMWPE 

include techniques such as gamma or electron beam radiation followed by thermal stabilization [36]. These techniques are 

accompanied by an increase in bulk mechanical properties, such as toughness, tensile strength, fatigue performance, and wear 

resistance [37].  

Plasma treatment is currently another technologically successful and safe method (which does not need any corrosive 

reagents/solvents) for the surface modification of polymeric material. Properties can be improved by surface treatment of UHMWPE 

with argon plasma, cold atmospheric plasma (CAP), Dielectric barrier discharge (DBD) plasma, plasma-assisted chemical vapor 

deposition (PACVD) and plasma immersion ion implantation (PIII) methods followed by protein immobilization. To resolve the wear 

and to enhance the life of UHMWPE as implant, in recent years this field has witnessed numerous innovative methodologies such as 

biofunctionalization or high temperature melting of UHMWPE to enhance its toughness and strength. The modifications of surface of 

the material through plasma can improve its hydrophilicity,  surface energy, wear resistance by introducing functional groups to the 

material which have been characterized by water contact angle, Fourier Transform Infrared (FTIR) and Scanning Electron Microscope 

(SEM)[38, 39]. 

The surface effective functionalization/modification/treatment of UHMWPE is very challenging in orthopedic applications such as 

ligament regeneration. In spite of the difficulties, several surface roughening, functionalization, and irradiation processing 
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technologies have been developed and applied in the recent past [40–43]. The basic research and direct industrial applications of such 

material improvement technologies is very significant as evidenced by the significant number of published  literatures[44]. However, 

there is a lack of a comprehensive source for the research community to access information on the research methodology and 

techniques for material property enhancement and protection of wear of UHMWPE.  

Therefore, the objective of this review is to provide an overview of recent developments and core challenges in the surface 

modification/functionalization/irradiation of UHMWPE and apply these findings to the case study of UHMWPE for ligament e.g., 

anterior cruciate ligament reconstruction. Fig 2.1 illustrates the overview of the surface treatments of UHMWPE and Table 2.1 

summarizes the influence on surface properties of UHMWPE after surface treatments.  
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Figure 2. 1 Contrasting approaches for surface functionalization of UHMWPE. 
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Table 2.1 The influence on surface properties of UHMWPE after surface treatment. 

Treatment Parameters Additional 

peaks found 

after 

treatment 

Elemental analysis after 

oxidation on the surface (%) 

Surface & 

Tribological 

properties 

Mechanical 

properties 

References 

C O N Others 

Chemical Chromic acid, 

hydrogen per 

oxide, 

potassium 

permanganate 

 89.6, 

73.6, 

91.6 

9.6, 

16.5, 

6.6 

-  Improvement in 

surface adhesion 

properties 

Improvement 

in interfacial 

tensile 

strength 

[19] 

Chemical Polydopamine, 

Ethylene glycol 

diglycidyl ether 

(EGDGE) 

     Water contact 

angle (WCA) 

decreased from 

109° to 97° 

67.5% 

improvement 

in mechanical 

strength 

[45] 

Chemical Polydopamine 

(PDA), 

hexamethylene 

diamine 

(HMDA) 

C-OH, -NH, 

C=C 

stretching 

73.14, 

74.39, 

74.39 

21.3, 

18.65 

5.13, 

6.96 

  Shear 

strength 

0.920 MPa 

[46] 

Chemical Hyaluronic acid      WCA decreased 

from 80° to 50°, 

increased 

crystallinity 

High wear 

resistance 

[47] 

Chemical PEG-like 

coating 

-OH stretch, 

C-O-C, C-OH 

68.8 31.2 -   WCA 

decreased 

from 90.3° to 

44.8° 

[48] 

Chemical VTMS and SiO2 Si-C, Si-O 40.39 35.38  24.23 WCA decreased 

from 123° to 43°, 

increased 

antifouling 

properties 

 [49] 
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Table 2.1 cont. 

Treatment Parameters Additional 

peaks found 

after 

treatment 

Elemental analysis after 

oxidation on the surface (%) 

Surface & 

Tribological 

properties 

Mechanical 

properties 

References 

C N O Others 

Cold 

plasma 
He and O2 gas 

C-C 

stretching, C-

N, 

Hydrogenated 

amorphous C 

    

Increased surface 

hydrophilicity and 

cell adhesion 

High wear 

resistance  

[50] 

Cold 

plasma  
H2 and O2 gas 

CH 

vibrations, C-

O stretching, 

C=O  

    

WCA decreased 

from 102° to 43°, 

Improved cell 

adhesion property, 

Roughness 

increased from 588 

nm to 687 nm 

 

[51] 

PACVD 

plasma 

Air and Ar gas 

 
      

Tear 

resistance, 

40% increase 

in tensile 

strength 

[27] 

ECR 

plasma 
H2 and N2 gas 

C-O/C-OH, 

C-C, C=C, 

C=O 

60 37 8  
Increased surface 

roughness 

Increased 

surface 

hardness and 

elastic 

modulus 

 

 

[39] 

ECR 

plasma 

(N2 + H2) and 

O2 gas 

C-N, C-O 

Stretching, N-

H bending, 

C=O 

Stretching 

 

    

WCA decreased 

from 96° to 22°, 

improvement in 

surface cell 

adhesion 

 

[38] 
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Table 2.1 Cont. 

Treatment Parameters Additional 

peaks found 

after 

treatment 

Elemental analysis after 

oxidation on the surface (%) 

Surface & 

Tribological 

properties 

Mechanical 

properties 

References 

C N O Others 

ECR 

plasma 

Peroxides, 

acrylic acid, 

itaconic acid, 

collagen 

C-O, -COOH, 

-NH, C-N 
      

[52] 

DBD + 

chitosan 

treatment 

(Ar + O2) gas & 

chitosan  

C=O, -COO, 

C-O/C-N 

93.15, 

82.1, 

74.0 

5.8, 

15.2, 

2 .7 

1.1, 

2.7, 

3.0 

 

Surface adhesion 

increased by 

72.2%, WCA 

decreased from 

101° to 82° 

Decreased 

tensile 

strength by 

5.6% 

[53] 

DBD 

plasma 

(He + Ar + air + 

N2 + H2) gas 

C-C, C-C=O, 

O=C-O 
88.3 6.3 6.9  

WCA decreased 

from 95.2° to 70°  
 

[54] 

DBD 

plasma 
Ar gas 

C-H, -OH, C-

C, C=O 
    

WCA decreased 

from 91° to 67.4° 
 

[35] 

DBD 

plasma 

Ar gas, Multi 

walled carbon 

nanotube 

C-H 

stretching, C-

C, O-H, C=O 

    

Wear volume was 

reduced by 73.3%, 

surface roughness 

was reduced by 

17%, hardness of 

the composite 

increased by 45% 

 

[55] 

 
 

Gamma 

Thermal 

treatment + 

gamma dose 

      

Toughness 

increased by 

67%, 

[56] 

Gamma       

Increased cross 

linking, wear rate 

37% 

 

[57] 
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Table 2.1 Cont. 

Treatment Parameters Additional 

peaks found 

after 

treatment 

Elemental analysis after 

oxidation on the surface (%) 

Surface & 

Tribological 

properties 

Mechanical 

properties 

References 

Gamma 
UV + PEG 

grafting 

C=C, C-Si, 

C=O 
    

Crystallinity 

increased, 

resistance to 

protein adsorption 

increased 

 

[58] 

Gamma  
Irradiation + 

Vitamin E 
     

Reduced 

crystallinity, wear 

resistance 

 

[59] 

PIII 

treatment 
Ar gas 

C=C, –OH, 

COOH and 

COO– 

    
WCA decreased 

from 80° to 28° 
 

[60] 

PIII 

treatment 
N2 + gas      

A small decrease in 

WCA, surface 

roughness 

increased from 39 

nm to 71 nm 

 

[61] 

PIII 

treatment 

N2 + gas + HRP 

protein 
 71.1 15.5 13.4  

Roughness 

increased from 

528° to 1130°, 

surface area 

increased from 

101.9 nm to 15.6 

nm 

 

 

[62] 

PIII 

treatment 

N2 + HRP + 

PVC 

C=O, C-O, -

OH 
    

WCA decreased 

from 90° to 58°. 
 

[63] 
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2.2 Background for the use of UHMWPE in orthopaedic implants 
 

UHMWPE belongs to a subgroup of thermoplastic polyethylene (PE) that are obtained from 

monomers of ethylene by a polymerization reaction. It is composed of extremely long 

polyethylene chains which effectively transfer load and provide a polymer backbone by 

reinforcing intermolecular interactions [64]. The desired degree of polymerization of UHMWPE 

is dependent on its end applications, the degree of polymerization is observed in orthopedic 

applications within a range of 71,000–214,000 with a molecular weight ranging from 2 to 6 

million g/mole [65, 66]. UHMWPE is a semicrystalline polymer, and its properties are strongly 

dependent on its microstructure [67].  

The semicrystalline structure of UHMWPE consists of two phases known as crystalline and 

amorphous phases. Its properties are determined by the relations between amorphous and 

crystalline phases, such as binding molecules, crystallinity, degree of crosslinks and 

entanglements; and the crystallite positions [68]. The crystalline phase comprises lamellae 

consisting of strongly directed folded chains [69]. UHMWPE is also known as high modulus PE 

or high-performance PE because of its toughness and good impact strength. High density 

polyethylene (HDPE) has also been used for biomedical skeletal and orthopedic applications [70, 

71].  

It also has extraordinary properties such as nontoxicity, high resistance to corrosive chemicals, 

and wear strength that makes it reliable for orthopedic applications, but UHMWPE is more 

abrasion and wear resistant than HDPE. Several monomer units attach during polymerization 

based on metallocene catalysts to make UHMWPE stronger compared to HDPE. 
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Table 2.2 Physical properties of HDPE & UHMWPE [65]. 

Property HDPE UHMWPE 

Molecular weight (106 g/mol) 0.05-0.25 3.5-7.5 

Tensile ultimate strength (MPa) 22-31 39-48 

Tensile ultimate elongation (%) 10-1200 350-525 

 

In 1962, Sir John Charnley introduced UHMWPE ( for biomedical use, and it 

was then applied as a joint surface load bearing material for hip and knee replacements. Hip and 

knee replacements are prosthetic joints that replace human joints affected by arthritis. The 

oxidation resistance of UHMWPE was improved by cross-linking, high-pressure crystallization, 

and introducing antioxidants. 

UHMWPE can also be used as woven, knitted, or nonwoven sheets to provide three-dimensional 

structures for cell ingrowth. UHMWPE fabrics can be produced by a gel spinning technique that 

allows for the parallel orientation of the fibers resulting in a high modulus of elasticity and 

strength. The market demand for medical-grade UHMWPE has risen tremendously from 60.9 

kilotons (2015) to a projected 204.8 kilotons in (2024), according to a survey conducted by 

Grand view research [72, 73]. Extensive use of UHMWPE in the medical field is due to its 

superior biocompatibility, chemical resistance, low wear volume, ultimate tensile strength, and 

low coefficient of friction.  

2.3 Methodologies for surface modification of UHMWPE 

 

In ACL reconstruction, UHMWPE can be used in fabric or fiber form but in other biomedical 

sectors, it can be used as a sheet, rod, or powder form. UHMWPE has been used for shoulder 

replacements, hip arthroplasty, ankle replacements, and other joint replacements due to its high 

performance with low friction coefficient, high abrasion resistance, great aging resistance, and 
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high impact strength properties. However, inertness and extreme hydrophobicity makes it 

inappropriate for its application in shoulder and joint replacements [74, 75]. Different methods to 

improve the surface properties of UHMWPE are described below: 

 

2.3.1 Chemical treatment 

 

Several types of materials such as acetic acid, sulfuric acid, and chromic acid have been used to 

modify the surface properties of UHMWPE [76]. Silverstein et al. [77] have explored surface 

treatments using chromic acid, potassium permanganate, and hydrogen peroxide to reduce the 

smoothness of the polymer surface. These etchants were used to remove the weak outer layer of 

the polymer. A rough and oxidized UHMWPE surface was formed, with increased surface 

tension and enhanced wetting[78] .The oxidized UHMWPE contains 6:1 combinations of ether 

and carbonyl bonds. Increased C and O components of untreated and treated UHMWPE are 

presented in table 2.3. [77] 

 

Table 2.3 Elemental analysis of UHMWPE after oxidation on the surface[77]. 

Samples C (%) O (%) 

Untreated 74.2 21.9 

Chromic acid 89.6 9.6 

Potassium permanganate 73.6 16.5 

Hydrogen peroxide 91.6 6.6 

 

Firouzi et al. [79] investigated the mechanical and biological properties of UHMWPE after nylon 

coating. The results confirmed that nylon coating can increase toughness, maximum breaking 
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force, and creep time. Excellent mechanical strength and wear resistance with lower cytotoxicity 

can entitle UHMWPE for biomedical applications. 

Sa.et al. [80] explained another surface modification of UHMWPE fiber using bioinspired 

polydopamine deposition and epoxy grafting to improve the surface activity and adhesion 

properties of the material. One of our studies investigated the wettability by water contact angle 

test and tribological performance single fiber pull out test, showing the change in contact angle 

for untreated and modified UHMWPE (Fig 2.2) and an increased interfacial strength of modified 

UHMWPE fibers than pure UHMWPE fiber (Fig 2.3) [45].  

 

Figure 2. 2 SEM images for (a) Pristine UHMWPE fibers: (b) UHMWPE-PDA fibers; (c) 

UHMWPE-PDA-EDGE fibers; (d) UHMWPE-(PDA+EGDE) fibers; and micrographs of water 

contact angle test.  Reprinted with permission from [45]. 

 

Figure 2. 3 (a) Pull out test of UHMWPE and modified fibers; (b) SEM images of untreated and  

treated UHMWPE; (i) UHMWPE fibers/rubber, (ii) UHMWPE–PDA fibers/ rubber, (iii) 

UHMWPE–PDA–EGDE fibers/rubber, and (iv) UHMWPE–(PDA+EGDE) fibers/rubber. 

Reprinted with permission from[45]. 
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Similar work was carried out by J. Hu et al. [81] to improve the surface activity and adhesion 

property of UHMWPE fibers using polydopamine (PDA) and hexamethylenediamine (HMDA) . 

The findings showed that the surface of UHMWPE-PDA fibers and UHMWPE-PDA-HMDA 

fibers were much rougher than that of pure fibers with increased interfacial shear strength. It was 

observed that the reaction between primary and secondary amine groups of PDA and HMDA 

with epoxy groups of epoxy resins increased the interfacial adhesion between the UHMWPE-

PDA-HMDA with epoxy resin (Fig 2.4) [46]. 

 

 

Figure 2. 4 Scanning electron microscopy of UHMWPE fibers with tensile fracture surface; (a) 

epoxy resin (b) UHMWPE-epoxy resin (c) UHMWPE-PDA-epoxy resin (d) UHMWPE-PDA-

HMDA-epoxy resin Reprinted with permission from [46]. 
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Incorporation of HA can increase tensile strength and hydrophilicity of  UHMWPE material [82, 

83]. James et al.[47] from Colorado State University developed a UHMWPE - hyaluronan (HA) 

micro composite where a small portion of HA was covalently bonded into a porous preform of 

UHMWPE to act as articular cartilage and joint replacement materials. It was claimed that 

UHMWPE is hydrophobic, while articular cartilage is hydrophilic containing chondrocytes and 

extracellular matrix with proteoglycans [84]. HA introduced a hydrophilic lubricous well 

hydrated surface on UHMWPE. The processing of UHMWPE–HA biomaterials involves 

molding techniques to make it fully dense. Sham control doesn’t include the molding step. Wear 

resistance of different grades of UHMWPE-HA is shown in Fig 2.5(a). The UHMWPE-HA wear 

rate was slightly lower than both the UHMWPE convention and the sham control across the 

whole process [47].  

 

Figure 2. 5 (a) Wear rate comparison of conventional UHMWPE and UHMWPE-HA composite 

and control samples; (b) Water contact angle and protein adsorption resistance results of 

untreated and treated UHMWPE; Water flux and protein rejection of various membranes (c) 

Water flux and protein rejection of various membranes (d) HA and BSA rejection. Reprinted 

with permission from  [47–49]. 
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Kane et al. [48] have examined the tribological properties of PEG-like coatings on UHMWPE 

for total hip replacement. PEG- like hydrogel was covalently bonded to the surface of UHMWPE 

to improve its lubricity, wear resistance, and antithrombogenic properties. Surface of PEGylated 

UHMWPE shows higher resistance to protein adsorption compared to untreated UHMWPE and 

surface hydrophilicity does not have any impact on it (Fig 2.5(b)). Unlike UHMWPE particles, 

fragments of the PEG-like coating are less likely to induce an in vivo immune reaction. 

Liu et al. introduced a hydrophilic inorganic vinyl trimethoxy silane (VTMS) and SiO2 layer on 

UHMWPE to make the surface of UHMWPE more hydrophilic and to improve its antifouling 

properties. This hydrophilic layer will create a protective hydrated sheath by absorbing water and 

protecting the surface from unwanted contaminants. After the grafting, the water flux of 

UHMWPE increased from 452.2 L·m−2·h−1 to 532.7 L·m−2·h−1 as shown in Fig 2.5(c). On the 

other hand, HA and BSA rejection of the original UHMWPE was 36% and 78%, but after the 

treatment it increased to 42.3% and 82% as shown in Fig: 5(d). 

2.3.2 Surface modification of UHMWPE by different plasma (DBD, PACVD, ECR, CAP, 

PIII) and gamma irradiation methods 

 

Plasma modification is one of the most productive ways for the surface treatment of polymers as 

plasma treatment could selectively modify the physical and chemical properties of the surface of 

the polymers without affecting the original bulk characteristics of the polymer. This treatment 

can modify the surface of the substrate without changing the mechanical properties of the 

substrate [85]. 

Ionized precursor fragments are deposited on the substrate surface and result in the deposition of 

thin films on the substrate. Plasma treatments can provide the biocompatibility of the materials 

[86, 87] drug delivery devices [88, 89], biofilms [90, 91], next generation of nanobiointerfaces 
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[92], anti-corrosion coatings, and corrosion with enhanced tribological properties, and can 

improve antibacterial properties [93] Compared to other surface modification treatments, plasma 

surface modification offers shorter treatment time [88]. Plasma treatment is usually reliable, 

reproducible, non-line of sight, applicable to different sample geometries, as well as different 

materials such as metal, polymers, ceramics, and composites [94]. Plasma processing can 

provide sterile surfaces and can be adopted easily by industrial purposes. Plasma act ivation has 

been successfully done for the improvement of the wettability of the polymer surfaces [34,36]. 

Surface properties of the polymers can be modified by using energetic photons, ions, or electric 

beams or laser treatment. Surface modifications of UHMWPE bring changes to surface 

topography and wettability of the sample [96]. Different plasma techniques and gamma 

irradiation for surface modification of UHMWPE have been described below: 

 

2.3.2.1 Cold atmospheric plasma (CAP) 

 

The functionalization of UHMWPE with cold atmospheric pressure gas plasma results in 

improved wear performance without affecting the cytocompatibility of the material. This is an 

inexpensive method that has been used for modification of the surface properties of materials and 

can provide a sterile surface environment. The longevity of replacement  joints and discs is an 

important factor in determining the success of implant materials. The antimicrobial properties of 

cold gas plasma allow simultaneous wear performance enhancement and material sterilization 

[97]. 



19 

 

 

Figure 2. 6 (a) Wear factors of untreated and treated UHMWPE after cold plasma treatment. 

Reprinted with permission from [98]; (b) Osteoblast cell adhesion to untreated and cold plasma 

treated UHMWPE. Reprinted with permission from [98]; (c) a schematic diagram of Cold 

atmospheric plasma. 

Perni et al. [98] have determined that cold atmospheric plasma functionalized materials show a 

greater level of cross-linking of the polyethylene chains. [98] In this treatment wear factors and  

cytotoxicity assessed by scratch resistance and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) assay. UHMWPE treated with He/O2 at different time frames. 

Results in Fig 2.6 (a) showed that wear factors of sample treated for 7 min and 15 mins were 

almost same but half of the untreated UHMWPE. Fig 2.6 (b) showed the adhesion of osteoblast 

cells to UHMWPE increased over time but there was no significant difference between untreated 

and treated UHMWPE. 

In another study, S.Van et al. [99] illustrated that the surface functionalization of UHMWPE 

through a cold plasma method in the absence of air, can provide enhanced adhesion forces, and 

improved hydrophilicity. Similar functionalization of UHMWPE is achieved by using cold 
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plasma where ionized gas produced from electrical discharge penetrates the material’s surface at 

low pressure [51, 100]. Sterilization was achieved by the formation of reactive species, which 

inactivates the nucleophilic sites of microorganisms. Rodrigues et al.[101] found that UHMWPE 

treated with cold plasma can improve hydrophilicity, and influence cell adhesion properties 

which have been illustrated in Fig 2.7. Cell biocompatibility tested on three different types of 

treated samples (OP1-optimal points based on surface wettability, OP2 and UV). After 7 days 

incubation OP2 showed less cell adhesion compared to OP1 and UV. It has been confirmed from 

the results that hydrophobic surfaces favor cell adhesion properties more than plasma treated 

hydrophilic surfaces  [101]. 

 

2.3.2.2 Plasma-assisted chemical vapor deposition (PACVD) 

 

Among different plasma treatments, Struszczyk et al.[27] have implemented a plasma-assisted 

chemical vapor deposition (PACVD) method for modification of the surface of UHMWPE 

composites [102]. The PACVD system consisted of two aluminum electrodes; the charged 

surface was positioned between the electrodes. Two materials hexamethyldisiloxane (HMDSO) 

and tetradecafluorohexan to be deposited on the UHMWPE composite were injected into the gas 

mixture. The surface of composite UHMWPE was modified in a low-temperature plasma 

method with a radio frequency of 13.56 MHz as the generator in an argon and air-gas mixture.  

The use of the PACVD method to deposit a polymer layer on composite of UHMWPE can 

improve the main functionalities of the composite and provide new functional properties [27, 70, 

103]. Das et al.[104] introduced a new technique of biomolecule immobilization on UHMWPE 

substrate at different gas flow rates by using the PACVD technique. This technique showed that 

a significant number of biomolecules attached on DLN (Diamond like nanocomposite) coated 
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UHMWPE rather than untreated UHMWPE. The following table 2.4  shows adhesion strength of 

deposited DLN films on UHMWPE, the strength of adhesion was seen to slowly increase and 

then later decrease. Whole PACVD system shown in Fig 2.8(a). 

Table 2.4 Adhesion properties of DLN films on UHMWPE substrate [104]. 

Ar gas flow 

(ml/min) 
LP (w) 

Adhesion strength 

(MPa) 
Load applied (N) 

25 180  12  65.8 

50 225 33 187.3 

75 290 37 209.2 

100 260 20 112.6 

175 255 12 70.6 

 

Figure 2. 7 L929 Cell attachment on untreated and treated UHMWPE. Reprinted with 

permission from [101]. 
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Figure 2. 8 (a) Plasma-assisted chemical vapor deposition (PACVD) coating of UHMWPE 

fabric; (b) Introduction of additional groups into UHMWPE before and after treatment. 

Reprinted with permission from [39];(c) (i) Friction Coefficient of friction of untreated and 

treated UHMWPE; (B) Scratch penetration vs load graph. Reprinted with permission from [39]; 

(d) Differentiation of PBMNCs to osteoclast. (a) untreated UHMWPE (b) HN-1 min (c) O2-1 

min and (d) HN-2 min do not display presence of osteoclasts, whereas (e) O2-2 min displays the 

presence of multinucleated giant osteoclasts on its surface (indicated with arrows). Reprinted 

with permission from [38]. 

 

2.3.2.3 Electron cyclotron resonance (ECR) plasma 

 

Another technique have been developed to etch the surface of materials using gas pressure and 

microwave power [105]. Liu et al. [39] have studied the surface and tribological properties of 

UHMWPE after ECR plasma treatment. It has been stated that ECR plasma can improve 

wettability, anti-scratch and tribological properties of UHMWPE through increased cross linking 

of UHMWPE molecular chains. Introduction of several additional functional polar groups (C–

O/C–OH and C=O group) into the material made the surface of the material hydrophilic shown 
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in Fig 2.8(b). On the other hand, more cross linking enhanced the hardness, anti-scratch, and 

anti-friction properties of UHMWPE which are presented in Fig 2.8(c).  

More et al. [38] presented a surface modification technique of UHMWPE with microwave-

assisted electron cyclotron resonance (ECR) plasma for osteoblast and osteoclast differentiation. 

A microwave power of 150 W and 2.45 GHz was implanted through a quartz window into the 

ECR plasma chamber [106]. It has been determined that plasma treatment for 2 min increased 

surface roughness and reduced friction functional groups relative to untreated and 1 min plasma 

treated UHMWPE. This treatment plays a role in improving cell migration and facilitating the 

fusion of peripheral blood mononuclear cells (PBMNCs) to form osteoclasts which is shown in 

Fig 2.8(d). 

 

Figure 2. 9 (a) Plasma treatment of UHMWPE fabric in an electron-cyclotron resonance (ECR) 

plasma reactor system (b) Dielectric barrier discharge (DBD) plasma treatment of polyethylene 

fabric, (c) Impact of plasma treatment time on tensile strength of modified DBD-chitosan 

treatment UHMWPE fibers. Reprinted with permission from [53], (d) Tensile strength of 

untreated and UV treated UHMWPE. Reprinted with permission from [23], (e) The influence of 

degree of graft on tensile strength. Reprinted with permission from[57]. 
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2.3.2.4 Dielectric barrier discharge (DBD) plasma 

 

The Dielectric discharge barrier (DBD) is based on an alternating current (AC) discharge that 

produces plasma thermodynamic nonequilibrium at environmental pressure. Low temperature 

plasma treatments are suitable for temperature sensitive polymers. Plasma generated between 

two plane parallel aluminum electrodes. Electrodes were 200 cm long and the upper electrode 

was covered with the insulating quartz glass layer (10 mm thick). The gap width between quartz 

glass sheet insulating and ground electrode was 2 mm. The sample was placed between two 

electrodes and exposed to plasma at 200V, 50 Hz from main power supply. A schematic of the 

DBD plasma treated apparatus is shown in Fig 2.9 (b). 

Ren et al. [53] developed a new combined technique of dielectric barrier discharge (DBD) 

plasma and chitosan coatings to functionalize the surface of UHMWPE. The plasma treated 

sample was immersed in 0.7% w/v concentration of chitosan solution and stirred for 10 h at the 

room temperature. Due to the plasma treatment hydroxyl, carbonyl, and carboxyl groups were 

introduced onto the surface of UHMWPE fiber surfaces and enhanced the wettability of the 

surfaces [107]. It was believed that the amino groups of chitosan could be covalently bound to 

the surfaces of plasma treated UHMWPE by carboxyl groups to form amide bonds and increased 

the strength [53]. Impact on plasma treatment on UHMWPE is shown in Fig 2.9(c).  

 

R.Sa et al. [45] outlined two less time consuming surface modification methods to identify their 

effects on surface properties of UHMWPE fibers. Three different types of epoxy resins: neat 

DGEBA, poly-urethane-crosslinked DGEBA and BHHBP-DGEBA were examined as resin 

matrices for UHMWPE fiber-reinforced composites. Before each experiment, UHMWPE was 

cleaned in a polar and non-polar solvent and then dried in an oven at 60°C. UHMWPE was 
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plasma treated for four different times, and after the treatment, the fiber was exposed to the air. 

In the chemical method, the UHMWPE fiber was plasma treated for 10 minutes and then 

immersed in dodecyl benzyl sulfonic acid mixture in different weight ratios and temperatures. It 

was reported that both experiments increased the degree of interfacial contact between fibers and 

mechanical strength but plasma treated UHMWPE showed better mechanical strength than 

chemically treated UHMWPE [108]. 

Table 2.5 Mechanical strength comparison of untreated and treated UHMWPE [45]. 

Samples 
Amount of fibre 

(vol%) 
Tensile strength MPa 

Raw UHMWPE 34.6 526.7 

DBD-UHMWPE 34.2 543.4 

BHHBP-DGEBA-UHMWPE 34.5 537.3 

 

2.3.2.5 Grafting on UHMWPE by gamma irradiation 

 

Wang et al. established a surface modification technique by introducing acrylamide groups 

through high energy ultraviolet initiated grafting reactions, and thus, was able to increase the 

tensile strength of UHMWPE (Fig 2.9(d) [23]). 

Diphenyl ketone was used as an initiator for absorbing energy and producing double-free 

radicals for the process. The process of grafting was carried out by several steps; (i) initiation (ii) 

propagation (iii) transfer & termination reactions [109]. Another similar surface modification 

was carried out on UHMWPE; the material was exposed to  radiation for improving bonding 

strength to polymethyl methacrylate (PMMA) cement. Two types of irradiation methods were 

adopted for this study: pre-irradiation and syn-irradiation. The intensity was 5-30 kGy for pre 

irradiation and 1-3 kGy for syn irradiation. pre-irradiation introduced a small coating of PMMA 

on the surface of UHMWPE but higher bonding strength than syn-irradiation [57].  



26 

 

Hu et al. [110] studied a functionalization method for UHMWPE fabric by the radiation-induced 

graft polymerization reaction of γ-methacryloxypropyl trimethoxysilane (MAPS) and subsequent 

cohydrolysis of the graft chains (PMAPS) with tetra butyl titanate. Nanocrystalline titania f ilms 

generated on UHMWPE to improve thermal properties and UV resistance [110].Gamma 

irradiated UHMWPE exhibited a smaller area of accumulated cracks when reciprocating the 

loading movement compared to virgin UHMWPE.  

Tomita et al. [111] reported that, incorporation of blended vitamin E into UHMWPE can reduce 

the crack formation and flaking like destruction of pure UHMWPE [28]. Vitamin E (alpha 

tocopherol) blending can generate different microstructures on the surface and subsurface of the 

UHMWPE. Vitamin E blending reduced crystallinity which is beneficial for increasing 

mechanical strength [59]. Another study revealed that, cross linking and vitamin E stabilization 

influenced microbial adhesions on UHMWPE. The combination of vitamin E stabilization and 

crosslinking can give additional benefits in terms of microbial adhesion reduction [37, 112].  

To reduce the inertness of UHMWPE, vinyl triethoxysilane (VTEOS) containing hydrolyzable 

alkoxyl groups was grafted in situ onto UHMWPE by air plasma treatment. The graft proficiency 

controlled by reaction conditions, including time, radiofrequency (RF) plasma power, and 

pressure in the reaction chamber. Incorporation of VTEOS into the UHMWPE enhanced 

wettability, high cell proliferation rate, and coarse structure without damaging the bulk structure 

of the material [113]. The functionalization of biomedical UHMWPE was achieved by plasma 

treatment, using atmospheric pressure plasma polymerization technology. The investigation done 

by Cools et al. demonstrates the effect of plasma polymerization treatment on UHMWPE. They 

have carried out the functionalization in the helium atmosphere at an ambient pressure to 

introduce methyl methacrylate into the PE samples to increase the adhesion between the polymer 
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and the PMMA bone cement. The introduction of functional groups on the PE helps to anchor 

the polymer film to the substrate [54]. A similar study for the functionalization of UHMWPE by 

Aziz et al.[114] explains the post-irradiation grafting and UV polymerization onto UHMWPE 

surface. In this method of polymerization, He (Helium) has been used for activation and as a 

carrier gas for post-irradiation and plasma polymerization process and it increased the bonding 

strength of the material presented in Fig 2.9(e). The treatment is based on nitrogen-containing 

polymer coating on UHMWPE samples by different plasma and UV based techniques at 

different conditions [114].  

 

2.3.2.6 Plasma immersion ion implantation (PIII) 

 

Plasma immersion ion implantation, commonly expressed as PIII or PI3, is a unique plasma 

treatment technique initially developed as a revolutionary non-line of sight process. Instead of 

other conventional ion extraction methods, PIII works by placing a 3D shaped target in the ion 

acceleration scheme itself [115]. In this method, the target substrate is immersed in plasma, 

accelerated with high voltages, resulting in energetic ions being implanted from plasma to the  

substrate. Conrad et al. have developed the basic principles and applied them to treat specific 3D 

components and modified several materials using PIII[116]. Nowadays, PIII can be used to 

deposit a carbon-based coating on the substrate rather than as an ion bombardment surface 

treatment. This treatment is carried out by injecting carbon-containing gas into the plasma 

formed in a background gas, which is referred to as plasma immersion ion implantat ion and 

deposition (PIII & D) [117]. PIII treated diamond-like carbon films have been widely used in 

blood-contacting devices such as rotary blood pumps, artificial hearts, mechanical heart valves, 

and coronary stents [118].  
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In the biomedical field, one of the applications of PIII is to enhance the blood compatibility of 

materials [93]. Different structures and compositions of Ti-O films were synthesized by PIII 

treatment. The structural difference was carried out by changing the oxygen flow rate into the 

vacuum chamber of the PIII device. This oxygen content can change the structure of the material 

from amorphous to a mixed crystalline structure of anatase and rutile, and further becomes more 

rutile (stable form of TiO2). Increasing oxygen content enhanced the adhesion of platelets to the 

material [119, 120].  

Surface modification of UHMWPE by plasma immersion ion implantation with nitrogen gas, 

showed promising results for improving surface mechanical properties such as hardness and 

elastic modulus[121]. Due to the formation of cross-linked molecular microstructure, the surface 

of UHMWPE is expected to be predominantly modified. Weak secondary bonds of the untreated 

material were replaced by strong covalent bonds at the cross-linked points, therefore decreasing 

mobility of the molecular chain. As a result when subjected to applied force, modified 

UHMWPE showed higher hardness and wear resistance than the untreated UHMWPE [60]. 

Table 2.6 Coefficient of wear and friction [68]. 

Sample  Coefficient of wear (mm3/Nm) Coefficient of friction 

UN 19.6 X 10-9 0.060–0.063  

PE1 14.1 X 10-9 0.066–0.068 

PE2 8.45 X 10-9 0.065–0.066 

PE3 6.51 X 10-9 0.060–0.070 

 

Chen et al. [70] have studied the surface modification of UHMWPE implanted by 80 keV N2
+, 

C3H8
+, with a plasma density ranging from 11014 to 51015 ions/cm2. Surface modification was 

carried out by Elastic recoil detection (ERD) and X-ray photoelectron spectroscopy (XPS). Table 
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2.7 illustrated the ERD results, detected the hydrogen deficient layer on the surface after the 

implantation, which increased polar groups and hydrophilicity of the material. 

 

Table 2.7 Total surface energy, polar and dispersive components in PIII treated UHMWPE 

[123]. 

Sample 

Polar 

components(dyne/

cm) 

Dispersive 

components(dyne/c

m) 

Total surface 

energy(dyne/cm) 

Untreated  18.7 39.5 58.2 

PIII treated 50.7 22.1 72.8 

 

Very recently a similar experiment was conducted by Rossi et al.[61] with different mechanism 

of using surface breakdown voltage to improve the resistance of surface flashover. After the 

surface treatment, its surface roughness increased from 39 nm to 71 nm which has been 

confirmed by the AFM surface measurement technique[61]. Table 2.8 provided various 

disadvantages of traditional parameters used for surface functionalization methods. Advantages 

and disadvantages of different plasma methods are provided in Table 2.9.  

 

Table 2.8 Disadvantages of traditional parameters used for surface functionalization 

methods [124]. 

Parameter Effects 

High temperature Deteriorates the material [97] 

High-intensity energy 
Oxidizes the material, increases crystallinity, destroys the 

lifetime [125] 

UV radiation 
Oxidative degradation of the material can damage the 

material [22, 66] 

Chemical reagent 
Changes surface chemistry, the formation of toxic 

residues and by-products, including carcinogens [41] 
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Table 2.9 Advantages and disadvantages of different plasma methods [68, 126–129]. 

Methods Advantages Disadvantages 

DBD Plasma 
• Atmospheric pressure 

• Less time required 

• Sample could be 

contaminated 

PACVD plasma 

• High deposition rate 

• Low temperature 

• Unique chemical 

properties of deposited 

film 

• High solvent and corrosion 

resistance 

• Time consuming 

• Unstable against 

ageing 

• Very thin layer of 

deposition 

ECR plasma 

• Low-pressure range 

• High degree of ionization 

• Provide sterile 

environment 

• Non-uniform etches 

surface. 

• Sample could be 

contaminated 

Cold Plasma 

• Can provide sterile 

environment. 

• Low temperature 

• Suitable for porous 

structures 

• Uniform surface treatment 

• Covers limited 

surface area. 

• Limited temperature 

range 

PIII  

• Large treatment area 

• High efficiency 

• Can treat 3D objects. 

• Batch processing 

capability 

• Small instrument footprint 

• Provide uniformity in 

treated surface 

• Difficult to achieve 

accurate in situ dose 

monitoring 
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2.3.2.7 Nano reinforcement 

The concept of synergy or synergistic effect has recently evolved in the effort to attain superior 

adhesion and attenuate matrix dominating qualities. The fiber surface is treated with a suitable 

functional group, either by adding virgin nano-reinforcements or functionalized nano-

reinforcements, to achieve the synergistic effects. Due to the exceptional properties of nano 

reinforcements such as carbon nano tubes (CNT), nano clay, multi wall carbon nanotubes 

(MECNT), single wall carbon nanotubes (SWCNT) and  carbon nano fibers have been frequently 

employed to modify the polymer matrix[7, 29, 130, 131].  

Graphene nanoplatelets, CNTs are incorporated with UHMWPE to enhance its mechanical 

properties [132, 133]. Graphene is a flexible 2D carbon nanomaterial with a large specific 

surface area, with an ultimate tensile strength of 130 GPa. Blending of UHMWPE with graphene 

fillers can increase its wear resistance[134]. MWCNTs were integrated into an epoxy matrix 

reinforced by surface treated UHMWPE fiber to provide novel interfacial adhesion through 

resonance[135]. Both the UHMWPE fiber and MWCNTs were chemically treated with glycidyl 

methacrylate (GMA) and amino-thiol end radicals via free radical polymerization and click 

chemistry, respectively, to produce a high level of compatibility with epoxy matrix. 

LDPE/MWCNT and LDPE/MWCNT/UHMWPE self-reinforced fiber-composite  were invented  

by M.A.A Seraji et al.[136]. To improve physical properties of UHMWPE. A novel 

nanocomposite coating of UHMWPE reinforced with nano clay and C nanotubes were developed 

to improve tribological properties of UHMWPE. These nanocomposite powder was deposited 

and fused onto the substrate which increased the melting temperature of the material[137].  
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Xin et al.[138] reported that Zeolitic imidazolate frameworks (ZIF8) were mixed with carbon 

nano fiber to act as a filler of UHMWPE by a facile liquid-phase chemical reaction. The results 

show that ZIF8-CNF can greatly increase UHMWPE crystallization and improve its thermal and 

mechanical properties. A surface porous UHMWPE composites were invented in the hot-

pressing technique,  where NaCl and graphene oxide (GO) were used to enhance its mechanical 

and tribological properties[139].  

Most recently, UHMWPE is incorporated with 0.1 wt.% boron carbide by twin screw extrusion 

method @200 °C to improve its physical and mechanical performance[30]. The improved wear 

resistance of UHMWPE was discovered to be due to increased entanglement in amorphous and 

increased content of the interphase (better shear resistance), as well as the load-bearing effect of 

the particles[16].  

A biocompatible UHMWPE/nano-Al2O3/Vitamin-C hybrid composites were developed by hot 

press technique for joint prosthesis. Vitamin C was employed as an antioxidant and Al2O3 was 

used as an anti-wear additive in UHMWPE[33]. Another biomimetic composite surface 

produced via Polydopamine (PDA) functionalized surface and then coated with Zinc oxide 

nanoparticles to improve interfacial adhesion properties of UHMWPE [140].  

2.4 Biofunctionalization of UHMWPE by protein immobilization 

 

Biomimetic materials for implants and microarray technology have been obstructed by the 

shortage of safe and simple methods to covalently combine bioactive molecules to the surface of 

a wide range of materials. Different types of wet chemical approaches are described in the 

literature for linking biomolecules to surfaces [141]. Puertas et al. have reported that the carboxyl 

group of polymers can be activated by carbodiimide chemistry [142]. N-hydroxysuccinimide 
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(NHS) or sulfo-NHS is also used to increase the coupling efficiency of materials [143]. 

Salinization and plasma functionalization have been used for pretreatment of  surfaces for the 

generation of reactive sites for covalent coupling on polymer surfaces[144]. Biofunctionalization 

of the pure base material is carried out by the attachment of bioactive proteins to surfaces. Secure 

attachment is required sometimes because many applications may require the protein to remain 

stable under hostile environmental conditions such as in the flow of blood or during washing 

with strong detergents or buffers [145]. Additionally, The optimal device performance is 

dependent on dense surface coverage and long term retention of the proteins conformation [63]. 

Surface modification of polymer for protein attachment can be done in physical or chemical 

ways such as by attachment of linker molecules through active groups [146, 147] (UV treatment, 

plasma treatment [6, 148] and ion beam implantation [34, 121, 126, 149, 150]  

 

2.4.1 Protein immobilization by chemical methods 

 

Surface modification schemes are essential to functionalize the surface interfaces of materials. 

Serro et al.[24] examined the bio tribological properties of UHMWPE after incubation in bovine 

serum albumin (BSA) and sodium hyaluronate (NaHA) solution. Results showed that albumin 

was strongly adsorbed into UHMWPE, whereas NaHA adsorbed poorly. Fig 2.10(a) shows that 

surface becomes more hydrophilic after protein incubation. Atomic force microscopy (AFM) 

results confirmed the surface morphology of UHMWPE after three different treatments. BSA-

incubated surface appeared as a globular structure and NaHA incubated surface exhibited a 

needle like structure, but combined protein incubated surfaces had a smaller size globular 

structure as shown in Fig 2.10(b) [24]. 
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Figure 2. 10 (a) Water contact angle of UHMWPE before and after protein incubation. 

Reprinted with permission from [24]. (b) AFM images of UHMWPE with or without protein 

incubation; (a) Pure UHMWPE; (b) after incubation in BSA solution; (c) after incubation in 

NaHA solution; (d) after incubation in both solutions. Reprinted with permission from [24]. (c) 

Water contact angle of treated and untreated UHMWPE after surface treatment. Reprinted with 

permission from [151]. (d) The force-displacement curve of three-point bending test for (i) 

Freeze-dried collagen hybrid; (ii) Collagen-HAp hybrid. Reprinted with permission from [151]. 

(e) Antifouling properties of different membranes (M1, M2, M3, M4, and M5): (i) Variation of 

time-dependent flux over three periods with Bovine serum albumin (BSA) as a pollutant; (ii) 

Values of FRR with BSA as a pollutant. Reprinted with permission from[81]. (f) Contact angle 

vs drop age curve for the original and modified PE porous membranes (i) Untreated PE 

membrane; (ii) PE-polydopamine composite membrane; (c-f) PE/dopamine-heparin composite 

membrane; (b) Impact of heparin immobilization period for PE membranes on water flux. 

Reprinted with permission from [74]. 

 

Kan et al. [151] studied the influence of collagen and hydroxyapatite (HAp) in surface 

functionalization of UHMWPE. It was claimed that the water contact angle dropped from 111° 

to 81° after collagen and HA impregnation presented in Fig 2.10(c). Three-point bending test 

plotted in Fig 2.10(d) confirmed that the increased rigidity of UHMWPE-Collagen-HAp hybrid 

comes from the combined impregnated layer. 
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PDA has been cross-linked or coated on materials to modify the surface chemistry of materials 

[45]. Surface modification and protein immobilization on UHMWPE polymer were carried out 

by dopamine self-polymerization and Schiff base reaction [81]. The dopamine layer introduced 

hydrophilicity of the composite membrane, and mPEG-NH2 modified the protein fouling 

resistance of the material. Fig 2.10 e (i) shows that the pure water flux of all PDA-modified 

composite membranes (M2, M3, M4, and M5) remained at approximately 310 (L m-2 h-1) after 

three cyclic filtration tests, which was greater than that of the initial composite membrane. On 

the other hand, compared to the original membrane, the flux recovery ratio (FRR) values of the 

PDA-modified composite membranes (M2, M3, M4, and M5) were increased during all three 

cycles, but the FRR values of all five of these membranes were not reasonable (Fig 2.10 e (ii)). 

 

In similar work conducted by Jiang et al. [22], UHMWPE was biofunctionalized for blood 

contacting biomedical applications with a polydopamine solution based on self-polymerization 

reactions. After polydopamine coating and heparin immobilization, the hydrophilicity of PE 

membranes was greatly enhanced [26]. Contact angle of PE decreased drastically after surface 

modification with polydopamine which increased hydrophilicity of the PE membrane as shown 

in Fig 2.10 f(i). Changes of water flux with retention time is presented in Fig 2.10 f (ii). After the 

dopamine coating, the water flux increases 1.6 times compared to that of the original PE. Surface 

heparinization significantly suppressed the adhesion of platelets and enhanced the 

anticoagulation ability of PE membranes is observed in Fig 2.11. Numerous platelets acted as 

adhesion, outspread, and aggregated on the surface of the original PE porous membrane. On the 

other hand, Dopamine deposition and heparin immobilization significantly reduced platelet 

adhesion, activation, and transformation. 
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Figure 2. 11 Unmodified and modified PE porous membrane surface platelet morphology: (a) 

initial PE membrane, (b) PE / dopamine composite membrane, (c-d) PE / dopamine-heparin 

composite membrane, (c-e). Reprinted with permission from [74]. 

 

 

2.4.2 Protein immobilization by plasma methods 

 

Radiation damage of polymers through UV treatment, plasma treatment, and ion beam 

implantation can provide protein binding on polymers by strong binding, especially covalent 

binding without specific linker groups.  

Biofunctionalization of UHMWPE polymer was conducted by plasma treatment for adhesion 

improvement. A dielectric barrier discharge in Ar, He/O2, He, N2 or O2 at atmospheric pressure 
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was used for the continuous plasma treatment of UHMWPE fibers [152]. In terms of studies 

related to the biomedical application of plasma-treated UHMWPE, Rodrigues et al. demonstrated 

that the surface treatment of UHMWPE by cold plasma technique has significant effects on the 

proliferation of cells and improved the inertness of UHMWPE surface to a level comparable to 

commercially available cell culture materials [101]. Widmer and Spencer treated UHMWPE 

with oxygen plasma to increase its hydrophilicity for getting faster and better protein adsorption 

[148].  

A wide range of work has focused on improving the longevity of joint implants used in human 

bodies, as the biomedical implant contributes to wear debris when exposed to the actions of 

human blood serum triggering the release of wear particles. In some work, a dense boundary 

layer of Human serum albumin (HSA) proteins applied on PE surface to enhance boundary 

lubrication and reduce 50% of dynamic friction as well as reduction of static friction in hip 

implants [148]. 

The biofunctionalization of UHMWPE was derived from the detailed studies conducted by. Ho 

et al. explaining two methods for plasma treatment of an UHMWPE substrate. In this method of 

functionalization, Ar, and nitrogen PIII treatment with high electrical pulses was used to modify 

the surface of UHMWPE to provide improved hydrophilicity and interactions with proteins. The 

best performance was achieved by plasma immersion ion implantation using nitrogen gas [153]. 

Gan et al.[154, 155] reported that energetic ions extracted from inductively coupled nitrogen 

plasma was used to modify the surface properties of UHMWPE.  

Biofunctionalization of UHMWPE was reported by Kondyurin et al., explaining the mechanism 

of covalently attached horseradish peroxide (HRP) on the surface of UHMWPE. The formation 

of the carbonized surface layer due to the oxidation of the ion damaged surface was claimed to 



38 

 

account for protein binding on UHMWPE [153]. Among various methods, ion beam 

implantation and its variant plasma immersion ion implantation has been used successfully for 

the covalent attachment of proteins on polymer surfaces [144]. Table 2.10 illustrated the 

influence on HRP immobilization after PIII treatment on UHMWPE. 

Table 2.10 Surface property influence on HRP immobilization after PIII treatment on 

UHMWPE. 

Sample 
Roughness 

A°  

Surface 

area 

(µm2) 

C (%) 
N 

(%) 

O 

(%) 

Optical density @450nm 

from HRP activity 

Untreated 528 101.9 94.9 Nil 5.1 0.45 

PIII treated 1130 105.6 71.1 13.4 15.5 0.52 

 

Another similar approach has been made to functionalize the surface of UHMWPE by PIII 

treatment to improve the wettability of the surface. HRP was immobilized on plasma-treated 

plasticized and unplasticized PVC and UHMWPE. PIII was conducted in nitrogen plasma with a 

radio frequency of 13.56 MHz at different time frames. Different types of low molecular weight 

additives (e.g., plasticizer, solvent, adsorbed molecules on the surface) have been utilized on the 

surface to facilitate the protein immobilization. Small molecular additives held the protein 

molecules and helped to attach the protein on to the surface of the polymer. But presence of 

plasticizer does not have an influence on protein attachment on UHMWPE [63]. Protein 

attachment on UHMWPE with or without additives are listed in Table 2.11. 

 

Table 2.11 Protein attachment on UHMWPE with or without additives [63]. 

Samples HRP protein remains after wash (%) 

Untreated 19 

PIII treated  84 

PIII treated + Plasticizer 62-72 
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Several studies have demonstrated that biological molecules contained in synovial fluid play a  

significant role in vivo friction and wear behavior [156]. Zolotarevova et al. [157] studied the 

interaction between plasma proteins and UHMWPE wear particles generated from hip 

periprosthetic granuloma tissues. It has been examined that UHMWPE itself is not responsible 

for macrophages activity. Several plasma proteins became denatured after binding with the 

particles and caused an accumulation of macrophages and other sensitive cells[157]. In another 

study done by Nicas et al. [158] reported that slow sliding speed is responsible for denaturization 

of protein and loss of their original structure; whereas at high sliding speed most of the protein 

kept their original structure and some formed aggregates. Friction behavior depends on type of 

protein and its concentration. Fig 2.12(a) illustrates the correlation among coefficient of friction, 

concentration of protein and sliding speed [158]. 

 

Figure 2. 12 (a) The bar graph represents the coefficient of friction vs protein concentration for 

all tested protein solutions at different sliding speed (i) 10 mm and (ii) 50 mm [109]. Reprinted 

with permission from [159]; (b) Live (green) and dead (red) cells on  PE/PCL (a,c) and 

PE/PCL/BG composites (b,d) after one (a,b) and seven (c,d) days of culture [160]. 
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2.5 Relationship between human ligament & UHMWPE 

 

Ligaments are connective tissues with strong mechanical properties that can stretch a joint and 

become hooked at either end[161]. They attach two bones together, prevent dislocation and 

restrain movement of the joints. They differ in location, size, shape, and orientation. There are 

four different types of ligaments in the knee, such as: Medial Collateral Ligament (MCL), 

Lateral Collateral Ligament (LCL), Posterior Cruciate Ligament (PCL) & Anterior Cruciate 

Ligament (ACL)[162]. 

Table 2.12 Advantages and disadvantages of some common biomaterials 

Biomaterial Advantages Disadvantages 

Collagen [47, 

163, 164] 

Biocompatible, major component of 

native ACL. 

Lacks mechanical strength, 

immunogenic 

Hyaluronic 

acid [165] 

Biocompatible ECM component; can 

be in sponge or hydrogel form. 

Lacks mechanical strength. 

Silk [166] Good tensile strength. Limited cell adhesion. Sericin 

coating is immunogenic. 

Alginate [167] Biocompatible, can encapsulate cells, 

can be in 

sponge or hydrogel form 

Lacks mechanical strength. 

Chitosan [168–

170] 

Biocompatible, chemically modifiable. Limited cell adhesion and lacks 

mechanical strength. 

PGA [171] Common FDA-approved suture 

material. 

Rapid degradation and loss of 

mechanical 

Strength, biologically inert. Acidic 

degradation 

By product. 

PDS [172] Common FDA-approved sutures 

material 

Easily manufactured into different 

forms. 

Rapid loss of mechanical strength. 
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Table 2.12 continued 

Biomaterial Advantages Disadvantages  

PLGA [173] Degradation rate can be changed. 

Easily manufactured. 

Biologically inert, Acidic 

degradation by-product. 

PCL [174–

176] 

Common FDA approved suture 

material, easily manufactured. 

Very slow degradation rate, 

biologically inert. 

PLLA [171, 

177, 178] 

Slow degradation rate, better cell 

adhesion than PLA or PLGA. Easily 

manufactured. 

Biologically inert, Acidic 

degradation by 

PET [179] Nondegradable, biocompatible, 

mechanically strong properties 

Insufficient hydrophilicity and 

bioactivity 

UHMWPE 

[67] 

Mechanically strong, easily 

manufactured 

Fragmentation of fabrics 

 

2.5.1 Structure of anterior cruciate ligament (ACL) 

 

The knee joint is complex which is composed of three separate joints: the tibiofemoral, 

patellofemoral, and the proximal tibiofibular joints[180]. The knee joint most referred to is the 

tibiofemoral joint. These knee joints are stabilized by several ligaments, including the anterior 

cruciate ligament (ACL), the posterior cruciate ligament (PCL), the medial collateral ligam ent 

(MCL), and the lateral collateral ligament (LCL). Ligaments are made of bands of collagenous 

connective tissue [181]. These paralleled collagen bundles are linked to each other by 

crosslinking [182]. Ligaments contain two-thirds water and one-third solid. Collagen is the major 

component of the ligament with 5 prominent collagen types: I, III, VI, XI, and XIV [183, 184]. 

The majority (90%) of the collagen in ligaments is type I which is responsible for its tensile 

strength. To maintain the mechanical and biological stability of ligaments, related organ systems, 

as well as the bone, play a vital role [185]. 
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2.5.2 ACL injury & Selection of UHMWPE for ACL reconstruction 

 

ACL injuries are common in sports such as football, soccer, or with uneven surfaces. ACL injury 

more commonly causes knee instability that further causes injury to other knee ligaments. 

Injuries of the ACL range from mild such as small tears to severe such as when the ligament is 

completely torn[162]. Allograft, autograft, and synthetic grafts have been used for ACL 

reconstruction. Due to the drawbacks of allografts and autografts, synthetic grafts may be a good 

choice for ACL reconstruction. The synthetic ligament graft is an artificial ligament device for 

joining the ends of two bones. Laflamme reported that the type of material and its particle size, 

are important factors regarding synthetic ligament graft selection [186]. UHMWPE fibers are 

commonly used in synthetic ligament implants due to their excellent tensile strength and elastic 

modulus. Mechanical properties of several materials used for ACL regeneration have been 

presented in the following table: 

Table 2.13 Mechanical properties of materials for synthetic grafts compared to normal 

ACL [179, 187]. 

Ligaments/grafts Ultimate tensile strength(N) Stiffness(N/mm) 

Human ACL 1730 242 

Human hamstring graft 3790 776 

Human patellar tendon graft  685 

Carbon fibres 660 230  

Gore-Tex prosthesis 5300 322 

Dacron 3631 420 

Twisted silk matrix 2337 354 
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Table 2.13 continued 

Ligaments/grafts Ultimate tensile strength(N) Stiffness(N/mm) 

Parallel silk matrix 1740 2214 

KLAD 280 1500 

Trevira 68.3 1866 

Leeds-Keio 270 2000 

Braided PLGA 907  

PLLA fiber 175  

UHMWPE fabric 52570 115 

Table 2.14 illustrated different types of prostheses and materials used for ligament/tendon 

regeneration. 

Table 2.14 Different types of prostheses and materials 

Commercial name Manufacturer Class Materials 

Stryker Stryker, Michigan, USA Woven/Knitted PET [188] 

ABC Surgicraft Surgicraft, Redditch, UK Braided PET/PET-C [189] 

Gore-Tex WL core & Associates, 

Arizona, USA 

Braided PTFE [190, 191] 

Leeds-Keio Neoligament Ltd, UK Woven PET [188] 

LARS Structural instruments and 

Devices, Arc-sur-Tille, France. 

Loose/Knitted PET [192] 

Kennedy-LAD 3M, Minnesota, USA Braided Polypropylene 

[193, 194] 

Proflex Protek, France Braided PET [193] 

Lygeron Orthogroup, France Woven PET [195] 
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Table 2.14 continued. 

Commercial name Manufacturer Class Materials 

Ligastic Orthomed, France Knitted PET [196] 

Ligaid Porth-Aid, France Twisted PAA [197] 

Raschel Cendis medical, France Knitted UHMWPE [198] 

Braided PHP Cendis Medical, France Braided UHMWPE [199] 

 

Overen et al. reported [200] on thrombogenicity testing of UHMWPE compared to expanded 

polytetrafluoroethylene (ePTFE) and polyethylene terephthalate (PET) fibres for vascular 

applications. Hemobile is a method used to detect the damage of blood components and 

activation of platelets throughout the material/device. It is also used for testing vascularity of 

UHMWPE, ePTFE and PET fiber. Due to lower hemolysis and low activation of the 

inflammatory responses, UHMWPE showed better hemocompatibility than ePTFE and PET 

fibres [200]. 

Hunter et al. [194] reported on attachment, and proliferation of a variety of cell types on 

UHMWPE for orthopedic implantation. Cell multiplication was measured with a tritiated 

thymidine assay. Radioactively labelled thymidine (tritium) was used to measure lymphocyte 

proliferation by incorporation of 3H thymidine into the dividing cell's DNA. A component 

vinculin, a cell focal adhesion plaque, was labeled by indirect immunofluorescence to assess the 

attachment of cells [201]. Fibroblasts and osteoblasts cultured directly on UHMWPE were tested 

by determining the mean number of adhesion plaques using an image analysis system. 

Fibroblasts attached well on UHMWPE fabric. High tensile strength, bio-inertness, and 

fibroblast adhesion makes it appropriate for ACL reconstruction [202]. Several materials have 
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been developed that can be used for the reinforcement of matrix to modify the properties of 

UHMWPE, utilized for its application in ACL reconstruction. 

Surface modification plays a major role in helping osteogenesis and bone anchorage of synthetic 

grafts [203]. Chitosan is a naturally derived polysaccharide that has been used for the 

modification of synthetic grafts [53]. Chitosan-hyaluronic is a composite that promotes new bone 

formation at the graft bone interface  because of its porosity, biodegradability, biocompatibility, 

anti-infective activity, and ability to accelerate wound healing[204].  Vaquette et al. [205] 

reported that polystyrene sodium sulfonate as surface modification could improve the 

osteointegration of a synthetic graft [206]. 

Bioactive glass has been used for ligament graft modification due to its stimulation of angiogenic 

growth factors [119, 207] A composite of UHMWPE-PCL-Bioglass was developed as a 

synthetic graft by an electrospinning method. Bioglass was coated on UHMWPE by slurry 

dipping technique; melt derived glass particles were suspended in demineralized water to make a 

slurry with 5% w/v concentration, followed by 30 minutes agitation in magnetic stirrer. 

Fibroblast cells were seeded on a composite graft to examine cell adhesion. Cells adhering to 

UHMWPE composite were well flattened and more spread out compared to cells on pure 

UHMWPE.  Excellent fibroblastic cell growth on composite UHMWPE-PCL-Bioglass synthetic 

graft is shown in Fig 2.12 (b) [160]. 

Bioactive glasses have unique compositional ranges of dense amorphous calcium sodium 

phosphosilicate (CSPS) that develop strong chemical bonds with the collagen of living tissues 

[208, 209]. The composition of 45S5 bioglass is 45% SiO2, 24.5% CaO, 24.5% Na2O, and 6% 

P2O5 [210]. Bioactive glasses dissolve slowly in a simulated body fluid (SBF) with some 

reactions taking place on the surface of the glass [204, 211–213]. These reactions include: (i) 
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Ions release due to the ion exchange between the solution and surface of the glass, but other 

components of the glass remain intact [214]; (ii) H+ ions attack the silica network and as a result 

Si-O-Si bonds break down, and new Si-OH and Si (OH)4 groups are formed at the surface of the 

glass; (iii) A soluble porous silica-rich layer forms on the surface of the glass due to 

condensation and re-polymerization; (iv) A calcium phosphate-rich layer forms on the Si-rich 

layer due to the migration of Ca2+ and (PO4)3- ions; and (v) A polycrystalline apatite layer forms 

on the surface of the bioglass. Collagen fibres can attach to the surface of the bioactive  glass. 

The transparent silica-rich layer induces precipitation of hydroxyapatite like (HCA) layer. 

Interactions between bioglass and collagen fibres occur and get stronger when HCA precipitation 

increases [215]. 

 

Figure 2. 13 (a) Bioactivity of bioglass;(b) Schematic preparation of SF/VEGF coating[42];(c) 

Morphology of different groups of UHMWPE[42]. 
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Guidoin et al. [216] reported that a thick collagenous tissue partly penetrated the outer layers of 

the braided structure of UHMWPE prosthesis. This collagen penetration caused the expansion 

and separation of the multifilament yarns into individual fibres. However, while the knit fabric 

was encapsulated by thin collagenous tissue, there was no significant infiltration into the 

structure. Thus, a hollow braided structure was designed with a core of parallel poly(vinyl 

alcohol) (PVA) cord wrapped by a braided diamond structure of UHMWPE threads for better 

mechanical performance [173]. Bach et al. [40] have been invented a hydrogel fiber for ACL 

reconstruction, made from PVA hydrogel. Tensile strength was enhanced by incorporating 

UHMWPE fibres around the PVA cord. 

 

Zhang et al. [175] reported that UHMWPE filament could be modified with Polycaprolactone for 

ligament and tendon regeneration[217]. Absorbable polycaprolactone PCL has attracted 

mainstream attention in recent years for the development of tendon/ligament repair materials due 

to its excellent performance attributes of degradation, high stability, non-toxicity, and 

bioresorbability [218]. Fibrous PCL has also been reported to be able to help cell growth [217]. 

 

Schmidt et al. reported that growth factors play an essential role in the stimulation of fibroblast 

division and ligament healing. Growth factors such as platelet-derived growth factor AA, 

platelet-derived growth factor-BB, basic fibroblast growth factor, insulin-like growth factor 1, 

and interleukin 1- alpha can enhance the proliferation of fibroblastic cells [219]. Growth factors 

can elicit specific biological responses such as proliferation, chemotaxis, matrix synthes is, and 

secretion of other growth factors, during wound healing. 
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Molloy et al. [220] investigated some of the recent research into the functions of five growth 

factors whose actions were better defined during tendon healing. Five growth factors are: 

Insulin-like growth factor I (IGF-I), Transforming growth factor β (TGF -β), Vascular 

endothelial growth factor (VEGF), Platelet-derived growth factor (PDGF), and Basic fibroblast 

growth factor (BFGF). 

Table 2.15 A summary of the role of the seven growth factors during tendon and ligament 

healing. 

Growth factor  
The active site of growth 

factors 
Role Reference  

PDGF AA Proliferation, remodeling 

Controls DNA and protein synthesis at 

the injured site, controls the expression 

of other growth factors. 

[219] 

PDGF BB Proliferation, remodeling 

Controls DNA and protein synthesis at 

the injured site, controls the expression 

of other growth factors. 

[221] 

IGF-1 Inflammation, proliferation 

Supports the proliferation and 

migration of cells, triggers matrix 

production  

[222] 

TGFβ Inflammation 

Controls cell migration, proteinase 

expression, fibronectin-binding 

interaction, and stimulation of collagen 

production 

[220] 

VEGF Proliferation, remodeling Supports angiogenesis [220] 

bFGF Proliferation, remodeling 
Supports cellular migration, 

angiogenesis 
[219] 

IL1A 

Proliferation induces pro-

collagen type I and III 

synthesis. 

 

Supports proliferation, and induction [223] 

BMP 
Remodeling of impaired 

tissues 
Supports angiogenesis [224]  

GDF  Proliferation Supports in ligament/tendon formation [224]  
 

Elastin  
Proliferation 

Controls DNA and protein synthesis at 

the injured site 
[225] 

Heparin  Proliferation Supports the release of growth factors [226] 

PRP (Platelet-rich 

plasma) 
 

Increased cellular metabolic activity, 

reduced apoptotic rate, and stimulation 

of collagen production in the cells 

[227] 
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Based on previous research studies, the biofunctionalization of UHMWPE was conducted by 

loading of VEGF (vascular endothelial growth factor) into UHMWPE followed by SF (Silk 

fibroin) coating for ACL reconstruction [42]. Firstly, UHMWPE fibres were treated with ethanol 

and chromic acid to remove impurities. Chromic acid introduced additional functional groups to 

the surface of the fibres and etched the amorphous regions of threads. Then the chromic acid-

treated UHMWPE was immersed in either SF or VEGF/SF solution at 4° C for 12 hours. SF 

loading growth factor VEGF was used to achieve the sustained release and to improve the 

neovascularization. Fig 2.13(b) presented the whole procedure of the SF/VEGF coating and 

reconstruction model. Cell morphology of bone marrow mesenchymal stem cells (BMSCs) is 

shown in Fig: 13(c). Filopodia of BMSCs attached to the surface of bare UHMWPE were not 

visible until after 14 days of cultivation but it was noticed on the surface of UHMWPE–SF and 

the UHMWPE–SF/VEGF group after 7-day of culture [228].  

 

2.5.3 Fixation of UHMWPE graft animal model for Ligament reconstruction 

 

Several animal models of ACL reconstruction have been reported in different articles[229, 230]. 

According to these methods, an inhalation mask was used to administer 2 percent isoflurane in O 

2 gas (1.5 liters/minute) to the animals. Procedures were carried out on a heating blanket in a 

sterile atmosphere. The animal was put in supine position on the surgical table. The selected 

knee section was sanitized before skin cuts were made. The Lateral parapatellar arthrotomy was 

utilized to uncover the knee joint of the animal. A notchplasty was performed to remove 

remnants of ligaments[231]. The bone tunnels were made using a 3.0 mm drill in the anatomic 

sites of the natural ACL in the femur and tibia. The UHMWPE grafts were threaded through the 

tunnels and knotted out of the femoral and tibial bone tunnels on both ends. The wound was 
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irrigated with sterile saline solution after the graft was permanently attached. Lastly,  sutures 

were used to seal the capsular layers and skins [231].  

 

2.6 Conclusion 

 

While many polymers, metals, ceramics, and composite materials are in use as biomaterials, 

UHMWPE is one of the most important of the bioinert polymers used in the manufacture of 

medical implants. Problems associated with the use of UHMWPE as implants include wear 

debris and oxidative degradation due to the generation of free radicals when exposed to 

irradiation with gamma rays for grafting or sterilization. 

To resolve the wear and to enhance the life of UHMWPE as implant, in recent years this field 

has witnessed numerous innovative methodologies such as biofunctionalization or high 

temperature melting of UHMWPE to enhance its toughness and strength. Sometimes one surface 

modification strategy is taken to solve a particular wear problem but may lead to a new problem 

and further strategies are required to eliminate that new problem. For example, occurrence of 

bioreactions of soft tissues are triggered by UHMWPE wear particles that can ultimately lead to 

aseptic loosening of hip implants. Therefore, high dose irradiation is used to highly cross-link 

UHMWPE which decreases the wear rate but initiates free radical formation that causes 

oxidative degradation in UHMWPE. To reduce or eliminate the free radical formation, annealing 

or post-irradiation technique is used. Despite this, there is a chance of increased incidence of rim 

fracture under impingement and adverse loading conditions due to the lowered fatigue strength 

of this material. Thus, an alternative method of vitamin E stabilization of UHMWPE is carried 

out to provide oxidation resistance without sacrificing the fatigue strength. Again, vitamin E has 

a capacity to act as a free radical scavenger during irradiation which can lower the crosslinking 
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efficiency of UHMWPE and limits the vitamin E concentration in the blend to less than 

0.3 wt.%.  

Surface modification can improve functional properties such as mechanical properties, resistance 

to wear, biocompatibility, cytocompatibility, wettability, and biomaterial surface properties. 

Chromic acid, and hydrogen peroxide can be used to reduce the smoothness of the surface and 

polydopamine can be used to add functional amine groups on the surface along with protein 

immobilization. Recently, much attention has been focused on plasma treatment for surface 

modification of UHMWPE. DBD plasma was introduced to modify the surface properties of 

material and then later PACVD, ECR, CAP, and PIII introduced a new era in surface 

modification compared to other surface functionalization methods. Plasma treatments can 

improve the hydrophilicity of materials, reduce the smoothness of the surface, and increase 

protein attachments through cross linking and covalent bonding.  

It has been stated that different cellular functions such as adhesion, proliferation, and 

differentiation are influenced by surface energy, surface functionalizat ion, and surface 

morphology. Among different plasma methods, plasma immersion ion implantation (PIII) is 

receiving attention due to the biofunctionalization of materials with complex shapes. In addition, 

it allows the use of protein immobilization. The surface functionalization of UHMWPE is quite 

straightforward, and surface treatments can be used to change only the surface properties without 

affecting the bulk properties of the material. 

UV irradiation is the most common method used for cross linking of free radicals with the 

substrate. UV irradiation and grafting can modify the wear and mechanical properties of 

material. Adverse effect of oxidation can be improved by blending vitamin E with the substrate 

during the treatment.  



52 

 

UHMWPE is a unique material due to its high potential capacity for vascularization throughout 

the whole structure, which is considered a primary requirement of grafts and other biomedical 

prostheses. Ligament/tendon reconstruction is considered a promising research application area 

for UHMWPE. Owing to the extreme hydrophobicity of UHMWPE and its surface chemistry, 

which is very different from that of natural ligaments and tendons, modern ACL reconstructions 

do not enjoy the low friction and wear of the original ligaments. Chitosan-hyaluronic acid 

composite has been used for modification of UHMWPE graft. Bioglass and PCL coatings on 

UHMWPE show excellent results in fibroblastic cell adhesion assays and ligament regeneration.  

Several proteins and growth factors on the surface of UHMWPE showed significantly improved 

outcomes on ligament/tendon regeneration. The results described in the literature were related to 

the surface improvement of UHMWPE with protein adsorption making the surface bioactive for 

cell adhesion by displaying the signaling motifs of biological molecules. However, successful 

biofunctionalization depends on selection of the proper type and concentration of protein 

molecules to minimize inflammation, friction and wear related issues of UHMWPE implants. 

Surface functionalization of biomaterials for ligaments/tendons is needed to be further 

developed, with the potential for improved outcomes for patients. 

 

2.7 Challenges & future perspectives 

 

Many of these procedures have been proven successful in the laboratory by competent chemists, 

but that is not the case in manufacturing. The essential chemicals are potentially dangerous, 

costly, or currently unavailable in the large quantities required for manufacturing. The plasma 

treatment for polymer surface alteration has acquired an amazing consideration, attributable for 

its potential benefits in improvement of surface properties without influencing mass properties. 
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Yet, non-uniformity, instability, inhomogeneity, and transfer into hot plasma over long treatment 

periods remain challenges to some plasma treatment. The integration of the two or more 

modification methods revealed fascinating multi-functional characteristics, however due to the 

complex methodology and high cost, this strategy does not appear to be scalable. 

Significant progress has been made in the field of functionalization of UHMWPE implants for 

ligament/tendon regeneration. Biological functionalization of orthopedic surfaces is a well -

studied field with a lot of opportunities for advancement. The adaptation of current biomolecule 

immobilization techniques is the challenge for the next generation of research in this subject. 

Among different plasma treatments, plasma immersion ion implantation showed promising 

results due to its ability to enable the covalent binding of biomolecules to all the exposed 

surfaces of UHMWPE. A better understanding of surface chemistry of UHMWPE with proteins 

needed for more innovative biomolecule selection and design, resulting in more effective 

multifunctional interfaces. If this is achieved, it will be a major step forwards in the development 

of this fiber for a variety of high-performance applications. 
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Chapter 3 : Surface characterization 

of the PIII modified UHMWPE fabric  
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3.1 Introduction 

There have been studies employing plasma treatments to modify the surfaces of UHMWPE 

fabric, but nothing is known about the specific surface properties of UHMWPE fabric after being 

modified by a nitrogen plasma based PIII treatment. UHMWPE fibers have a low surface energy 

and a hydrocarbon linear molecular structure without polar molecules groups on the surface. As 

a result, these fibers have a high chemical inertness, resulting in very weak interfacial adhesion 

between the fiber reinforcement and the matrix material, severely limiting their use in composite 

materials. As a result, it's especially critical to alter the surface properties of UHMWPE 

fibers[76]. 

Surface changes can be implemented in a variety of ways, including mechanical machining, 

chemical treatments, and physical treatments. Plasma-surface modification techniques including 

as plasma spray, oxygen plasma, and plasma immersion ion implantation have already been 

widely used in the semiconductor and biomedical industries and have proven to be cost-effective. 

The ability to selectively enhance surface attributes (to a depth of a few hundred nanometers) 

while bulk contributions remain unaffected is plasma modification's distinct advantage over 

other approaches [20–23]. Because it combines the advantages of traditional plasma and ion 

beam technologies, PIII is a versatile approach that can perform several processes, such as 

simultaneous and successive implantation, deposition, and etching, among the many plasma-

based techniques. 

Another significant benefit of plasma immersion ion & deposition (PIII&D) is the ability to 

modify the surface properties of a variety of biomaterials, such as metals, ceramics, and 

polymers, by introducing a variety of different elements and functional groups into materials 

with complicated geometries [24,25]. 
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S. Puertas et al. have been reported that carboxyl group of polymers can be activated by 

carbodiimide chemistry[142]. N-hydroxysuccinimide (NHS) or sulfo-NHS is also used to 

increase the coupling efficiency of material[122]. Salinization and plasma functionalization have 

been used for pretreatment of surfaces for the generation of reactive sites for covalent coupling 

on polymer surface [232, 233]. 

UHMWPE, PIII, shows dynamic characteristics defined by gradual oxidation of the surface and 

a decreasing concentration of radicals when treated under the same conditions used in this 

investigation. The dynamic surface properties, resulting in a stable hydrophilic surface. PIII 

treated UHMWPE has been associated with better cell contacts because to its increased surface 

hydrophilicity, changed chemical structure, and radical content. Generally, earlier studies of PIII 

treated UHMWPE with nitrogen plasma showed increased hydrophilicity, wear resistance[234, 

235], and cell contact qualities in general, but they didn't look into surface functionalization for 

UHMWPE fabrics and it’s specific applications. It is required to provide a certain level of 

knowledge about the surface properties after receiving the nitrogen based PIII treatment before 

starting the experiments on the surfaces in terms of immobilization capabilities and cell 

responses. Understanding the composition of a medical device material and its potential for an 

undesirable biological effect when the device is implanted is based on materials 

characterization[236].  

As a result, the primary goal of this chapter is to build a basic understanding of the topography, 

wettability, free radicals, and surface energy levels of nitrogen based PIII-treated UHMWPE 

fabric surfaces, as well as to identify any functional groups present on the surface. The 

characterization will be conducted by scanning electron microscopy (SEM), contact angle 

measurements, XPS, ESR study along with a variety of PIII treatment parameters. It's intended 
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that the knowledge gathered here will help us understand and explain any observations we make 

later. Because the focus of this study is on biological applications, variables emerging from the 

PIII treatment will be minimized and standardized to avoid inconsistencies in the biological 

experimental data. 

Due to the high price and limited number of suppliers, finding a dependable and well 

characterized source of UHMWPE fabric proved to be a difficult endeavor. 

3.2 Grades of UHMWPE fabric 

 

Two different grades of UHMWPE fabric have been chosen here due to the following 

reasons: rationale for including two sources of UHMWPE fabric.   

1. To validate lower price industrial grade material for establishing experimental conditions 

for cost saving reasons 

2.  To provide extra confidence in results by comparing findings from fabrics sourced from 

two different suppliers. 

3. To gain information as to possible predictors of fabric performance 

The first stage of the project included testing two types of UHMWPE fabric samples,  

(i) UHMWPE fabric (DSM Dyneema SK78, Dimension-Polyant, Kempen, Germany)-

Industrial grade, UHMWPE was in the form of 0.75mm thickness woven fabric.  

(ii) UHMWPE fabric (Spectra 1000, Goodfellow Cambridge Ltd. Catalogue no: ET303510). 

Scientific grade, UHMWPE was in the form of 0.45mm thickness woven fabric. A 

yarn of ultra-high strength and composed of 118 filaments each of diameter 

0.038mm. 

(iii) Industrial grade-Price $25 per square m. 

(iv)  Scientific grade- Price $ 125 per square m. 

The huge price difference between the different grades of UHMWPE fabric 

was assumed to be the result of the extensive quality control, material characterization and 
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documentation procedures required. (3.1 Initial experiments were conducted on both types of 

UHMWPE fabric. 

Due to the cell culture facilities, the UHMWPE samples were cut into small rectangular sheets 

that were easy to handle and that allowed experiments to be conducted in the wells of tissue 

culture plates. 

Table 3.1 Physical properties of two grades of UHMWPE fabric 

UHMWPE fiber 

type 

Color Density Filament diameter Filament linear density  

Dyneema SK-78 Opaque/white 0.97-0.98 g/cc 12-21 μm 1-3 dpf 

SPECTRA fiber 

1000 

Opaque/white 0.97 g/cc 0.023 μm 1-7 dpf 

 

3.3 Aim & hypothesis of the chapter 

 

Overall, the aim & hypothesis of studies described in this chapter can be described as follows: 

1. To gain a fundamental knowledge of the physical and chemical properties of two 

different grades of UHMWPE fabric surfaces after they have been treated with the 

nitrogen based PIII procedure. 

2. Characterize the surface properties of two different grades of UHMWPE fabric. 

 

It's also assumed that the knowledge gained in this chapter will help us better understand the 

properties of plasma-treated polymers in general, as well as develop theories about the 

underlying mechanism for covalent binding, resulting in the development of new applications for 

this new plasma treatment technology. 

 

This chapter's hypothesis is that two distinct grades of UHMWPE fabric can have their surface 

qualities changed by plasma immersion ions (PIII). Surface quality can be enhanced by PIII 

treatment over untreated material. 
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3.4 Experimental methods 

 

3.4.1 PIII treatment 

 

PIII was created at the end of the 1980s [115] to solve the limitations of traditional ion 

implantation[237], such as the complexity of ion beam scanning, low beam current, non-uniform 

ion implantation profile, and the necessity for a mask to avoid excessive sputtering. The 

implanted target is placed directly in plasma and then pulse biased to a high negative potential in 

PIII. Without the requirement for target manipulation, a plasma sheath is generated around the 

target (Fig 3.1), and ions from the plasma are accelerated by the electric field in the sheath to 

bombard the entire surface of the target. 

 

Figure 3. 1 Schematic of the treatment setup in the PIII plasma chamber. Plasma immersion ion 

implantation system is shown in a schematic diagram. (1). aluminium chamber; (2). Glass tube; 

(3). stainless steel; (4). vacuum pump; (5). RF generator; (6). inductively c coupled antenna; (7). 

Gas source; (8&9). Pressure sensors; (10). Sample holder; (11& 12). Magnetic coils. 
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Plasma immersion ion implantation was conducted in a specially manufactured plasma chamber, 

as shown in the schematic Fig (3.1). The ion implantation technology utilized in this work was 

designed at the University of Sydney's School of Physics. 

An aluminum chamber 1, a glass tube 2, and a stainless-steel chamber 3 make up the system. A 

vacuum pump 4 is linked to the stainless-steel chamber. Plasma is created by utilizing an RF 

generator to apply radio frequency (RF) power (13.75 MHz, 100 W) to an inductively coupled 

antenna 6 wound around the glass tube 5. Impedance matching the RF generator to the plasma 

discharge provides stable plasma power with optimal power transfer into the plasma. A gas 

source 7 is linked to the aluminum chamber 1. 10-4 Torr is the starting pressure. Pressure sensors 

8 and 9 at the gas inlet and chamber 1, respectively, monitor the pressure. In these tests, the 

operating chamber pressure was 2x10-3 Torr. Setting the optimum flow rate with a gas flow 

controller ensures a consistent pressure of the working gas in the chamber.  

The treated sample is put on a sample holder 10 that is coupled to a high voltage pulse generator 

11. A stainless-steel mesh was positioned at 5 cm from the sample surface and electrically 

attached to the sample holder to cover the sample. The introduction of a mesh decreases the 

charging of the polymer sample and eliminates arcing [7, 8]. To provide uniform PIII treatment, 

the mesh geometry and the distance between the mesh and the sample were tuned [8]. The 

plasma sheath forms around the mesh when it covers the sample, and the ions are propelled 

towards the mesh and subsequently pass through it to implant into the sample. To avoid sample 

warming, the pulse was 20 seconds long. The pulse rate was 50 hertz. Two magnetic coils 12 

create a magnetic field inside the aluminum chamber 1 to increase plasma density. 

The plasma source was a 13.56 MHz inductively coupled radiofrequency plasma. When 

matched, the plasma power was 100 Watts with a reverse power of 12 Watts. A Langmuir probe 
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from Hiden Analytical Ltd was used to detect plasma density during treatment. During 

implantation, the basal pressure was 106 Torr (104 Pa), and nitrogen gas was employed at a 

pressure of 2x103 Torr (4.4x102 Pa). The application of high voltage (20 kV) bias pulses of 20 

seconds length to the sample holder at a frequency of 50 Hz was used to accelerate ions from the 

plasma.  

The samples were put on a stainless-steel holder with a diameter of 150 mm, a stainless-steel 

mesh covering it, and an electrical connection 45 mm above the sample surface shown in Fig 3.2. 

The numbers of high voltage pulses was multiplied by the fluence corresponding to one pulse to 

obtain the ion fluence. For the wide sample container with mesh, the fluence rate was determined 

to be 1013 ions/cm2 per second of PIII treatment duration. The samples were exposed to 

implantation ion fluences of (4–16) 1014 ions/cm2 for 400, and 800 seconds, respectively. 

Parameters for PIII treatment: 

• Radiofrequency: 13.56 MHz 

• Plasma power: 100 watts 

• Reverse power: 12 watts 

• Base pressure: 10-6 

• Gas pressure of nitrogen: 2x 10-3 Torr (4.4x 10-2 Pa) 

• Voltage: 20kV 

• Pulse bias: 20 us 
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Figure 3. 2 (A) photo of the sample holder 150mm in diameter; (B) stainless steel metal mesh 

attached 45mm of the sample stage;(C) UHMWPE fabric on the sample stage: (D) UHMWPE 

sample secured with top mesh screen. 

3.4.2 Contact angle & surface energy. 

 

The surface energy of a material can be determined by wetting it with liquids which have well-

known surface tensions. The measurement can be obtained by the sessile drop method, through 

the contact angle of a pure liquid droplet on the solid substrate. In this method, a syringe filled 

with liquid pointed vertically down onto the sample surface deposits the liquid droplet. Several 

different types of liquids have been used for this method and is referred d to as probe liquid. For 

each experiment, at least two liquids with known surface tension and its polar and dispersive 

components are required. This is a straightforward method. To determine the heterogeneity of 
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the sample, multiple droplets can be deposited in various locations on the sample. Fig 3.3 shows 

the Kruss DS10 contact angle measuring machine and experiment on UHMWPE fabric (Fig 3.3 

A & B) 

Surface energy of a polymer can be determined by measuring the contact angle of the sample 

with several test liquids and evaluated according to Owen-Wendt method.  

The Owens-Wendt-Rabel-Kaelble Method: the authors[204] divide the data in this method. 

Surface tension is divided into two parts: dispersion and polar portions. The contact angles on the 

sample's surface are measured using two probing liquids (diiodo methane and formamide) with 

known dispersion and polar fractions. Test liquids are: 

1. Liquid 1: Water 

2. Liquid 2: Diiodomethane 

3. Liquid 3: Glycerol 

4. Liquid 4: Formamide 

Liquid 2 and liquid 4 were used in this experiment. To estimate the changes of UHMWPE fabric 

surfaces after the PIII treatment and subsequent ageing in air. Kruss DS10 contact angle 

measuring equipment was used with two different fluids: The liquids were dropped on 

UHMWPE fabric surfaces. This process was repeated several times across the surface of the 

sample to get a proper contact angle.  

The surface tension is then computed by combining the Owens and Wendt equation with 

Young's equation: 
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Where: θ is the contact angle of the liquid on the solid surface; γ, γD and γP are surface tension, 

disperse and polar fractions respectively; The subscripts S, L and SL denote the solid-air, liquid-

air, and solid-liquid interfaces respectively.  

Untreated UHMWPE fabric, for instance, have a very low polar portion of the surface energy 

compared to PIII treated UHMWPE fabric. 

 

Figure 3. 3 (A) The Kruss DS10 contact angle measuring machine;(B) Experiment on 

UHMWPE fabric. 

3.4.3 X- ray photoelectron spectroscopy (XPS) study 

 

One of the most common methods for analyzing surfaces is X-ray photoelectron spectroscopy. 

XPS is a surface sensitive quantitative technique used to detect the elements that present within a 

material or on its surface. It can also identify their chemical state, overall electronic structure and 

density of the electronic states in the material[238]. 

Surface analysis is used to figure out the surface chemistry of a material and investigate the 

adequacy of a material. X-ray photoelectron spectroscopy (XPS) was performed to examine the 

surface chemistry of the PIII/PI3 treated UHMWPE fabric with FlexMode SPECS 
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spectrophotometer. The spectrophotometer was equipped with monochromatic A1 K alpha 

radiation source, a hemispherical analyser, and an MCD9 electron detector. Sample charging was 

alleviated by an argon gun source[239]. A K X-ray beam was created using (Mode XP-50 High 

Performance Twin Anode with Focus 500 Ellipsoidal Crystal Monochromator and PHOIBOS 

150 MCD-9 analyzer). 

XPS spectra are produced by irradiating a solid surface with an X-ray beam when measuring the 

kinetic energy of electrons released from the top 1-10 nm of the material being studied[240]. The 

number of expelled electrons and their kinetic energy are measured. Counting expelled electrons 

over a variety of electron kinetic energies produces a photoelectron spectrum. Peaks in the 

spectrum are caused by atoms releasing electrons with a specific energy. Fig 3.4 demonstrates 

the photo emission process of XPS analysis. 

3.4.3.1 Mechanism of XPS 
 

During the process, an electron may be expelled when an atom or molecule receives an X-ray 

photon. The electron's kinetic energy (KE) is determined by the photon energy (hv) and the 

electron's binding energy (BE)[239].  

It is possible to calculate which elements are near a material's surface, their chemical states, and 

the binding energy of the electron by calculating the kinetic energy of the released electrons. 

The binding energy is determined by a variety of factors, including the ones mentioned below: 

• The portion that the electron is expelled from. 

• The orbital that the electron is ejected from. 

• The chemistry of the atmosphere 
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Figure 3. 4 Photoemission process for XPS surface analysis. 

3.4.4 Electron spin resonance (ESR) study 
 

The foundation of ESR spectroscopy is the microwave radiation that an unpaired electron 

absorbs when subjected to a high magnetic field. Magnetic resonance absorption is a term used 

to describe this excitation. The spectroscopic method of electron spin resonance (ESR), also 

known as electron paramagnetic resonance (EPR), is restricted to the investigation of elements 

with one or more unpaired electrons. The most significant paramagnetic systems, or those with 

one or more unpaired electrons, include free radicals, transition metal ions, and ions and 

molecules with an odd number of electrons. 

Electron spin resonance (ESR) spectroscopy was conducted for studying unpaired electrons on 

materials surface. ESR spectra were acquired at room temperature using a spectrometer Spin 

Scan X (ADANI) operating in the X band with a microwave frequency of (9.2-9.55) GHz and a 

central magnetic field of 336 mT. The UHMWPE fabrics (before and after the PIII treatment) 
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were cut into strips of (5mmx 40mm x 0.9mm) and attached to an ESR tube for the 

measurement. They were placed in the equipment cavity and scanned 5 times with a microwave 

power of (0.946 mW) and a sweep width of 15 mT. The spectra were double integrated to obtain 

the peak areas which correlate to the number of unpaired electrons in the samples. Table 3.2 

represents the parameters of ADANI spectrometer SPINSCAN. Simple balanced bridge ESR 

spectrometer block diagram is shown in Fig 3.5. 

Table 3.2 Parameters of ADANI spectrometer spin scan 

Operating frequency    9.2 — 9.55 GHz 

Microwave cavity power    250 mW 

Sensitivity    8 x 109 spin/0,1mT  

Cavity    TE102 

Q unloaded     5000 

Magnetic field modulation     Magnetic field modulation  

Magnetic field     0,01 to 0,65 T 

Magnetic field homogeneity    ± 5 µT over sample volume in active region TE102 

Power    400 W, 115/230 VAC 

Dimension /weight    47 x 38 x 26 cm / 45 kg 

 

A X-band ESR spectrometer's fundamental parts are as follows: 

(i) An electromagnet that can produce a uniform magnetic field that can be 

linearly changed on both sides of the magnetic field. 

(ii) Source of microwave radiation at 9.5 GHz in frequency. 

(iii) An appropriate sample cavity. 

(iv) Arrangements to allow the radiation energy to enter the sample cavity. 

(v) A system for detecting changes in microwave power. 

(vi) An appropriate oscilloscope or recorder. 
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Figure 3. 5 Simple balanced bridge ESR spectrometer block diagram. 

3.4.4.1 Mechanism of ESR 

ESR spectroscopy is based upon the absorption of microwave radiation by an unpaired electron 

when it is exposed to a strong magnetic field. Atoms or molecules will split into different 

amounts of electronic energy and this excitation is known as magnetic resonance 

absorption[241]. A static/magnetic field and microwave are utilized in an ESR apparatus to 

investigate the behavior of unpaired electrons in the material under study. In theory, ESR detects 

paramagnetic centers (such as radicals) which may or may not be caused by radiation. An 

applied microwave energy is absorbed in resonance when a strong external magnetic field 

produces a difference between the energy levels of the electron spins, ms = +1/2 and ms = -1/2 

presented in Fig 3.6 below. The absorption of microwave radiation by unpaired electrons in a 

magnetic field as well as the energy levels of the electrons are observed and measured using 

ESR[242]. 
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Figure 3. 6 A discrepancy between the energy levels of the electron spins, ms = +1/2 and ms = -

1/2, is produced by a strong external magnetic field. 

3.5 Data Presentation and Statistical Analysis 

 

All figures and statistical analyses relevant to the results in this chapter were analyzed and 

evaluated using Microsoft Excel (version 2013), and ORIGINPRO 2020. For group 

comparisons, two tailed t-tests with a P value of 0.05 indicating significance were used. 

3.6 Experimental results 
 

3.6.1 Physical appearance of industrial grade UHMWPE fabric 

 

 

Figure 3. 7 Physical appearance of untreated and PIII treated industrial grade UHMWPE fabric. 
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The above figure shows the appearance of UHMWPE fabric before and after the plasma 

treatment. The surface of UHMWPE fabric is rough and glossy. The untreated UHMWPE fabric 

was white in color and after different treatment time, this color deepened and appears more 

intense. These results proved the dehydrogenation and creation of highly cross-linked 

sp2 amorphous carbon structures on industrial grade UHMWPE fabric. 

3.6.2 Contact angle and surface energy of industrial grade UHMWPE fabric 

 

The contact angle of untreated as well as PIII treated industrial grade UHMWPE fabric with 

various PIII treatment periods is summarized in the following Fig 3.8. All surfaces became 

noticeably more hydrophilic after being treated with PIII treatment. The decrease in contact 

angle is proportionate to the decrease in temperature, according to a small trend. After treatment, 

the end contact angle ranged from 66.27° to 49.53° for the 800s treated sample at 1.8 sec. Fig 3.8 

illustrated the change of liquid (formamide) contact angles on untreated and PIII treated 

UHMWPE with time. As shown in Fig 3.8, at each time point, formamide droplet contacted the 

PIII treated fabric with a lower angle (approximately 20o) than the untreated fabric during the 

recording period.  
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Figure 3. 8 Values of contact angles in relation to PIII treatment times. The measurements were 

taken as soon as the PIII therapy was completed. The untreated and PIII treated surface is 

represented by two data point. 

Total surface energy is a measure of all the forces that entice molecules to come together. Even 

though it is a minor and undulating component, dispersive surface energy is included in the total.  

The component of surface energy that occurs from the dispersion of electron clouds in molecules 

on the material's surface is known as dispersive surface energy.  

Molecules can contain structures that result in permanent dipoles, which means that, in addition 

to electrons being randomly dispersed throughout the molecule, there are portions that are always 

more positive or negative than others. Due to their structure, some molecules have permanently 

charged areas, either positively or negatively. They are more attracted to each other than the 

dispersive interactions. Polar surface energy is a component of surface energy that arises because 

of the attraction between molecules whose areas are permanently charged positively or 

negatively. Some molecules have areas that are permanently charged by their structure, either po

sitively or negatively. 
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Surface energy and polar-dispersive components of untreated and PIII treated UHMWPE fabric 

is presented in Table 3.1. The surface energy of the UHMWPE increased from 47.33 mN/m to 

58.87 mN/m after the PIII treatment in which the majority increases come from polar component 

which is shown in Fig 3.9 (A), (B) & Table 3.3.  

 

Figure 3. 9 (A) Surface energy of untreated and PIII treated industrial grade UHMWPE fabric; 

(B) Dispersive and polar groups of untreated and treated UHMWPE fabric. Error bars here 

indicate standard deviations of quadruplicates and an asterisk (*) indicates a signi ficant 

difference (P<0.05) between the untreated and PIII treated groups. There were no differences 

detected in between the two treated groups. 

Table 3.3 Surface energies and their dispersive and polar contributions evaluated 

according to Owen-Wendt method. 

Material Surface energy (mN 

/m) 

Dispersive (mN /m) Polar (mN /m) 

Untreated 47.33 44.58 2.73 

PIII treated. 58.87 46.57 12.30 

 

3.6.3 Surface chemistry of industrial grade UHMWPE fabric 

 

XPS with a sensitivity depth of 8-10 nm [243, 244] was used to measure the elemental 

composition of surfaces before and after PIII treatment. After the PIII treatment, nitrogen content 
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significantly increased due to the nitrogen implantation onto the surface of the material.  Oxygen 

slightly increases due to the reaction of radicals with oxygen in the air after the treatment. 

The chemical structure of both treated and untreated industrial grade UHMWPE fabric 

was also determined by means of XPS. A survey scan spectrum was obtained to identify the 

chemical species present from each sample, followed by a high-resolution scan spectrum of the 

peaks associated with each species. As shown in Fig 3.10, carbon, oxygen, and 

nitrogen are the main elements present on the surface of the untreated sample. A high-resolution 

spectrum of the C1s signal was collected to pinpoint the chemical bond at the surface. 

 

Figure 3. 10 (A) Whole spectra of Untreated UHMWPE fabric; (B) Whole XPS spectra of PIII 

treated UHMWPE. 

Fig 3.10 illustrates the XPS carbon high resolution spectrum. It shows the XPS carbon high 

resolution spectra for C–C/C–H, C–O/C–N, and C O/N–C O components with relative fractions 

of 284.6, 286.5, and 287.5 eV, respectively. The peak centered at 284.0 eV indicates that C - C 

and C - H bonding are the predominant states of carbon. The asymmetric peaks in nitrogen 

spectra indicate the presence of new chemical components on the surface. Several new peaks 

have formed that overlap with the main C1s. The functional groups C – O, C = O, and O – C – O 
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36,37, as well as a C – N peak in nitrogen-treated samples, can be attributed to them. Plasma 

polymerized films are exposed to ambient oxygen, they oxidize, resulting in the presence of 

oxygen. Percentage of Carbon decreased as carbon is the backbone of the material, it covered by 

Plasma treatment. This demonstrates that after exposure to the plasma treatment and then to an 

oxygen-containing environment, oxygen functional groups are integrated into the surface.  

 

Figure 3. 11 (A) Peak fitted XPS C1s high resolution spectra obtained for UT UHMWPE; (B) 

Peak fitted XPS C1s high resolution spectra obtained for PIII treated UHMWPE. 

Fig 3.11 shows peak fitted C1s high resolution spectra of Untreated (UT) and PIII treated 

industrial grade UHMWPE fabric. UT UHMWPE contains 82.95% of C-C/C-H, 12.38 % of C-

O/C-N & 2.63 % C=O/N=C (Table 3.4). On the other hand, XPS spectra of PIII treated 

UHMWPE is composed of C-C/C-H, C-O/C-N & C=O/N=C bonds at a concentration of 

57.60%, 23.80%, and 7.84%. Additional π-π satellite increased in PIII treated UHMWPE from 

2.04 % to 6.51%. Presence of oxygen and nitrogen containing substance increased due to the 
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introduction of nitrogen from the injected gas that polymerized onto the surface of the material.  

Table 3.4 illustrated the comparison of deconvoluted peaks of C1s of untreated and PIII treated 

UHMWPE fabric.  

Table 3.4 Atomic composition of industrial grade untreated and PIII treated industrial 

grade UHMWPE fabric from XPS analysis. 

Functional groups Atomic percentage (%) 

UT PIII 

C–C/C–H 82.95% 57.60% 

C–O/C–N 12.38% 23.80% 

C= O/N=C 2.63% 7.84% 

- satelite 2. 04% 6.51% 

-COO- Nil 4.24% 

 

3.6.4 Radicals detection on UHMWPE fabric after the PIII treatment 

 

Figure 3. 12 ESR spectra of untreated and PIII treated industrial grade UHMWPE fabric. 

PIII treatment induced radicals forming on the surface of UHMWPE from nitrogen 

bombardment as detected by ESR spectroscopy (Fig 3.12). A comprehensive knowledge of the 

relationship of free radicals with surface-contacting protein molecules is essential  to provide the 
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precision required to build implant surfaces covered in patient suitable proteins. Fig 3.12 

compares the derivative ESR signals measured on PIII treated UHMWPE and untreated 

UHMWPE with the differences in g-factor values and peak intensity. The untreated UHMWPE 

didn’t show any free radicals while PIII treated UHMWPE has free radicals with g-factor of 

2.0025. The shift of g-factor and the broader peak suggest that the PIII treatment produces a type 

of free radicals on UHMWPE surfaces with much higher number of radicals.   

3.6.5 Physical appearance of scientific grade UHMWPE fabric 

 

Figure 3. 13 Left side image showing untreated fabric and right-side image showing PIII treated 

scientific grade UHMWPE fabric. 

We activated the UHMWWPE constructs using the PIII treatment and evaluated the changes in 

their physical and chemical properties. The color of the UHMWPE transformed from white to 

light brown after the PIII treatment treatment as shown in Fig 3.13. It shows the appearance of 

UHMWPE fabric before and after the plasma treatment. The surface of UHMWPE fabric is 

smooth and glossy. It could be observed that the PIII treatments developed a darkened 

appearance in the UHMWPE fabric which is identical to the previous results shown in Fig 3.7. 

The untreated UHMWPE fabric was white in color and after 400 seconds of PIII treatment this 
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color deepened and appears more intense. Due to the masking effect of the sticky tape used for 

this sample fixation, white edges on the top and bottom ends of the samples could be noticed 

after the 400 seconds plasma treatment. 

The level of darkening increases by increasing the treatment time which is shown in Fig 3.14. 

This darkening is due to dehydrogenation and creation of highly cross-linked sp2 amorphous 

carbon structures as it has been previously observed for polycarbonate and low density 

polyethylene [245, 246] . The color dispersion was consistent across the surface, showing that 

the ion bombardment occured evenly on the sample surface.  

 

Figure 3. 14 Physical appearance of Untreated and plasma treated (different treatment times) 

scientific grade UHMWPE fabric. 

3.6.6 Contact angle and surface energy of scientific grade UHMWPE fabric  

 

Fig 3.15  shows shadow images of liquid droplets when placed on untreated  & PIII treated 

scientific grade UHMWPE fabric. From the figure, it can be observed that the contact angle of 

untreated fabric is much higher than the treated fabric. The contact angle of the untreated 

UHMWPE fabric samples was 45.53° suggesting that the untreated UHMWPE fabric has a 

mildly hydrophobic surface. However, water droplet on PIII treated UHMWPE fabric was much 

more flattened out, water contact angle was around 23.06°, indicating surface wettability.  



78 

 

 

Figure 3. 15 Drop shape analysis shadow image showing water droplet on untreated and PIII 

treated  scientific grade UHMWPE fabric. Contact angle of Untreated UHMWPE fabric  is 

45.53° and PIII treated is 23.06º. 

 

The contact angle of untreated as well as PIII treated scientific grade UHMWPE fabric with 

various PIII treatment periods is summarized in the Fig 3.16. The contact angle of untreated 

UHMWPE is around 45.53° at 2.6 sec, according to these results. All surfaces became noticeably 

more hydrophilic after being treated with PIII. The decrease in liquid contact angle is 

proportionate to the decrease in temperature, according to a small trend. After treatment, the end 

water contact angle ranged from 45.53° to 23.06° for the 800s treated sample at 2.6 sec. Due to 

the introduction of active free radicals on top of the polymer surface, it became hydrophilic. 

Oxygen from the environment reacts with molecules from the surface of material and produces 

C-O and C=O and makes the surface more hydrophilic. 
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Figure 3. 16 Values of contact angles in relation to PIII treatment times. The measurements were 

taken as soon as the PIII therapy was completed. The untreated and PIII treated surface is 

represented by two data point. 

 

Surface energy of untreated and PIII treated scientific grade UHMWPE fabric is presented in Fig 

3.17 A. So, by measuring the angle created by the height of a drop of water on a surface, we can 

determine how the polar component of surface energy is changing with great precision. Because 

the water drop is so attracted to the surface and spreads or wets out, the smaller the angle will be 

the higher the surface energy. Water beads up and constricts into a small bubble on the surface 

due to low surface energy, resulting in a wide contact angle. 

The wettability of a substrate with a low surface energy is poor. For sat isfactory wettability, a 

high surface energy is necessary. The Surface energy of PIII treated scientific grade UHMWPE 

fabric is 58.24 mN/m. This is high compared to the surface energy of untreated UHMWPE fabric 

which is 47.33 mN/m. In Fig 3.17 B: a comparative study has been noticed on Untreated and 

PIII treated UHMWPE fabric. Main reason for increasing the surface energy of PIII treated 
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material is due to the presence of more polar groups than the untreated UHMWPE after the 

treatment which is presented in Fig 3.17 (B) & Table 3.5. 

 

Figure 3. 17 (A) Surface energy of untreated and PIII treated scientific grade UHMWPE fabric; 

(B) Dispersive and polar groups of untreated and treated UHMWPE fabric. Error bars here 

indicate standard deviations of quadruplicates and an asterisk (*) indicates a significant 

difference (P<0.05) between the untreated and PIII treated groups.  

There is no significant difference in dispersive groups between two materials. Table 3.4 

illustrated the atomic composition of untreated and PIII treated UHMWPE. As plasma 

polymerized films are exposed to ambient oxygen, they oxidize, resulting in the presence of 

oxygen. The percentage of carbon decreased as carbon is the backbone of the material, is 

covered by Plasma treatment. 

Table 3.5 Surface energies and their dispersive and polar contributions evaluated 

according to Owen-Wendt method. 

Material Surface energy (mN /m) Dispersive (mN /m) Polar (mN /m) 

Untreated 49.2 44.66 4.54 

PIII treated. 58.24 33.52 24.72 
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3.6.7 Surface chemistry of scientific grade UHMWPE fabric 

 

Percentage of elements detected on each surface were shown in Table 3.6. UT UHMWPE 

contains Carbon, Nitrogen, and oxygen at a concentration of 79.09 %, 0.07%, and 20.84%. On 

the other hand, XPS spectra of PIII treated UHMWPE is composed of Carbon, Nitrogen, and 

oxygen at a concentration of 72.40%, 4.11%, and 23.49%. The fundamental element of 

UHMWPE is Carbon and hydrogen.   After the PIII treatment, nitrogen content significantly 

increased due to the nitrogen implantation onto the surface of the material.  Oxygen slightly 

increases due to the reaction of radicals with oxygen in the air after the treatment. 

Table 3.6 Atomic composition of Untreated and PIII treated UHMWPE from XPS analysis 

Name Elements Peak BE Atomic percentage (%) 

UT C 286.27 79.09 

N 400.82 0.07 

O 533.18 20.84 

PIII C 285.01 72.40 

N 532.01 4.11 

O 399.02 23.49 

 

We peak fitted the C 1s high resolution spectra to better understand the bonding of carbon to 

other elements, as shown in Fig 3.18 and the percentage of the peaks are shown in Table 3.7. 

After the PIII treatment, there is significant reduction of C-C/C-H bonds while C-O and C-N 

bonds significantly increase. There is also an appearance of COO group after the treatment. The 

amount of unsaturated carbon–carbon groups present decrease after the PIII treatment because 

these groups react further with active radicals to produce aromatic rings or branching crosslinked 

structures. The observed decrease in unsaturated carbon–carbon groups could potentially be 

attributed to oxidation as a result of reaction with atmospheric oxygen. The increase of surface 

nitrogen atomic concentration and nitrogen-containing functional groups upon PIII treatment is 

due to the implantation of nitrogen atoms into the surface. The nitrogen and oxygen-containing 
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functional groups greatly influence surface charge of the fabrics in a buffer solution and the 

subsequence immobilisation of functional biomolecules.  

 

 

Figure 3. 18 (A) Peak fitted XPS C1s high resolution spectra obtained for UT UHMWPE;(B) 

Peak fitted XPS C1s high resolution spectra obtained for PIII treated UHMWPE. 

Table 3.7 Comparison of  deconvoluted peaks from C1s of untreated and PIII treated 

scientific grade UHMWPE fabrics . 

Functional groups Atomic percentage (%) 

UT PIII 

C–C/C–H 80.67% 62.25% 

C–O/C–N 13.94% 28.42% 

C= O/N=C 3.60% 5.24% 

- satelite 1. 79% 0.96% 

-COO- Nil 3.13% 

 

3.6.8 Radicals detection on  scientific grade UHMWPE fabric after the PIII treatment 

 

PIII treatment induced radicals forming on the surface of UHMWPE from nitrogen 

bombardment as detected by ESR spectroscopy (Fig 3.19). A comprehensive knowledge of the 

relationship of free radicals with surface-contacting protein molecules is essential  to provide the 
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precision required to build implant surfaces covered in patient suitable proteins. Fig :  3.19 

compares the derivative ESR signals measured on PIII treated UHMWPE and untreated 

UHMWPE with the differences in g-factor values and peak intensity. The untreated UHMWPE 

has free radicals with a g-factor of 2.0005 while PIII treated UHMWPE has free radicals with g-

factor of 2.0025. The shift of g-factor and the broader peak suggest that the PIII 

treatment produces a different type of free radicals on UHMWPE surfaces with much higher 

number of radicals.  Those radicals measured on untreated UHMWPE could be due to the 

polymer synthesis in manufacturing process.  

 

Figure 3. 19 ESR spectra of the untreated and treated UHMWPE. The ESR lines with g values 

of 2.0025 is marked for PIII treated UHMWPE. 

3.6.9 Comparative study between industrial grade and scientific grade UHMWPE fabric 

 

Though both grades of UHMWPE fabric are identical in chemical structure, but they possess 

several different characteristics. Industrial grade UHMWPE fabric is thick and shiny, on the 

other hand scientific grade UHMWPE is thin and matt in appearance. Due to the thick fabric 
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structure of industrial grade UHMWPE fabric, it has less plasma penetration throughout the 

fabric compared to the scientific grade UHMWPE fabric. Contact angle of scientific grade 

UHMWPE fabric changed from 66.27° to 49.53° and scientific grade UHMWPE changed from 

45.53° to 23.06°. Contact angle of scientific grade UHMWPE changed at a higher rate than the 

industrial grade UHMWPE fabric. 

 

Figure 3. 20 Comparative study of dispersive and polar components of two grades of UHMWPE 

fabrics. 

Fig 3.20 represents the comparative study of dispersive and polar components of two grades of 

UHMWPE fabrics. Surface energy is similar for untreated and PIII treated UHMWPE fabrics, 

but the dispersive and polar components ratio is different. More polar groups are noticed in 
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nitrogen based PIII treated scientific grade UHMWPE fabric than the scientific grade UHMWPE 

fabric.  

Table 3.8 illustrated the comparative study on atomic percentages of industrial grade & scientific 

grade UHMWPE fabric after XPS analysis. C-C/C-H, C-O/C-N, C=O/N=C and -COO functional 

groups on both grades of UHMWPE fabric changed in a same percentage after the PIII 

treatment. The only difference observed for π-π bonds, it increased in industrial grade UHMWPE 

fabric but decreased for scientific grade UHMWPE fabric. 

Table 3.8 Comparative study on atomic percentages of two different grades of UHMWPE.   

Functional groups Atomic percentage (%) 

Industrial grade Scientific grade 

UT PIII UT PIII 

-C-C/C-H 82.95 % 57.60 % 80.67 % 62.25 % 

C-O/C-H 12.38 % 23.80 % 13.94 % 28.42 % 

C=O/N=C 2.63 % 7.84 % 3.60 % 5.24 % 

π-π satellite 2.04 % 6.51 % 1.79 % 0.96 % 

-COO- Nil 4.24 % Nil 3.13 % 

 

 

3.7 Discussion and Conclusion 

 

The goal of this thesis is to investigate the adhesion properties of nitrogen based PIII activated 

UHMWPE fabric surfaces. It was critical to create a consistent technique early in the 

investigation to assure a clean surface and generate repeatable results. A broad range of surface 
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factors influence the successful attachment of a protein molecule to polymer surfaces.  The 

outcomes of the preliminary study also permitted the selection of a set of parameters that 

minimized the presence of potentially confounding variables throughout the subsequent 

operation. 

 

Based on the initial evaluation of the surface uniformity of the various UHMWPE materials and 

the material costs, the UHMWPE materials assessed were the industrial grade UHMWPE fabric 

(Dyneema SK-78) in the form of 0.75mm thickness woven fabric and Scientific grade, 

UHMWPE fabric (Spectra-1000) was in the form of 0.45mm thickness woven fabric. These 

materials were selected decided because industrial grade UHMWPE fabric was cheap and easily 

available, while on the other hand, scientific grade UHMWPE fabric was a closer match for 

implantable grade UHMWPE materials. 

Well-known validation, traceability, and control rules based on ISO 13485 are tightly enforced 

for biomaterial manufacturers. These materials frequently need to undergo extensive biological 

analysis and chemical characterization to support regulatory applications for associated goods. 

Because of these factors, implantable biomaterials continue to be far more expensive than 

materials of a lower quality. It was predicted that both scientific and industrial grade UHMWPE 

fabrics would be adequate to achieve the goals of this study.  This was supported by the similar 

findings in the material characterization process. Even though the results of this study were 

based on UHMWPE of an industrial and scientific grade from different sources, results are 

anticipated to transfer to UHMWPE of an implantable quality for the intended uses. 

As previously stated, the effective attachment of a protein molecule to polymer surfaces is 

determined by a few surface and protein features. Characterization studies of PIII treated fabric 
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surfaces were carried out to better understand the mechanisms of the process. Contact angle 

studies provide information on the surface energy and wettability of, while XPS allows the 

detection of structural changes on the UHMWPE fabric surface after the nitrogen based PIII 

treatment. It is hoped that the investigation of these properties will provide a reference for later 

results and may also better understand the covalent connection process. Also, the effect of the 

plasma treatment of the polymer is not permanent, because the surface it is often partially 

restored to its untreated state after storage. Even while a plasma treatment can be used to raise a 

polymer's surface energy, as it ages, the active surface will also experience post -plasma 

oxidation processes[85].  

Typically, the initial surface characterization results matched the reported values in the literature 

quite closely. Untreated UHMWPE had  contact angles and surface energy values that were 

comparable to those seen in other sources[123, 153]. Untreated UHMWPE fabric  had liquid 

contact angles and surface energy values that were comparable to those seen in other sources[52, 

58]. While there haven't been any studies of the nitrogen based on PIII treatment being applied to 

UHMWPE fabric surfaces, other energetic bombardment surface treatments have frequently 

revealed a considerable increase in wettability, surface energy, and oxygen content, all of which 

are related to the intensity of the treatment used. Plasma can modify the function of the polymer 

to insert or activate it. The surface of polymer is expected to undergo chemical and 

morphological changes, because high-energy ions in plasma can react with the outer atomic layer 

of the substrate down to several nanometers. The impacts caused by particle assault are chain 

scission and presentation of components to form modern chemical bunches, radical arrangement, 

cross linking and oxidation when exposed to air[247]. 
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Initially, ion bombardment at some stage in PIII treatment effects in preferential sputtering of 

hydrogen and therefore dehydrogenation. Enhancement of the wear resistance 

and surface hardening can be done with this technique. Plasma adjustment is one of the normal 

strategies to improve or lessen the wetting properties of polymers. Generally biocompatible 

materials have a hydrophilic nature however, as received, from the supplier, UHMWPE is 

hydrophobic with a water contact point of around 69°. The treatment makes the fabric surface 

become more hydrophilic as demonstrated from the contact angle of formamide (Fig 3.8,3.16). 

In previous study, the PIII treatment on LDPE reduced the water contact angles from 90° to 

60°[248]. The hydrophilicity of UHMWPE can be improved by presentation of polar groups 

such carboxyl, carbonyl, and hydroxy groups from oxidation.  

The PIII treatment has been known to create a reservoir of radicals on the sub-surface of the 

polymer which emerge to the surface and react with oxygen when samples are exposed to the air 

[249].The formation of oxygen and nitrogen containing groups as detected by XPS (Fig 3.11 & 

3.18) contributes to the increased hydrophilicity of the PIII treated surface, although we cannot 

directly measure the water contact angle on the fabrics. The PIII treatment & surface 

characterization results were similar for industrial & scientific grade UHMWPE fabric, but this 

could be different in biological testing. 

Section 3.5.9 has been discussed on physical and chemical difference between two grades of 

UHMWPE before and after the PIII treatment. Some similar results observed for free radical 

measurements, surface energy calculations etc. However, a few results showed variations 

observed between industrial and scientific grade UHMWPE fabric such as presence of more 

polar groups, higher rate of contact angles changes, less pi-pi bonds in scientific grade 

UHMWPE fabric than industrial grade UHMWPE fabric.  This may have been due to the 
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presence of impurities introduced in the manufacturing process as indicated by the stronger 

discoloration of industrial material with the PIII treatment. 

The work done in this chapter enabled the creation of a uniform operating procedure for all 

upcoming tests using the same UHMWPE fabric. Studies on surface characterization have shown 

an unanticipated hydrophobic recovery effect, which is thought to be caused by the production of 

low molecular weight fragments at high ion bombardment levels occurred on both grades of 

UHMWPE fabric.  

In summary, we may state that the experimental component of this chapter's findings supported 

the hypothesis. 
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4.1 Introduction  

Ligaments and tendons play a significant role in musculoskeletal biomechanics. Ligament 

attaches bone to bone and tendon at taches bone to muscle[250]. Ligaments are strong 

mechanical connective fibers that can extend across a joint and be attached to bones at either 

end. They bind two bones together, prevent dislocation, and limit joint movement. They are 

distinct in terms of their location, size, shape, and orientation. Tendons and ligaments are elastic 

fiber structures made up of densely packed collagen fibers that are arranged in a pyramid 

pattern[251]. Rod-like collagen molecules align in a quarter-stagger array parallel to the tendon's 

longitudinal axis to produce a fibril, the smallest structural unit in the tendon. Water, collagen, 

proteoglycans, glycoproteins, cells, and ground substance are the main components of tendons 

and ligaments. 

Tendons and ligaments are soft tissue components that are typically damaged by direct injury or 

prolonged stress. Tendon or ligament perforation often occur as a result of sudden, extreme 

loading, which can arise as a result of athletic injuries or motor vehicle accidents[161]. 

Tendon and ligament injuries are a huge category of musculoskeletal injuries that cause pain and 

functional impairment in millions of people and account for a significant amount of health-care 

spending. Soft tissue injuries account for thirty to fifty percent of all injuries in athletes, and this 

number is expected to continue to climb. One of the most common procedures performed by 

orthopedic surgeons is the reconstruction of Ligaments/Tendons (L/T)  of the knee following 

their rupture[252]. The number of patients receiving Ligament/Tendon (L/T) reconstruction is 

rapidly increasing, and while it is a generally safe technique, it is not uncommon for these 

patients to require further knee surgery, particularly in young and female patients[162]. 
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Many procedures have been used to restore the (L/T) 's activity and function, including allograft, 

autograft, and synthetic graft surgery. Autograft reconstruction is a typical procedure in which a 

piece of the patient's own tissue, usually from the patellar tendon or hamstrings, is taken and 

used as a ligament replacement due to the benefits  of using human tissues such as the existence 

of stretch receptors, vascularity, and the lack of graft rejection problems [253]. Quadrupled 

hamstring grafts, bone patellar tendon bone (BPTB), the double looped semitendinosus/gracilis 

tendon (DLSGT) have been used widely around the world as an autograft for L/T reconstruction. 

Quadriceps tendon and iliotibial band have been used as autograft as well[40]. Autografts have 

several disadvantages. These grafts have issues include crepitation, flexion contracture, and post-

operative knee discomfort. A gradual switch from using BPTB grafts to using DLSGT grafts has 

occurred in recent years due to problems with donor site morbidity, specifically arthrofibrosis, 

patello-femoral pain when kneeling, quadriceps weakness, and loss of sensitivity associated with 

these grafts[183]. Generally, donor site morbidity with hamstring grafts is often lower than with 

patellar tendon transplants, but saphenous nerve injury and hamstring weakening have been 

documented. The need for a further harvesting technique results in lengthier operation and 

recuperation times, which is another drawback of autograft reconstructions. 

Allografts can used in the same way that autografts are. Patellar tendon, quadriceps tendon, 

Achilles’ tendon, tibialis anterior tendon, tibialis posterior tendon, hamstring tendon, and fascia 

lata are among the allografts used. Because of its mechanical qualities, the Achilles tendon is a 

viable candidate[254]. A graft diameter that is easily matched to the patients, a more cylindrical 

shape than a patellar graft. On the other hand, patellar tendon has a bigger cross-sectional area 

that offers for superior strength, and a graft diameter that is easily matched to the patients. 

Allografts have several advantages compared to other grafts. The use of allografts avoids donor 
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site complications such as: patellar fracture, muscle weakness and knee pain etc. Negative 

outcomes for allografts include expense, delayed graft incorporation compared to autografts, 

tendon allografts that are weaker than autografts, higher risk of contamination, and limited 

availability. 

Autografts can cause donor site morbidity, while allografts can cause patients to develop blood 

and bone disorders. Physical activity restrictions are currently the most significant limitation for 

L/T repairs using synthetic grafts. Even though early rehabilitation of autograft can reduce these 

issues, but biological graft is fragile. The increased activity that occurs during the early post-

operative period can cause further issues. Excessive tension on the graft could harm the graft 

tissue, leading to graft fracture. 

Synthetic ligament grafts could be a useful choice for L/T restoration due to the disadvantages of 

allografts and autografts. To address the drawbacks of biological grafts, artificial ligaments have 

been suggested as a substitute. The synthetic ligament graft is a device that connects the ends of 

two bones using artificial ligaments. A layered or tubular woven ligament with an extra-articular 

region, at least one bending region, and at least one end region makes up the device. Each area 

should be weaved to provide support and flexibility in response to certain stresses. Ligament 

grafts would ideally have the following properties:  

 

• Strength and stiffness comparable to a natural L/T  

• Minimal inflammation upon implantation into the body  

• Degradable over time to facilitate tissue ingrowth 

• Excellent resistance to abrasion against bones and joints 
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Various biomaterials have been developed over the past few years as artificial ligaments such as  

poly -l-lactic acid (PLLA), poly carbonates, poly arylates, polycaprolactone, PDS, 

poly(diaxonane), PLGA, poly(lactic-co-glycolic acid), PLLA, poly(L-lactic acid)[205, 255–258].  

However, the selection of biomaterials for such regeneration is a major challenge due to the lack 

of biocompatibility of mechanically suitable materials that are capable of appropriately handling 

in vivo mechanical loadings [1]. In the last few decades, bioabsorbable and non-bioabsorbable 

biopolymers have been applied for use in orthopaedic applications due to their high mechanical 

strength and biocompatibility compared to metals and ceramics [65]. Ultra-high molecular 

weight polyethylene (UHMWPE) is among the non-bioabsorbable polymers which are 

commonly used for joint replacement and other applications where sustained function in 

required. The market demand for medical-grade UHMWPE has increased tremendously from 

60.9 kilotons (2015) to 204.8 kilotons (2024)  according to a survey conducted by Grand view 

research [67]. The comprehensive use of UHMWPE in the medical field is due to its low wear 

volume, ultimate tensile strength and low coefficient of friction [79].  

 

In this research two different types of UHMWPE fabric have been chosen based on their sources. 

One is industrial grade UHMWPE fabric which is cheap and easily available, and another is 

scientific grade UHMWPE fabric potentially free from impurities and costly. 

 

4.2 Design criteria for ligament/tendon graft 

 

To accommodate varying patient knee sizes, the synthetic graft can be manufactured in a variety 

of lengths and diameters. A prosthetic ACL has some advantages over biological grafts, one of 

which is that it allows for better overall design and production control without being constrained 
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by the need to modify the acquired tissue. The human load bearing capability and body weight 

were considered during the creation of the graft, and these factors will determine the desired 

strength of the synthetic ligament graft. In contrast side, a graft may lose 50% of its volume 

during the remodelling period, thus it's critical to maintain the graft's strength during insertion. 

When designing the UHMWPE ligament graft, three essential elements were considered such as 

graft diameter, cross sectional area and strength of graft [259–261]. 

 

Table 4.1 Relationship of graft diameter and cross-sectional area with strength of the 

graft[261]. 

Change in graft diameter 

(mm) 

% Increase in cross-

sectional area 

% Increase in strength of 

graft 

6 to7 36 38 

7 to 8 31 20 

6 to 8 78 66 

7to 9 65 34 

6 to9 125 85 

 

The graft's diameter has been reported to be important for graft strength as shown in Table 4.1. 

There would be more space for tissue ingrowth if the transplant had a large surface area. Prior to 

graft design, the length of the graft was considered. Scientists have discovered that the bone 

tunnel's overall length might range from 85 to 105mm[260]. 

Tunnel sections should be designed in a way that it can play an important role in cellular 

adhesion, proliferation, and differentiation. The proposed hollow cylindrical shape of the 

UHMWPE ligament graft would support osteogenesis and tissue integration. The design needs to 

include high porosity for tissue ingrowth and simple access to vascularization across the entire 

system should be features of the UHMWPE prosthetic design [262]. A synthetic ligament/tendon 
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graft should have strength and stiffness to match the properties of human L/T without any side 

effects. This UHMWPE graft is designed to in such a way so that it can mimic the properties of 

natural L/T. 

 

(i) It has a cylindrical shape of 100mm length and 10mm diameter to mimic the structure of 

human L/T. 

(ii) It is highly porous and can provide large surface area for cells to grow and proliferate. 

(iii) It has high strength and stiffness. 

 

4.3 Aim & hypothesis of the chapter 

 

The following summarises the goal and focus of studies described in this chapter: 

1. Development of a synthetic ligament graft prototype by combining of Ultra high 

molecular weight polyethylene (UHMWPE) fabric in a woven fabric structure 

2. Conduct testing for tensile mechanical properties under immediate physiological loading 

to validate the mechanical performance of the synthetic ligament graft. Conduct Cyclic 

loading evaluation of ligament/tendon graft prototype which mimics the initial phase of 

ligament healing. 

3. Assuring that acceptable standards and literature guidelines were used in this test work. 

4. Compare the mechanical properties for industrial grade versus scientific grade 

UHMWPE. 

5. Determine the impact of plasma treatment on tensile mechanical properties of the 

synthetic UHMWPE ligament graft by measuring these properties before and after 

plasma treatment. 

6. Compare the porosity of industrial grade UHMWPE graft versus scientific grade 

UHMWPE graft. 

 

According to the theory, industrial-grade UHMWPE is more robust than scientific-grade 

UHMWPE fabric and both grades of UHMWPE graft can support human weight. Both 

substances would be sufficiently porous to support blood supply and osteogenesis. 
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4.4 Experimental method for designing, manufacturing, and testing a prototype synthetic 

ligament/tendon prosthesis. 

 

4.4.1 Material selection 

 

UHMWPE was selected as the material for the prototype synthetic prosthesis. UHMWPE is a 

subgroup of the thermoplastic polyethylene (PE) family that is obtained from a monomer of 

ethylene by a polymerization reaction. UHMWPE is also known as a high modulus PE or high-

performance PE because of its toughness and good impact strength. It also has extraordinary 

properties such as nontoxicity, high resistance to corrosive chemicals and wear resistance that 

makes it reliable for orthopaedic applications and is widely used in other orthopaedic 

applications requiring long term implant performance. Two grades of UHMWPE fabric would be 

used here to conduct mechanical testing as they could represent alternative weave design, cost, 

and purity for assessment.  

 

4.4.2 Fabrication of UHMWPE prosthetic prototype 

 

In order to evaluate the mechanical properties  of a UHMWPE fabric prototype including 

performance with and without the PIII treatment, a rectangle of UHMWPE fabric was sewed 

with a Lumina N190 sewing machine into a tubular shape of similar dimensions to human 

anterior cruciate ligament (ACL) for mechanical testing. Approximately 125 mm x 20mm of 

UHMWPE fabric was used for sewing. Nylon thread was used as a sewing thread due to its 

excellent biocompatability strength and abrasion resistance properties. 

After sewing, the excess portion of the fabric was trimmed by using heated scissors blade to 

make a tubular shape. One end of the graft was stitched closed with nylon thread. It was then 
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pushed by a knitting needle (diameter 4.0 mm) to reverse inner and outer surfaces to produce a 

hollow tubular shape. with a length of 100 mm and a width of 10 mm. This shape and 

dimensions was selected to reproduce the dimensions of current ACL autografts.  The fabrication 

process is illustrated in Fig 4.1.  

 

Figure 4. 1 Fabrication of UHMWPE ligament graft prototype   from UHMWPE fabric. 

 

Figure 4. 2 Left side image showing stitched UHMWPE fabric and right-side image showing the 

inside out transformation to the final fabric graft. 
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4.4.3 Tensile testing of the graft 

 

Figure 4. 3 Mechanical testing of graft using Instron machine. 

A tensile test was performed using an Instron 3366 testing machine to compare the mechanical 

properties of the untreated and PIII treated UHMWPE ligament grafts (tubular structure). 

Mechanical properties of the grafts were calculated from the stress-strain relationship. The graft 

was gripped by clamps at each end where a knot was made to prevent it from slipping through 

the clamps. The load was continuously increased, and the UHMWPE ligament graft extended 

gradually until failure. The gauge length was set at 10 cm. The maximum tensile load, maximum 

strain, and stiffness were measured from the stress-strain relationship. 

4.4.4 Cyclic loading of the graft 

 

The goal of the cyclic loading was to see how simulated physiological loads affected the 

untreated UHMWPE grafts mechanical performance. Each graft was first cyclically loaded in a 

load control mode using a sinusoidal wave ranging from 50 to 1000 N for varying amounts of 

cycles at 1 Hz. The forces in the ligament/tendon specially anterior cruciate ligament (ACL) 
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during walking and running were simulated using this technique [263]. We selected to examine 

each specimen for 1000 and 100,000 cycles at two distinct loading strengths in our research 

ranging from 50 and 700 N, 50 and 800 N and 50 and 1000 N. This number of cycles is higher 

than what Beynnon and Amis (1998)[264] and Beynnon, Johnson, and Fleming (2002)[265] 

prescribed, and it was chosen to optimize prosthesis loading. The difference between strains at 

the first and last cycle was used to compute the displacement after loading. 

4.4.5 Porosity of the graft 

 

When enzymatic degradation takes place, the device's surface area and porosity play a key role in 

regulating the pace of degradation. The functionality of the implant and the overall cellular 

response can be modified by the implant's porosity[266, 267]. The porosity of UHMWPE graft 

was evaluated based upon the protocol reported in the literature of Chun[268]. Based on the 

concept of liquid displacement the porosity of the UHMWPE ligament graft was assessed. The 

porosity of the PET-ALs was calculated using the following equation. 

 

Here, Porosity of the graft is denoted by φ 

PT= Weight of the pycnometer's weight after being fully filled with pure water and the tested 

UHMWPE graft. 

PS= Weight of the dried pycnometer and the UHMWPE graft 

PP= Weight of the dried pycnometer 

VP= Volume of pycnometer 

ρH2O= Density of water at room temperature 



101 

 

4.5 Data presentation and statistical analysis 

 

All figures and statistical analyses relevant to the results in this chapter were analyzed and 

evaluated using Microsoft Excel (version 2013), and ORIGINPRO 2020. For group 

comparisons, two tailed t-tests with a P value of 0.05 indicating significance were used. 

4.6 Experimental Results 

 

4.6.1 Mechanical testing of industrial grade UHMWPE graft 

 

Load-strain curves were constructed for deformation rate to investigate the impact of strain rates 

on the mechanical properties of the prosthesis. The mechanical behaviour of this prostheses 

reflected the ligament behaviour which is shown in Fig 4.4 and Table 4.2. 

 

Figure 4. 4 Stress-strain curve for UHMWPE graft. 

The load–strain curve of industrial grade UHMWPE prosthesis is shown in Fig 4.5. This curve 

can be also broken down into various categories. The first region is nonlinear and has a high 
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starting stiffness. Then there's a linear zone with a higher rigidity. The fibers are stretched in this 

phase, which is followed by a plastic region in which the distortion is irreversible. The curve 

eventually achieves the maximum load that the structure can bear. The prosthesis will fail if it is 

overloaded. The young’s modulus of UHMWPE graft is 10844.97 Mpa. 

 

Figure 4. 5 Load versus strain curve for industrial grade UHMWPE graft. 

Table 4.2 Tensile properties of industrial grade UHMWPE prostheses. 

Ligament/graft Tensile load 

(N) 

Yield strain 

(%) 

Stiffness 

(N/mm) 

Youngs modulus 

(MPa) 

Yield strength 

 

UHMWPE graft 3739.21±216.9 3.02±0.6% 5547±316.5 10844.97±608.37 1119.8±87.2 

Human 

Ligament/tendon 

1725–2160   306 110  
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Figure 4. 6 (A) Load comparison of several types of grafts from mechanical testing [1] (B) Load 

comparison of Untreated and PIII treated UHMWPE grafts. 

Fig 4.6 (A) compares industrial grade UHMWPE graft with other grafts obtained from literature 

including human Anterior cruciate ligament (ACL) graft. UHMWPE can withstand 3689.5 N till 

it breaks. From analysis of essential criteria of other synthetic grafts, UHMWPE could be 

considered an option for ligament/tendon reconstruction.  

Fig 4.6 (B) shows the mechanical performance comparison of UHMWPE ligament graft before 

and after the plasma treatment, in which the value remains unchanged after the plasma treatment. 

Low variability indicated by the error bar indicates the consistency of measurements between 

repeats. Comparable results proved that PIII treatment did not change the bulk properties of the 

material, whilst it changes the material’s surface properties. 
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Figure 4. 7 (A) Cyclic loading of UHMWPE at 1000 cycles within different load ranging from 

(50-1000 N); (B), (C) & (D) Peak and valley load of the UHMWPE grafts at each cycle during 

cyclic loading. 

4.6.2 Cyclic loading of industrial grade UHMWPE graft 

 

The mean deformation and peak load measured on untreated UHMWPE graft after cyclic 

loading are reported in Table 4.3. The maximum load is defined as the peak load level in the 

load–time curve, and it can be used to estimate the prosthesis' failure load during cyclic loading 

is shown in Fig 4.7 & 4.8. At 1000 cycles, the UHMWPE graft presented a residual deformation 

of 0.53 mm for 700 N, 1.05 mm for 800 N, and 1.49mm for 1000 N load. On the other hand, at 

100000 cycles, a residual formation of 1.32mm found for 700 N and 1.69 mm for 800 N. Each 

prosthesis was first cyclically loaded in a load control mode using a sinusoidal wave between 
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different load ranges (50 - 1000 N) for various amounts of cycles at 1 Hz is shown in Fig 4.7 (B, 

C, D) & Fig 4.8(B, C). The forces in the ligament/tendon specially in (Anterior cruciate 

ligament) during walking and running were estimated using this mode[263]. 

Table 4.3 Cyclic loading data of untreated industrial grade UHMWPE graft. 

No of cycles Peak load (N) Deformation (%) 

1000 701.69 0.53 

802.25 1.05 

999.6259 1.49 

100000 699.71 1.32 

799.41 1.67 

 

Cyclic loading of ACL grafts has yet to be defined as a standard procedure. To analyze the first 

cyclic loading response, Beynon and Amis [264] proposed loading the knee to 1000 load cycles 

at 150 N of displacement. Jarvinen et al. [263] loaded grafts for 1500 loading cycles at 0.5 Hz 

between 50 and 200 N. In this work, the UHMWPE grafts were loaded between 50 - 800 N for 

1,000 cycles and 50-1000N for 100,000 cycles to imitate stresses exerted to the ACL during 

walking and intensive physical therapy[269].This number of nodes are higher than that suggested 

by Beynnon and Amis(1998) and Beynnon, Johnson, and Fleming(2002),  Jedda and Ben(2011) 

and it was chosen to maximize prosthesis loading[263]. 
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Figure 4. 8 (A) Cyclic loading of UHMWPE at 100000 cycles within different load ranging 

from (50-800 N); (B) & (C) Peak and valley load of the UHMWPE grafts at each cycle during 

cyclic loading. 

4.6.3 Mechanical strength of scientific grade UHMWPE graft 

 

Stress-strain curves were constructed for deformation rate to investigate the impact of strain rates 

on the mechanical properties of the prosthesis. The mechanical behaviour of this prostheses 

reflected the ligament behaviour which is shown in Fig 4.9 and Table 4.4. 
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Figure 4. 9 Stress-strain curve for scientific grade UHMWPE graft. 

The load–strain curve of UHMWPE prosthesis is shown in Fig 4.10. This curve can be broken 

down into various categories. The first region is nonlinear and has a low starting stiffness. Then 

there's a linear zone with a higher rigidity. The fibers are stretched in this phase, which is 

followed by a plastic region in which the distortion is irreversible. The curve eventually achieves 

the maximum load that the structure can bear. The prosthesis will fail if it is overloaded. 

Table 4.4 Summarizes the mechanical features of the scientific grade UHMWPE prosthesis. 

 Tensile 

load (N) 

Yield 

strain (%) 

Stiffness 

(N/mm) 

Youngs 

modulus 

(MPa) 

Yield strength 

(Mpa) 

UHMWPE graft 2238.9±245 

 

5.1%±0.04 47355.5±200 

 

46424±167 

 

1625.9±50 

Human 

Ligament/tendon 

1725–2160   306 110  
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The average tensile load bearing capacity of the scientific grade UHMWPE prostheses is higher 

than that of the natural ACL (2195; 1725–2160) N. We found that the strain values are lower (< 

6%) than that of the natural ACL, and the stiffness is higher than that of the natural ACL (242–

306 N/mm). 

 

Figure 4. 10 Load-strain curve of scientific grade UHMWPE graft. 

               

 

Figure 4. 11 Load comparison of several types of grafts from mechanical testing. 
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When repairing hard tissues such as ligaments, tendons, cartilage, and bone, the mechanical 

qualities of the graft/scaffold are typically crucial. In this section mechanical strength of 

UHMWPE graft was calculated and compared with PIII treated scientific grade UHMWPE graft. 

Fig 4.11(A) compares UHMWPE graft with other grafts obtained from literature including 

human Anterior cruciate ligament (ACL) graft. UHMWPE can withstand 2238 N till its break. 

From analysis of essential criteria of other synthetic grafts, UHMWPE could be considered the 

best option for ligament/tendon reconstruction.  

Fig 4.11 (B) shows the mechanical performance comparison of scientific grade UHMWPE 

ligament graft before and after the plasma treatment, in which the value remains unchanged after 

the plasma treatment. Minor error bar indicates the consistency of measurements among repeats. 

Comparable results proved that PIII treatment did not change the bulk properties of the material, 

whilst it changes the material’s surface properties. 

4.6.4 Cyclic loading  

 

The mean deformation and peak load measured on untreated scientific grade UHMWPE graft 

after cyclic loading is reported in Table 4.5. The maximum load is defined as the peak load level 

in the load–time curve, and it can be used to estimate the prosthesis' failure load during cyclic 

loading is shown in Fig 4.12 & 4.13. At 1000 cycles, the UHMWPE graft presented a residual 

deformation of 1.62 mm for 700 N, 1.77 mm for 800 N, and 1.88mm for 1000 N load. On the 

other hand, at 100000 cycles, a residual formation of 2.08mm found for 700 N and 2.37mm for 

800 N. Each prosthesis was first cyclically loaded in a load control mode using a sinusoidal wave 

between different load ranges (50 - 1000 N) for various amounts of cycles at 1 Hz is shown in 
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Fig 4.12 (B, C, D) & Fig 4.13(B, C). The forces in the ligament/tendon specially in (Anterior 

cruciate ligament) during walking and running were estimated using this mode[263]. 

Table 4.5 Cyclic loading data of untreated UHMWPE graft. 

   

No of cycles Peak load (N) Deformation 

(%) 

1000 701.69 1.62 

802.25 1.77 

1002.28 1.88 

100000 749.71 2.08 

802.12 2.37 
 

  

 

 

Figure 4. 12 (A) Cyclic loading of UHMWPE at 1000 cycles within different load ranging from 

(50-1000 N); (B), (C) & (D) Peak and valley load of the UHMWPE grafts at each cycle during 

cyclic loading. 
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Figure 4. 13 (A) Cyclic loading of UHMWPE at 100000 cycles within different load ranging 

from (50-800 N); (B) & (C) Peak and valley load of the UHMWPE grafts at each cycle during 

cyclic loading. 

 

Figure 4. 14 Variation in residual deformation during cyclic loading; (A) Comparison of residual 

deformation for scientific and industrial grade UHMWPE graft at 1000 cycles; (B) Comparison 

of residual deformation for scientific and industrial grade UHMWPE graft at  1000 cycles; (B) 

Comparison of residual deformation for scientific and industrial grade UHMWPE graft at 

100000 cycles. 



112 

 

Fig 4.14 depicts residual deformations for industrial and scientific grade UHMWPE prostheses at 

various cycle counts. Residual deformation is higher for scientific grade UHMWPE. It is obvious 

that residual deformation rises as the number of cycles rises, yet it tends to settle at high cycle 

counts and never rises above 3%.  

4.7 Porosity of the graft 

 

Porosity of two different types of UHMWPE fabric has been calculated and plotted in Fig 4.15. 

It’s been observed that there is no significant difference in porosity between these two types of 

UHMWPE graft. Porosity of industrial grade UHMWPE graft is 62.05 and scientific grade 

UHMWPE is 61.07. 

 

Figure 4. 15 Variation in porosity of two different types of untreated UHMWPE graft. 

4.8 Comparative study between two grades of UHMWPE graft 

 

Industrial grade UHMWPE fabric is cheap but may contain more impurities compared to the 

scientific grade UHMWPE fabric. Here, we studied their load bearing capacities to use them as a 

medical implant. Industrial grade UHMWPE fabric graft can withstand 3689.5 N which is higher 

than the scientific grade UHMWPE graft (2238.9 N). From the cyclic loading data, it is obvious 
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that both grafts can bear 700-1000 N within 1000 cycles and 700-800 N within 100000 cycles. 

Residual deformation rate is higher for scientific grade UHMWPE graft but very minimal 

compared to the load bearing capacity which is shown in Fig 4.14. Porosity of both types of 

UHMWPE graft is similar. The above differences is due to the structure of industrial grade 

UHMWPE fabric. The fabric thickness and filament diameter are higher in industrial grade 

UHMWPE fabric than the scientific grade UHMWPE fabric which is mentioned in Table 3.1. 

4.9 Discussion and Conclusion 

 

The mechanical qualities of two types of UHMWPE grafts are sufficient for use as the ligament-

replacing portion of a prosthetic ligament/tendon device. The design criteria of UHMWPE graft 

provided by Ge et al.[1]. In comparison to earlier prosthetic devices and currently available L/T 

replacement choices, a prosthetic with the mechanical behavior and performance provided by the 

suggested design would have advantages. Currently available alternatives have drawbacks, such 

as donor site morbidity and the requirement for the harvest operation in the case of autografts 

and disease transmission risk, slower incorporation, and increased procurement costs in the case 

of allografts. These drawbacks would be eliminated with a functional prosthetic alternative[270]. 

The ultimate strength of the suggested design was found to be greater than 2100 N, surpassing 

that of natural ligament/tendon, which were found to be susceptible to rupture as a failure 

mode[263]. 

In younger donors, the linear stiffness of the ACL has been measured between 182 N/mm and 

242 N/mm, and as low as 124 N/mm in elderly donors. Autografts and allografts are stiffer than 

the natural ligament. For example, hamstring graft stiffness can reach 1000 N/mm, yet there have 
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been no reports of this severely reducing functionality. Here we found that both of our 

UHMWPE grafts are stiffer than the hamstring graft. 

The mechanical behavior of the graft construct throughout healing is not covered by single-cycle 

load-to-failure testing of ACL grafts, which offers information regarding the mechanical 

properties at the time of implantation[264]. The early healing phase is characterized by 

submaximal cyclic stress. Therefore, the purpose of this study is to give a more accurate analysis 

of the impact of cyclic loading on the parameters of the graft. A suitable ligament/tendon 

replacement should have high fatigue characteristics in addition to biocompatibility, sufficient 

mechanical properties (high initial tensile strength, sufficient strain, and high stiffness), and 

sufficient mechanical properties due to different degrees of forces are repeatedly applied to the 

artificial ligament graft. This study looked at how cyclic stress affected the artificial ligaments' 

mechanical behavior to provide an indication of their durability after implantation. 

Other issues like fatigue and bending creep were not adequately described in this thesis. These 

tests are not standardized and might or might not be relevant to in vivo ligament performance, 

even though they are significant conceptually. The cyclic loading test was carried out in force 

control mode as opposed to displacement control mode, even though displacement limits would 

also apply to the native ligament or a ligament replacement to some extent. 

To analyze the initial cyclic loading response, Beynon, and Amis (1998) advised loading the 

knee to 1000 load cycles at 150 N of displacement. Jarvinen et al. chosen to apply 1500 loading 

cycles ranging from 50 to 200 N at 0.5 Hz to the grafts. Weiler, Richter, Schmidmaier, 

Kandziora, and Sudkamp (2001) gradually increased force until tendon collapse while applying 

forces ranging from 50 to 300 N. In a force-relaxation test, Numazaki, Tohyama, Nakano, 

Kikushi, and Yasuda (2002) stretched the graft by 2 mm every cycle for 5000 cycles. 100 cycles 
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were repeated with increasing loads up to 850 N by Jarvinen, Kannus, and Jarvinen (2001) and 

Kousa (2003a, 2003b).  

In this study, the prosthetic ligaments were loaded between 50 and 700 N until 60,000 cycles to 

replicate the stresses placed on the ACL while walking and engaging in vigorous physical 

therapy, which served as a representation of the equivalent activity for eight weeks. Therefore, it 

appears that the mechanical performance of the proposed graft declines as the number of cycles 

increases. It is obvious that residual deformation rises as the number of cycles rises, yet it tends 

to settle at high cycle counts and never rises above 3%. As a result of the textile structure 

reaching a fully jammed condition, where further fiber slippage is impossible, after many cycles, 

residual deformation is stabilized. 

Industrial grade UHMWPE graft was superior in mechanical strength rather than scientific grade 

UHMWPE ligament graft. It may have been due to slight differences in molecular or filament 

structure of UHMWPE fabrics. The primary differentiation between them is in the filament 

pattern and braids. Spectra has thicker individual filaments but less filaments to make a weave 

pattern in fabric. On the other hand, Dyneema has thinner filaments & more of them are added to 

make an individual weave. Although having excellent mechanical properties of industrial grade 

and scientific grade UHMWPE graft is it safe to be used for prosthesis is dependent on cell 

culture studies. 

The porosity of two types of UHMWPE graft has been calculated and studied. It’s been observed 

that there is no significant difference between these two types of ligament grafts. Porous 

membranes are also used in research labs to sustain various multi-compartment 

microenvironments that mimic intricate physiological functions. The majority of studies on how 

cells react to porous membranes have indicated a multiphase response in which pore size 
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increases and frequently pore-pore spacing results in better interactions between cells and their 

substrate[271, 272]. 

Further studies needed to understand the surface properties of both UHMWPE fabric. Material 

properties (weave pattern, thread dimension, molecular weight plays an important role in 

mechanical strength of material. A greater level of control in manufacturing and characterization 

of impurities of scientific grade UHMWPE could make it preferred material for implants for 

regulatory reasons. By changing the fiber composition, diameter, braiding and twisting angles, as 

well as yarn density, the architecture of the UHMWPE fabric can be altered in terms of pore 

diameter, porosity, and surface area. 

Summary of this chapter 

1. Two synthetic UHMWPE ligament graft prototypes were developed by combining Ultra 

high molecular weight polyethylene (UHMWPE) fabric in a woven structure. Industrial 

grade and scientific grade UHMWPE ligament graft’s tensile behaviour is similar to the 

native ligament/tendon. 

2. Tensile mechanical properties validated the mechanical performance of the synthetic 

ligament graft prototype. Cyclic loading evaluation of ligament/tendon graft prototype 

mimics the initial phase of ligament healing. The cyclic loading results indicated both 

graft materials were able to withstand physiological loads without exceeding the 

acceptable strain percentage. All experiments were conducted based on standards and 

literature guidelines. 
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3. Comparative study between two grades of UHMWPE graft indicated that both were able 

to carry human loads but the industrial grade graft capacity was higher than that for the 

industrial grade UHMWPE graft. 

4. The mechanical properties of UHMWPE grafts before and after plasma treatment were 

identical which indicates that plasma treatment does not change the bulk properties of the 

materials. 

The porosity of industrial grade and scientific grade UHMWPE graft was similar and was 

predicted to be supportive for cell growth and expansion. 

 

In conclusion, the claim made in the introductory part is validated by our data analysis and the 

results of our experiment. 
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Chapter 5 : Protein Immobilization on 

UHMWPE fabric 
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5.1 Introduction 

Over the last few decades, numerous attempts have been made to produce surface immobilized 

enzymes with the goal of making them easier to utilize in continuous flow processes. When an 

enzyme or other sort of catalyst is dissolved in the reaction media, it can be difficult to monitor 

and to recycle. Immobilizing an enzyme can be a simple way to permit the sustained activity of 

an enzyme, which can considerably improve biocatalytic process economics while also 

preventing the enzyme activity from being carried over to subsequent steps. The effectiveness of 

every assay utilizing protein microarrays hinges on selecting the right surface for protein 

immobilization. An ideal surface should be able to maintain protein functionality with excellent 

signal-to-noise ratios while also having a high protein-binding capacity and providing an 

extended shelf life (Smith et al., 2005; Tao et al., 2007). 

Immobilization of peptides or growth factors on well-known biodegradable polymers has shown 

significant promise in terms of increasing bioactivity and establishing a more supportive 

environment for cells to attach, expand, and generate matrix [273]. Immobilized peptides or 

growth factors can improve stem cell homing capacity and have important consequences for in 

vivo immune responses. Growth factors delivered by scaffolds can modulate local cellular 

responses as well as induce neo-vascularization and encourage mesenchymal stem cells from 

neighboring tissues[274, 275]. Protein immobilization on an orthopedic surface enables more 

precise control of the implant's biological interactions with the body. Since the beginning of 

protein functionalization for orthopedics, several techniques have been examined. Some of the 

most commonly used immobilization methods include entrapment, encapsulation, connection to 

a solid support, and self-immobilization [221]. 
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The tendon/ligament-bone interface is a continuous slow transition of three different types of 

tissues within the body: tendon/ligament, fibrocartilage, and bone. Such transition zones also 

include the associated cells fibroblasts, fibro chondrocytes, and osteoblasts[276].  Collagen is the 

major component of tendons and ligaments, and the appearance of collagen types I and III, as 

well as decorin in minor levels, is typical of these tissues[277]. The fibrocartilage portion, which 

connects the tendon/ligament and bone tissues, is the most important part of this interaction. The 

Musculoskeletal (MSK) tissue recovery process after an injury can be broken down into five 

different phases: hematoma formation, inflammation, progenitor cell recruitment, matrix 

deposition, and matrix remodeling[278]. 

Plasma treatments are one of the recent techniques widely explored in the field of biomedical 

device development. Various functional reactive species on the surface of the plasma treated 

material changes the surface properties of the material[52, 279, 280]. Several patents covering 

the use of plasma activated polymer substrates to bind functional biological molecules have been 

successfully submitted by Prof. Marcela’s group in the last few years[247, 281]. The innovation 

describes a simple method for generating a polymer substrate functionalized with a biological 

molecule that only requires two stages.  

During plasma immersion ion implantation, the first stage entails exposing a surface of a 

polymer substrate to plasma treatment with a suitable plasma generating gas. The second stage is 

to simply incubate a desired biological molecule on the surface that has been treated in the first 

stage. Numerous peer-reviewed studies have supported the invention, which covers a variety of 

substrate materials such as PEEK, polystyrene, nylon, PET, and PTFE, as well as a variety of 

biomolecules such as horseradish peroxidase (HRP), catalase, and soybean peroxidase (SBP), as 

well as the extracellular protein monomer tropoelastin[247]. However, the number of clinical 
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procedures based on the patent claims is still limited, particularly in the field of biomedical and 

orthopedic polymers. The goal of this research is to extend the use of the patented method to 

UHMWPE polymers, with an emphasis on biomedical applications. 

Altering the fundamental substrate polymer may result in new and unexpected consequences due 

to the random and unpredictable nature of plasma treated polymer surfaces. As a result, it's 

critical to perform a thorough investigation to see if the patented technology can be applied to 

binding biomolecules to UHMWPE. The binding of different proteins to modified UHMWPE 

surfaces will be investigated in this chapter through immunostaining.  

Immunostaining is used here to examine differences in protein expression, localization, and 

distribution in UHMWPE structures. We can visualize the protein attachment on the surface. 

How much the surface is covered with proteins can be detected easily through immunostaining. 

Immunostaining is used here for (i) clarity (ii) high specificity (iii) high sensitivity (iv) ease of 

operation (v) sample positioning etc. 

Since UHMWPE polymers are now used mostly in the musculoskeletal engineering, some bone-

muscle related ECM proteins, such as collagen, and fibronectin, will be examined here. 

Furthermore, to assess the functionality of the immobilized biomolecules directly, release 

kinetics of Fluorescein Isothiocyanate Conjugated-Bovine Serum Albumin (FITC–BSA) from 

UHMWPE was observed. Furthermore, the predicted covalent bond between the activated 

polymer and the biomolecules will be investigated because it could have a direct impact on the 

technology's durability and variety of potential uses. The purpose of the study is also to 

differentiate the binding events between two different samples (industrial & scientific grade) of 

pure UHMWPE fabric and PIII treated UHMWPE fabric. Additionally, determining whether the 

immobilization impacts the proteins' functions is crucial for the technology's future usefulness. 
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5.2 Aims & hypothesis of the chapter 

 

Overall, the aims of this chapter can be summarized as the following: 

1. Evaluation and comparison of protein absorption or immobilization on treated and 

untreated industrial grade & scientific grade UHMWPE fabric surfaces 

 

2. Evaluation and comparison of PIII mediated covalent bonding of industrial & scientific 

grade UHMWPE with immobilized proteins BSA, collagen and fibronectin. 

 

 

3. Determine the release kinetics of Fluorescein Isothiocyanate Conjugated-Bovine Serum 

Albumin (FITC–BSA) from UHMWPE fabric. 

 

It is expected to immobilize protein molecules on the PIII treated UHMWPE fabric due to the 

presence of free radicals but not on the untreated UHMWPE fabric. For release kinetics assay, 

Scientific grade UHMWPE can show better results than the industrial grade UHMWPE fabric 

based on previous results mentioned in the thesis. 

 

5.3 Experimental methods 

 

5.3.1 Materials 

 

Collagen type 1 from calf skin (catalogue no: Sigma C9791), Fibronectin (Gibco Cat# 33016-

015), were among the proteins identified in this thesis. Monoclonal anti-Collagen type I antibody 

produced in mice (Sigma 2456). and Collagen type 1 antibody produced in mouse (catalogue no: 

C2456). bovine serum albumin, sodium dodecyl sulphate (SDS), phosphate buffered saline 

(PBS), dimethyl sulfoxide, Goat Anti-mouse-IgG antibody, and Alexa flour 488 were also used 
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in this thesis. Bovine plasma was purchased from Merck.  Fluorescein labeled Bovine Serum 

Albumin conjugate (FITC-BSA) was purchased from Life technologies Australia. The secondary 

antibody employed in all these tests was a conjugated anti-mouse IgG antibody generated in 

goats (Sigma A4416). 

5.3.2 PIII treatment procedure 

 

The PIII treatment technique followed the protocol developed in the early stages of this 

investigation, and the surface characterization chapter provides all the details. The industrial & 

scientific grade UHMWPE fabric samples were sterilized under UV treatment and cut into 6 cm 

x 8 cm strips for protein binding experiments, then plasma treated on both sides and trimmed 

down to 0.8 cm x 0.8 cm rectangles that just fit into the bottom of the wells of a 24 well plate. 

5.3.3 SDS washing protocol 

 

The organic chemical sodium dodecyl sulfate (SDS) has the formula CH3(CH2)11OSO3Na. It is 

an anionic surfactant that's often employed in the Sodium dodecyl sulfate Polyacrylamide gel 

electrophoresis (SDSPAGE) procedure to prepare proteins for electrophoresis. SDS operates by 

disrupting non-covalent interactions in proteins, causing them to denature and change their 

original shape. SDS coats proteins with a significant negative charge, allowing them to be 

separated on an SDSPAGE gel only by size. SDS is employed in this thesis to remove non-

covalently bound proteins that are just physically adsorbed onto a polymer surface since it 

eliminates all non-covalent linkages. 

To build productivity, the SDS washing stage was carried out under harsh conditions, with the 

incubation temperature raised to 95°C for 10 minutes. All non-covalently bound proteins should 
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be removed during this rigorous washing process, and any proteins identified on the surface 

afterward are assumed to have made at least one covalent connection to the surface. 

5.3.4 Protein immobilization on UHMWPE fabric 

 

One of the goals of this thesis was to immobilize biomolecules covalently onto a UHMWPE 

woven fabric surface without the use of complex chemical procedures or linkers. To coat each 

ECM protein or enzyme onto the fabric surface, a sample was simply soaked in a sufficient 

concentration of protein for long enough to guarantee that the maximum quantity of proteins 

attached to the surface. The concentration of the collagen and fibronectin proteins used was 

8ug/ml.  

5.3.5 Immobilization of Alexa fluor 488 

 

The Alexa Fluor 488 dye is a vivid, green, fluorescent dye with excitation perfectly matched to 

the 488 nm laser line. High molar ratios of Alexa Fluor 488 dye molecules can be used to bind to 

proteins without considerable self-quenching, resulting in brighter conjugates and more accurate 

detection. For cellular labelling and detection, Alexa Fluor 488 dye has been attached to a wide 

range of antibodies, peptides, proteins, tracers, and amplification substrates. 

The nature of protein attachment on untreated and PIII treated UHMWPE was investigated in 

this experiment. The nature of protein attachment on untreated and PIII treated UHMWPE was 

investigated by IgG binding assay. The UHMWPE  samples were cut into 6 cm x 8 cm strips for 

the protein binding assay, plasma treated on both sides, and then trimmed down to 0.8 cm x 0.8 

cm rectangles that just fit into the bottom of the wells on a 24 well plate.  



125 

 

In the IgG binding assay,it is assumed that Alexa fluor 488 conjugated fluorescent proteins will 

bind to the untreated and treated surfaces and washing will remove non covalent proteins from 

the surfaces. Samples were incubated in Alexa fluor 488 labeled goat anti mouse IgG (H+L) 

protein in PBS buffer for 1 hour with a concentration of 8 g/mL. After incubation, the samples 

were carefully washed with 3 X 1 ml  PBS to eliminate any remaining unattached protein.  

Samples of Each of the above UHMWPE fabrics are placed in 50ml falcon tubes filled with 5% 

sodium dodecyl sulfate in MiliQ water and rotated for the same number of hours as above to 

remove any non-covalently bound IgG from the surface of the fabric to provide an indication or 

what proportion of the fluorescently labelled protein covalently bound. Physisorbed molecules 

were removed by washing whereas covalently bound protein was retained.An Olympus Bx51 

microscope was used for fluorescence imaging to observe the immobilized protein on the 

UHMWPE surfaces. 

5.3.6 Collagen covalent attachment assay 

 

The Collagen type I was used to examine the protein attachment capabilities of the UHMWPE 

surfaces. Collagen is the primary and most important extracellular matrix component of the 

human body[182]. It is vital for functions as diverse as cell separation, cell relocation and 

mechanical properties of tissues. It is mainly observed in the form of elongated fibrils in 

connective tissues such as tendon, ligament, skin, cartilage, bone etc.[282]. Mechanical strength 

of ligament and tendon comes from the collagen. Increased interior crystallinity and a broad 

range of fibril sizes /  are observed in Collagen type-I structures [283]. Each collagen has a 

unique triple helix structure that serves as their identifying characteristic.  Three polypeptide 

chains with a glycine residue in every third position constitute its structure. The amino acid 
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sequence of collagen is unique, and the mandatory glycine is essential for the formation of the 

triple helix. The three-dimensional structure of collagen is formed by the three polypeptide 

chains[284]. In vitro and in vivo, collagen type-I has been employed in ligament/tendon tissue 

engineering[285].  

In various tissues, including tendons, collagen type III, fibrillar collagen made up of a 

homotrimer of chain type 1(III) amino acids, is a copolymer of collagen I. It is also known to be 

abundant at tissue healing and repair sites[286]. Collagen type III can be expressed in very small 

amount during L/T differentiation[287]. Some published articles have used collagen type III as 

an L/T marker for gene expression assay[288, 289]. 

 

Figure 5. 1 Structure of collagen Type-I. 

For the collagen binding assay, 0.8 cmx 0.8 cm strips of untreated and PIII treated UHMWPE 

fabric were incubated with collagen (15 g/mL in PBS) for 1 hour and then washed with 1 ml 

PBS twice. Collagen molecules were then labeled with primary antibody (anti collagen type 1 

antibody)  for 1 hour at room temperature and then washed with 1ml PBS for three times. Then 

the primary antibody was labeled with a secondary antibody (anti-mouse IgG antibody produced 
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in goat and conjugated with Alexa fluor 488) for 1 hour at room temperature followed by 1ml 

PBS washing step for 3 times to remove any unbound antibodies.An Olympus Bx51 microscope 

was used for fluorescence imaging to observe the immobilized protein on the UHMWPE  fabric 

surfaces. 

5.3.7 Fibronectin  

 

The adherence of numerous cell types is significantly influenced by fibronectin. In tissues and 

the extracellular matrix of cultivated cells, fibronectin can either be found as an insoluble protein 

or soluble in plasma, other body fluids. Numerous additional macromolecules that interact with 

fibronectin including collagen[290]. Collagen and fibronectin are important components of 

extracellular matrix in vertebrates. The development and properties of various tissues are 

influenced by their connection and redistribution[291]. 

Fibronectin (Fn) is a large, glycosylated protein that forms fibrils in the ECM and is made up of 

many copies of three domain classes: Fn-I, Fn-II, and Fn-III. It is involved in a variety of 

physiological processes, including embryogenesis, wound healing, hemostasis, and thrombosis 

etc. [290]. 

 

Figure 5. 2 Fibronectin fragments and collagen-derived peptides are shown schematically. (A) 

Domain structure of human fibronectin, showing the dimerization site and the alternatively 

spliced EDB, EDA, and IIICS sections. The gelatin-binding domain (GBD) is colored and 
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numbered according to the type of domain (pink, type I; green, type II). (B) Type I collagen is 

made up of two chains: one (black) and one (grey). Peptides from various regions are color-

coded, and fluorescent tags are represented by red circles. 

5.3.8 Release kinetics of FITC-BSA 

 

The aim of this study is to observe the release kinetics of protein (BSA) coated UHMWPE fabric 

alone and in the presence of  collagen /fibronectin. As we know that release kinetics of proteins 

(growth factors such as basic fibroblastic growth factor, endothelial growth factor, insulin like 

growth factor etc.) plays an important role in ligament/tendon regeneration during the three 

phases of L/T healing process. The release kinetics of FITC-BSA observed with both industrial 

and scientific grade untreated and PIII treated UHMWPE fabric. BSA used as a model protein in 

this experiment due to its availability, similarity to albumin in body fluid.  This experiment was 

conducted to examine the prolonged release kinetics, protein-protein interactions, and how they 

have interacted with the PIII treated material. 10ug of FITC-BSA conjugate was observed here 

as a model protein (as growth factors) based on experiments conducted by Natalie[226].  It was 

delivered into the UHMWPE fabric as described below.  

The UHMWPE fabrics (UT+ PIII treated) samples were cut into small pieces with a 1.9 cm2 

area. Samples were divided into 3 groups: (i) samples were incubated in FITC–BSA solution 

(BSA only); (ii) samples were incubated in FITC–BSA combined with collagen solution  (Col 

BSA); and (iii) samples were incubated in FITC-BSA combined with fibronectin (Fibronectin 

BSA). FITC-BSA, collagen and fibronectin solutions were prepared with a concentration of 

10ug/mlin (solution) respectively. Each sample was placed in a well of a 24-well tissue culture 

plate with (volume) incubation solution and incubated for 24 hours. They were washed in serum-

free media at 37oC for an hour and dried in ambient conditions. They were then placed in a well 

of a 24-well tissue culture plate  containing 0.5 ml of serum-free medium. The whole volume of 
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media was taken from each well and thoroughly replaced at 1 hour, 5 hours, 1, 4, 7, 11, 15, 18, 

and 21 days. The fluorescence absorption of the taken media was measured using a plate 

spectrophotometer (Multiskan EX microscope spectrophotometer, Thermo Scientific). 

5.4 Data Presentation and Statistical Analysis 

 

Origin and Microsoft Excel were used to construct and assess all figures and statistical analyses 

relevant to the conclusions in this chapter. Two-tailed t-tests were performed to compare groups, 

with a P value of 0.05 indicating significance. Unless otherwise noted, each experiment 

employed at least three triplicates and a minimum of three biological replicates to assure 

statistical validity of the results. 

 

5.5 Experimental Results 

 

5.5.1 Protein (Alexa fluor 488) covalent bio-functionalization of PIII-treated industrial 

grade UHMWPE fabrics  

 

We compared the strength of protein binding on the fabrics before and after the PIII treatment by 

observing the signal of Alexa fluor 488 fluorescently labeled IgG. Fig 5.3 shows images taken on 

untreated and PIII treated fabrics after each step. Higher levels of autofluroscence noticed from 

the untreated control industrial grade UHMWPE fabric compared to that for scientific grade 

UHMWPE fabric. Possible reasons could be the presence of contaminants not removed during 

the manufacturing process.   

 

After the immobilisation with IgG bound Alexa fluor 488, strong fluorescence can be seen on 

both UT and PIII-treated surfaces with brighter signal on the PIII-treated surface. The SDS wash 
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removed IgG entirely with deappearance of fluorescencs from the untreated fabric while 

fluorescence still visible on the PIII treated fabric, as evidenced by the dark colour on the UT 

versus the bright green observed on the PIII treated surafce. This suggests that the robust protein 

attachment observed on the PIII treated surfaces is due to covalent bonding rather than physical 

adsorption. This finding is consistent with protein attachment from previous studies of PIII 

treatment on other flat polymer surfaces such as polyurethane[85] in which the covalent bonds 

were assigned to the reaction between the protein molecules with radicals embedded on the 

polymer surfaces[85].   

 

Thus it can be concluded that that the robust protein attachment found on the PIII ion-implanted 

surfaces is the result of a covalent connection rather than physisorption. The technology to 

covalently immobilise proteins onto a hydrophilic surface is a significant advance that potentially 

allows protein structure and bioactivity to be preserved (Fig 5.3D &E). 
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Figure 5. 3 Fluorescence images of the fabrics; (A) and (B) Bare Untreated (UT) and PIII treated 

UHMWPE. (C) and (D) UT and PIII treated UHMWPE immobilized with Alexa. (E) and (F) UT 

and PIII treated UHMWPE immobilized with Alexa after SDS wash. 

5.5.2 Protein (Collagen Type-I) covalent bio-functionalization of PIII-treated fabrics 

 

Similar observations were found when collagen was immobilized on the UT and PIII treated 

industrial grade fabrics (Fig 5.4). The significant increase of fluorescence signal on both surfaces 

after the secondary antibody (anti-mouse IgG antibody produced in goat and conjugated with 

Alexa fluor 488) indicates that collagen molecules attached on both surfaces and hence enabled 

the attachment of the first antibody where the secondary antibody bound.  

The SDS wash substantially reduced the collagen molecules on the untreated UHMWPE surface, 

which is consistent with the decrease in fluorescence intensity. In contrast, the strong signal that 

was still present after PIII treatment of the surface confirmed that collagen had adhered there 
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covalently. This demonstrates that the protein molecules that were physically adsorbed onto the 

UT surface are rinsed off due to weak bonding mechanism were responsible for the UT signal. 

 

Figure 5. 4 Collagen type I immobilization on treated and untreated UHMWPE. (A) and (B) 

bare Untreated and PIII treated UHMWPE; (C) and (D) UT and PIII treated UHMWPE 

incubated in collagen solution only; (E) and (F) UT and PIII treated UHMWPE incubated in 

collagen--antibody solution; (G) and (H) Incubated UT and PIII treated UHMWPE in collagen-

antibody solution; after SDS wash.  
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5.5.3 Release kinetics of FITC-BSA on untreated & PIII-treated  industrial grade 

UHMWPE fabrics 

 

In this study, the kinetics of the release of fluorescently labeled BSA into the surrounding media 

were determined (in contrast to the previous study which assessed retention of labeled protein on 

the UHMWPE).  

Fig 5.5 illustrated the release kinetics of FITC-BSA on untreated and two different types of 

plasma treated UHMWPE fabric. It’s clearly observed that absorbance isn’t consistent for 

untreated industrial grade UHMWPE fabric. First few hours 5,18 & 20 hours absorbance of 

untreated industrial grade UHMWPE is considerably higher. Absorbance is decreased over the 

next few days and then increased and again decreased till day 30. 

 

Figure 5. 5 Release kinetics of fluorescein isothiocyanate conjugated BSA from 3 different types 

of UHMWPE fabric(A) FITC-BSA without any protein released from untreated & PIII treated 

industrial grade UHMWPE fabric (B) FITC-BSA-Collagen released from untreated & PIII 

treated industrial grade UHMWPE fabric (C) FITC-BSA-Fibronectin released from untreated & 

PIII treated industrial grade UHMWPE fabric. 
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FITC-BSA molecules were immobilized on untreated and PIII treated surfaces (200s and 800s 

treatment) with or without additional presence of collagen type I or Fibronectin protein. The 

FITC-BSA sustained release from these samples is shown in Fig 5.5 (A),(B) & (C). Untreated 

UHMWPE has burst release with BSA alone. Fibronectin has some effect on BSA release. A 

burst release pattern for FITC-BSA was noted during the first 1 hour in untreated UHMWPE 

fabric with or without additonal protein. In contrast, the PIII treated 200s and PIII treated 800s 

samples did not display an initial burst release of BSA; instead, they showed a consistent steady 

release of BSA within the first 21 hours of the experiment. Concurrent collagen and fibronectin 

coating didn’t influence the release pattern for industrial grade UHMWPE fabric. 

5.5.4 Protein (Alexa fluor 488) covalent bio-functionalization of PIII-treated fabrics  

 

The evidence for covalent immobilization of Alexa fluor 488 has also been assessed on scientific 

grade UHMWPE fabric. Samples were incubated with IgG conjugated with Alexa fluor 488 and 

in PBS overnight at room temperature to achieve the attachment. After the immobilizat ion, 

samples were either rinsed with water or washed stringently in SDS. 

 

Fig 5.6 shows images taken on untreated and PIII treated fabrics after each step. After the 

immobilisation with  Alexa fluor 488, strong fluorescence can be seen on both surfaces with 

brighter signal on the PIII-treated surface. The SDS wash removed IgG entirely from the 

untreated fabric while it still remained on the PIII treated sample, evidenced by the dark colour 

on the UT versus the bright green observed on the PIII treated surafce. This suggests that the 

robust protein attachment observed on the PIII treated surfaces is due to a covalent bonding 

rather than physical adsorption.  
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This finding is consistent with protein attachment from previous studies of PIII treatment on 

other flat polymer surfaces such as industrial grade UHMWPE & polyurethane[85] in which the 

covalent bonds were assigned to the reaction between the protein molecules with radicals 

embedded on the polymer surfaces[85].  This reveals that the robust protein attachment found on 

the ion-implanted surfaces is the result of a covalent connection rather than physisorption. The 

technology to covalently immobilise onto a hydrophilic surface is a significant advancement that 

potentially allows protein structure to be preserved  for in vitro experiments (Fig5.6 D &E). 

 

Figure 5. 6 Fluorescence images of the fabrics; (A) and (B) Bare Untreated (UT) and PIII treated 

UHMWPE. (C) and (D) UT and PIII treated UHMWPE immobilized proteins labelled with 

Alexa fluor 488. (E) and (F) UT and PIII treated UHMWPE immobilized with Alexa fluor 488 

after SDS wash. 
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5.5.5 Protein (Collagen Type-I) covalent bio-functionalization of PIII-treated fabrics 

 

 

Figure 5. 7 Collagen type I immobilization on treated and untreated UHMWPE. (A) and (B) 

bare Untreated and PIII treated UHMWPE; (C) and (D) UT and PIII treated UHMWPE 

incubated in collagen solution only; (E) and (F) UT and PIII treated UHMWPE incubated in 

collagen-antibody solution; (G) and (H) Incubated UT and PIII treated UHMWPE in collagen-

antibody solution; after SDS wash.  

Similar observations were found when collagen was immobilized on the UT and PIII treated 

fabrics (Fig 5.7). The significant increase of fluorescence signal on both surfaces after the 

secondary antibody (anti-mouse IgG antibody produced in goat and conjugated with Alexa fluor 

488) indicates that collagen molecules attached on both surfaces and hence enabled the 
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attachment of the first antibody where the secondary antibody bound. The SDS wash largely 

removed the collagen molecules on the UT, correlating to the fluorescence intensity reduction, 

which is in contrast to the bright signal on the PIII treated surface, confirming the covalent 

attachment of collagen on the PIII treated fabrics as opposed to the physical adsorption on the 

UT surface. 

 

5.5.6 Release kinetics of FITC-BSA on untreated & PIII-treated  scientific grade 

UHMWPE fabrics 

 

FITC-BSA molecules were immobilized on untreated and PIII treated surfaces (200s and 800s 

treatment)  with or without protein  is showed in Fig 5.8 (A ,B & C). Untreated  scientific grade 

UHMWPE fabric showed fast release pattern during first few hours but later decreased compared 

to the collagen and fibronectin coated UHMWPE fabric. Collagen and fibronectin induced initial 

release pattern for untreated UHMWPE surface. PIII treated -200 s & 800s  with BSA alone 

showed very slow release pattern compared to the untreated UHMWPE fabric.  
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Figure 5. 8 Release kinetics of fluorescein isothiocyanate conjugated BSA from 3 different types 

of UHMWPE fabric(A) FITC-BSA without any protein released from untreated & PIII treated 

UHMWPE fabric (B) FITC-BSA-Collagen released from untreated & PIII treated UHMWPE 

fabric (C) FITC-BSA-Fibronectin released from untreated & PIII treated UHMWPE fabric. 

 

Collagen and fibronectin have effect on release kinetics on untreated UHMWPE fabric but not 

on PIII treated surface. An initial burst release was noted during the first 1 hour in untreated 

UHMWPE with or without protein for FITC-BSA. In contrast, the PIII 200s and PIII 800s 

samples did not display an initial burst release of BSA; instead, they showed a consistent steady 

release of BSA within the first 21 hours of the experiment. After day 5, release kinetics from all 

PIII treated surfaces were constant, steady, and insignificant.  

This slow release pattern is recommended over a burst release because growth factors are 

primarily needed in the second and third stages of ligament healing (hemostasis and 

inflammation, cellular proliferation and matrix deposition, and long-term remodeling) rather than 
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during the first inflammatory reaction[220]. Similar to observations with industrial grade fabric, 

the presence of collagen and fibronectin coatings also did not influence the release pattern. 

5.6 Discussion and Conclusion 

 

The objective of this chapter was to examine the protein binding properties of the UHMWPE 

surfaces with and without PIII treatment. Protein immobilization was observed for two different 

types of UHMWPE fabric with PIII providing more stable binding. Generally, there are two 

main aspects to this discussion. The properties of the layer of bound proteins were first looked at 

in terms of the fluorescence signal of the bound protein itself or its binding to fluorescently 

labeled secondary antibodies. Second, and perhaps more crucially, it was determined whether the 

immobilization of proteins served the goal of regulating protein release from the UHMWPE 

material surface as required for full biofunctionalization. This was simply demonstrated in this 

chapter by immobilizing proteins on the surfaces and monitoring their release kinetics. The goal 

of biofunctionalization is further examined using living cells as a model and assessing their 

biological reactions using various techniques in the next chapters.  

According to the fluorescence results in this case, both PIII treated UHMWPE fabric surfaces 

were able to bind a substantially higher quantity of proteins, such as Alexa fluor 488 and 

collagen, to the surface. In this chapter, it was demonstrated that UHMWPE fabric may 

covalently bind biomolecules following the nitrogen based PIII treatment. Our group has already 

shown in several prior investigations that PIII treatment of various polymers, such as PC, PS, and 

PUR, results in the capacity to covalently bind biomolecules[85, 144, 249].  

The SDS washing experiment was crucial in enabling the drawing of this conclusion. After SDS 

washing, surfaces treated with PIII treatment were able to retain a substantial amount of protein, 
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but untreated surfaces had their protein detection reduce to background levels comparable to the 

negative controls. Proteins are known to bind to hydrophobic polymer surfaces quickly, and the 

PIII treatment typically changes the surface so that it is much more hydrophilic. When there is a 

larger difference in hydrophilicity levels, there is a higher degree of confidence in this 

judgement.  

Whereas the SDS washing technique has already been demonstrated in the literature, there are 

still certain drawbacks to the technique that need to be mentioned. SDS, a potent anionic 

detergent, breaks the tertiary structure of the protein by breaking all non-covalent bonds. The 

way the epitope is exposed to the antibodies because of this significant alteration in protein 

structure affects the degree of detection during ELISA testing. Antibodies frequently recognize 

conformational epitopes, or the tertiary structure of the protein, and as soon as this ability is 

compromised by SDS washing, the antigen can no longer be distinguished.  

Fluorescence microscope was used to identify the presence of bound proteins on the surface of 

the material before and after the PIII treatment. ESR is the preferred method for detecting the 

presence of free radicals responsible for covalent bonding with protein molecules and strengthen 

the protein attachment on the treated surface. The resistance of protein removal on the nitrogen 

based PIII treated UHMWPE fabric when using stringent wash with SDS is consistent with 

previous findings on the PIII treated LDPE and other polymers[246]. It has been shown that the 

conformation of the immobilized proteins on the PIII treated polymers was largely unchanged 

and hence, they likely remained functional as will be addressed in a later chapter. 

Prolonged release kinetics, protein-protein interactions, and how they have interacted with the 

PIII treated material was evaluated in BSA release kinetics study. BSA has been chosen as a 

model protein due to its availability and similarity with albumin protein in the body fluid. It 
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needs further study. It’s a complicated dynamic so pretty much difficult to explain but we can 

say that it has prolonged release kinetics of collagen and fibronectin. If we can add more protein 

can bind more and might have significant effect on release kinetics. The concurrent binding of 

several proteins on a material surface can result in interference if they compete for the same 

binding sites.  

The release kinetics of BSA from untreated and PIII treated UHMWPE fabric alone and with 

collagen/fibronectin confirms that PIII treatment can influence slow-release pattern which is 

beneficial for L/T healing process. The half-life of growth factors is short, making it impossible 

for exogenous growth factors to play a role in regeneration without the help of a carrier that 

controls its release. It’s been reported that sustained delivery of growth factors such as bone 

morphogenic protein (BMPs) to bone defect sites is beneficial for long-term bone/ligament 

regeneration compared to single high-dose bursts of BMPs[292]. 

Summary of this chapter 

The following points serve as a summary of the main results of this chapter  

• It has been demonstrated that the ECM protein collagen can be covalently immobilized 

on the PIII-treated surface.  

• A small concentration of proteins can be detected on untreated surfaces due to the 

physical adsorption of biomolecules. However, as the results have revealed, a higher 

concentration of covalently bound proteins can be detected on the PIII treated samples.  It 

is likely that this will vary depending on the physical characteristics of the proteins 

themselves. 
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• Release kinetics of BSA protein suggest that slow-release patterns can be achieved 

through PIII treatment. Sustained exposure of connective tissues cells to growth factors is 

likely superior to burst release kinetics where the growth factor is quickly cleared by 

body fluids[293]. 

• Both industrial grade and scientific grade fabrics have shown similar results for protein 

immobilization and release dynamics, but industrial grade UHMWPE fabric had a higher 

fluorescent indicating higher levels of impurity.   

 

Hypothesis was supported by the data provided and explained in the above sections. 
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6.1 Introduction 

Polymeric materials have been widely investigated and analyzed for biomedical applications due 

to their low density, flexibility, simplicity of manufacture, and cost-effectiveness characteristics. 

But frequently, their surface characteristics fall short of the requirements of different biomedical 

applications[294]. Biomaterials that come into direct interaction with the human body must have 

a challenging blend of bulk mechanical properties and surface properties to function effectively 

in the physiological environment. 

As a result, to achieve the necessary surface properties while maintaining the bulk properties of 

the polymers utilized, an extra surface modification step is frequently required. Plasma treatment 

is one of the most common procedures for achieving such an outcome. Plasma is used for surface 

treatment of polymers for a variety of scientific and technological objectives. Although most 

polymers have excellent chemical inertness and weight-to-strength ratios, they frequently have 

poor bioactive characteristics[120]. 

Plasma treatments can be utilized to easily change surface chemistry of biomaterials by bonding 

functional species onto their surfaces. Plasma only affects the surface of polymers; it doesn’t 

change the bulk properties of the material. Plasma methods are also more ecologically friendly 

than traditional wet chemistry procedures, as well as being quick and cost-effective to deploy in 

a production process. Plasma treatments could aid in the improvement of polymer materials' 

bioactivity by either improving protein adsorption or directly boosting cell growth support. 

Protein adsorption is influenced by the chemical and physical properties of the biomaterial, as 

detailed in previous chapters. Plasma treatments allow for the creation of certain surface 

qualities, whether very hydrophilic or very hydrophobic surfaces are preferred[295]. 
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The protein adsorption properties of PIII treated UHMWPE fabric have already been discussed 

in earlier chapters, thus in this chapter we will concentrate on how cells react to the PIII treated 

UHMWPE surfaces directly, without the need for an intermediary functional protein coating.  

Although the widespread use of UHMWPE fabric in the biomedical industry[71], one of the 

main disadvantages is that it is inert in the body, which limits its ability to actively encourage 

cell proliferation and adhesion. As seen in the earlier sections, functionalizing UHMWPE fabric 

surfaces with bioactive compounds has been a proactive strategy to get around these restrictions. 

The commercialization of such goods, however, may face considerable challenges as a result of 

the added difficulties that connecting bioactive biomolecules to UHMWPE may bring about in 

securing the necessary regulatory permission [296]. If UHMWPE fabric could be modified with 

a straightforward PIII treatment to significantly increase bioactivity, many orthopedic industries 

may find the approach to be quite beneficial. 

In this chapter, we will compare the performance of the untreated and nitrogen based PIII-treated 

two different grades UHMWPE surfaces in terms of cellular responses to determine whether 

such a strategy is practical or not. The bioactivity of UHMWPE sheet has been found to be 

improved by a variety of plasma procedures in multiple investigations [153, 297], but the effects 

of the much more intense PIII treatment have not yet been completely explored on UHMWPE 

fabrics. 

Several in vitro experiments were conducted to examine the cellular responses on various 

untreated and PIII treated UHMWPE fabrics. These experiments are necessary to show that the 

new surface can enable cell adhesion and proliferation successfully, without producing any 

negative harmful effects. These evaluations will be made using tissue culture assays with a 
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variety of cells from our laboratory. Additionally, any improvements in bioactivity will be 

measured and analyzed in relation to UHMWPE that has not been plasma treated as a control. 

Alkaline Phosphatase (ALP) assay and mineralization of fibroblastic cells were carried out to see 

the differentiation of cells [288]. Firstly, these cells can differentiate in several different 

pathways, and we were looking for specific different forms of cell expressions[298]. 

Secondly, the ligament, unmineralised fibrocartilage, mineralised fibrocartilage, and bone are the 

four transitional zones that make up the natural Ligament/Tendon (L/T) insertion, for a 

functionally graded material system. Restoring the natural histological structure at the tendon-

ligament insertion zone and function is still challenging. To ensure joint function during 

restoration, the optimal ligament graft should be able to replicate the natural L/T’S anchoring 

structure as closely as feasible[175]. The repair of ligament injuries significantly influences the 

process by which tendinous fibroblasts differentiate at the tendon-bone junction, and the 

differentiation of cells could induce the anchoring system through mineralisation[276]. 

6.2 Aim & hypothesis of the chapter  

 

The goal of this study was to examine the in vitro biocompatibility of two different grades 

UHMWPE fabric surfaces for ligament/tendon (L/T) cells and see how the PIII treatment of 

UHMWPE surfaces impacted biocompatibility. The cell interactions with the bare PIII modified 

UHMWPE surfaces in the absence of any protein functionalization are studied in this 

section using two easily obtainable and well-known cells, Human primary fibroblast cells (FB) 

and human primary adipose-derived stem cells (ADSC). Fibroblast is the primary cell of 

ligament and tendons [299–301]. It has been reported that ADSCs were more effective in 
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promoting fibroblast migration and procollagen synthesis for Anterior cruciate ligament (ACL) 

reconstruction[302]. 

Based on our previous scientific experimental data, it is expected to have get good cell 

biocompatibility for PIII treated UHMWPE fabric. Cells could be easily attached on the surface 

of treated UHMWPE fabric due to the increased hydrophilicity created by plasma treatments. 

6.3 Experimental methods 

 

Based on the findings of previous surface characterization studies on Chapter 4, it was 

determined that the surface properties of the 800 second PIII treated UHMWPE samples have 

significantly higher covalent properties, so these samples, as well as an untreated UHMWPE 

control, were included in most of the following studies. The PIII treatment settings were set in 

accordance with the procedure outlined in the earlier chapters of this thesis. In contrast to the 

protein investigations in the previous chapter, all cell samples were solely PIII treated on the side 

that interacts directly with the cells. The UHMWPE fabric was cleaned and cut into 0.8 cm x 8 

cm strips for most cell experiments, then plasma treated and further cut into 0.8 cm 1.2 cm 

rectangles that just fit into the wells of a 24 well plate. To determine the orientation of the 

sample and ensure that the treated side is always facing upwards, a small cut was made in the 

upper right corner of each sample. Additionally, overall gene expression investigations were 

carried out on much larger round discs with a diameter of 3/4 inch. The bigger discs provided 

more surface area for growth and fit precisely inside the wells of a 12 well plate. The larger 

samples were required to support a greater number of cells, resulting in a greater amount of RNA 

to aid in the RNA extraction process. 
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6.4 The primary Fibroblast cells 

 

Tendons and ligaments are both comprised of connective tissue. Fibroblasts are the primary cell 

type of ligamentous/tendinous tissue [303]. Biocompatibility of untreated and PIII treated 

UHMWPE with FB cells are crucial for ligament/tendon regeneration. The cells were kept in a 

Dulbecco's Modified Eagle Medium (DMEM) (Gibco Laboratories catalogue #11995) with 25 

mM D-glucose, 4 mM L-glutamine, 1 mM sodium pyruvate, and phenol red but no HEPES, and 

supplemented with 10% heat-inactivated fetal calf serum (FBS) (Gibco Laboratories catalogue # 

16000-044). In biomaterials research, the primary fibroblast has been frequently employed to 

investigate the impact of substrates on tenogenic development. 

 

Figure 6. 1 Fibroblast cells. 

6.5 Adipose derived stem cells 

ADSCs (adipose-derived stem cells) are a kind of adult mesenchymal stem cell that may self -

renew and proliferate. Currently, tendon graft integration employing ADSCs has been 

demonstrated[304].  For this reason, we chose ADSC to observe its interaction with the surface 
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of UHMWPE. These cells were cultured in a special minimal essential medium (MEM) with 

4mM L-glutamine and Phenol Red but no nucleosides (Gibco Laboratories catalogue #12561). 

The MEM was only supplemented with 10% fetal bovine serum (Gibco Laboratories catalogue 

#16000-044) for regular cell expansion. Antibiotics of 30 mg/mL penicillin and 100 mg/mL 

streptomycin (Gibco Laboratories catalogue #15070-063) were also required in very long-term 

trials to prevent bacterial contamination. 

 

Figure 6. 2 ADSC cells. 

6.6 Cell culture procedures 

 

T-175 cell culture flasks were used to increase the number of FB cells, while T-75 cell culture 

flasks were utilized to increase the number of ADSC cells. The investigations were carried out 

utilizing 12 or 24 well plates with UHMWPE samples trimmed to fit  in the wells. Every three 

days, as well as the day before any trials, fresh medium was provided. A fresh passage was made 

with 10% of the cells from the confluent flask when they achieved a confluence level close to 

100%. After removing all medium, the cells were digested and lifted with 5 mL TrypLETM 
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Express Enzyme (Gibco catalogue #12605) for 5-6 minutes before being re-suspended in 5 mL 

complete medium for T-75 flasks. Cells were digested and lifted with 17mL TrypLETM Express 

Enzyme for 5-6 minutes before being resuspended in 17mL complete medium for T-175 flasks. 

After that, enough cells would be moved to a new T-75 flask with 15 mL fresh media. After that, 

enough cells would be moved to a new T-75 and T-175 flask with 15 mL and 30mL fresh media. 

6.6.1 Freezing and reviving of cells 

 

Liquid nitrogen was used to cryo-preserve cells that needed to be kept for a long time. The cells 

were trypsinized and centrifuged under 0.5 G for 10 minutes prior to freezing. The cell pellet was 

then re-suspended in a small volume of standard complete medium, adjusted to contain 1-2 

million cells per mL, and to this volume an equal volume of FBS containing 10 percent DMSO. 

This cell suspension was then transferred into a cryo-vial, and then inserted in an isopropanol-

filled freezing container and kept in the -80°C freezer. The freezing container's isopropanol 

functions as an insulator, causing the temperature of the cells to decrease gradually at a rate of 1 

C per minute. The cells were then taken out of the freezing container the following day and kept 

in liquid nitrogen for a very long time. The cryo-vials were taken out of the liquid nitrogen tank 

and put into a 37°C water bath to thaw the cells. The cells were promptly suspended in warm 

normal complete medium when all the ice in the cryo-vial had completely melted.  Two methods 

have been followed to revive the cells after melting. One-way cells were then gently combined 

and centrifuged once more under 0.5g for 10 minutes. After discarding the DMSO-containing 

supernatant, the cell pellet was re-suspended and plated into a brand-new T-75 flask. Second 

way- after melting the cells were carefully transferred into a T-75 flasks and incubated to settle 

down into the flaks. The following day cell media was removed and replaced with a fresh 

complete media. 
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6.6.2 Cell attachment assays 

 

Cell attachment assays were modified from Humphries protocol [305] to measure cell density on 

the fabrics. Cell attachment assays were used to determine the degree of attachment between a 

cell and the treated surface, as well as other cellular activities like spreading. Single-side PIII-

treated samples were cut into 0.8 cm  1.2 cm rectangles and put at the bottom of a 24-well plate. 

Six samples were used to reduce experimental variation and improve statistical analysis. All 

assays were additionally subjected to a minimum of three biological replicates to ensure that the 

results obtained were consistent. To minimize  bacterial contamination, all UHMWPE samples 

were sterilized in the biosafety cabinet under UV radiation for 20 minutes on each side.  

The cells were harvested at 80–90 percent confluence while continuing growth.  Trypsin 

digestion was employed to lift the cells into the solution.The solution waas then incubated for 5-

6 minutes and then resuspended in fresh media. The solution was then centrifuged at 1.8rpm for 

5 minutes. To avoid serum proteins disguising the action of the treated or functionalized 

surfaces, they were re-suspended in serum-free media. A haemocytometer was used to count the 

cells at this point, and the cell density was adjusted to an appropriate level for seeding. The 

optimal cell density seeded ranged from 20,000 to 50,000 cells per cm2 depending on the cell 

type and well plate size employed.  

The cells were seeded into the well plates with the UHMWPE samples in a random order and 

then placed in the cell incubator for the length of the test.During the experiment care was taken 

to ensure that UHMWPE didn’t float on top of the media. The test samples were washed twice 

with 1 mL warm PBS at the end of the attachment time to eliminate any non-adherent or loosely 

attached cells. At this stage, pipette tips having their end tips cut off or an automatic repeating 
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pipette that exerts the same amount of force during each dispensing phase were used to pipette 

the PBS onto the samples with a mild but steady force. 

 

Fibroblast (FB) cells were harvested when actively growing at 80–90 p  

ercent confluence. They were seeded at a density of 2.5 X 104 cells per well in serum free 

medium and were allowed to attach for 1 and 3 hours in an incubator. After the attachment, the 

unbound cells were removed by washing with PBS. Cells attached to the fabrics were fixed and 

stained for 20 minutes in 0.1% crystal violet solution. A volume of 300 μL acetic acid (10%) was 

used to solubilize cells and release the stain. The amount of stain released per sample was then 

quantified with a Thermo Scientific Multiskan EX microplate spectrophotometer at 570 nm. 

Error bars are standard deviations of triplicates. 

6.6.3 Cell proliferation assay (MTT) 

 

Traditionally, viable cells were counted following trypan blue staining to measure cell 

proliferation. But the technique lacked sensitivity, was prone to handling mistakes, and was 

challenging to modify for high throughput tests. 

The cytotoxicity of the samples was determined using an MTT assay. This method is extensively 

used to assess a drug's cytotoxic potential in established cell lines or primary or secondary 

cultures[306].   Thiazolyl Blue Tetrazolium Blue (MTT) assay was used to analyze cell growth 

and metabolic activity on the modified UHMWPE surfaces. In living cells, MTT is converted 

into formazan crystals.  MTT is a yellowish solution that is reduced by the mitochondrial 

reductase enzyme to produce a purple water-insoluble MTT formazan product, which can then 

be solubilized with DMSO and detected colorimetrically at 570 nm. The conversion rate is 
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propotional to the overall metabolic activity of the viable cells within the well. Dark color of the 

solution represents the greater number of cells (more viable cells) with high absorbance pattern. 

UHMWPE samples were plasma treated, cut into 0.8 X 0.8 cm squares, and placed in 24 well 

plates in order to quantify cell proliferation on the modified UHMWPE. In order to ensure that 

the results obtained in each case were comparable, a minimum of three biological replicates were 

performed. To further limit the danger of bacterial contamination, all UHMWPE samples were 

sterilised in the biosafety cabinet for 20 minutes on each side under UV light. The ADSC and 

low passage primary fibroblast cells were consistently grown in T-75 flasks and reached a 

confluent level of roughly 90% before being employed in the tests.On day 0, the cells were 

seeded onto the samples in a randomized order at a density of 20,000 cells per well in 100 μL of 

DMEM culture medium supplemented with 10% FBS and 1% P/S and incubated at 37 °C in 

humidified atmosphere with 5% CO2.  

Cells were cultured for 3, 5  and 7 days, with medium changed every other day. To measure the 

metabolic activity of the cells, the samples were gently washed and incubated in 2.5 mM MTT 

for 2 hours. The MTT solution was prepared using PBS, a 0.22 um syringe filter, and 2.5 mM 

Methylthiazolyldiphenyl-Tetrazolium Bromide (Sigma M2128). It was also protected from light. 

After the two hours of incubation, dark purple needle-shaped formazan crystals that were 

proportional to the number of cells present could be seen on the samples and well plates. By 

aspiration, the leftover yellow MTT solutions were eliminated. No PBS washing step was carried 

out in this stage due to the fragility of the cell layer. To solubilize the formazan, 300 μL of 

DMSO was added to each well after the samples had been transferred to a new 24 well plate. To 

allow the formazan crystals to completely dissolve, the well plates were then covered in foil and 

set on a well plate shaker for 10 minutes. The optical density of the released stain corresponds to 
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the amount of metabolic activity and was measured by a Thermo Scientific Multiskan EX 

microplate spectrophotometer set at 570 nm. 

6.6.4 SEM sample preparation 

 

Because cells could not be easily seen by optical microscopy due to the opaque nature of 

UHMWPE surfaces, SEM was employed to investigate cellular adhesion, morphology, and 

proliferation.The JEOL Neoscope JCM 6000 microscope was used to obtain field emission 

scanning electron microscopy (SEM) pictures. Cell-containing samples went through a series of 

fixation and dehydration processes to prepare them for SEM observation. The specimens were 

initially fixed for an hour at room temperature in the primary fixative, which contained 2.5 

percent glutaraldehyde in 0.1M phosphate buffer at pH 7.2–7.4. A secondary fixation using 1 

percent Osmium tetroxide (OsO4) in 0.1M phosphate buffer was carried out with incubation at 

room temperature for an additional hour after the primary fixative was removed by rinsing three 

times in the solution. The samples were then dehydrated sequentially in graded ethanol from 30 

percent to 100 percent, followed by three Milli-Q water rinses. The samples were then dried by 

adding hexamethyldisilazane (HMDS) for 3 minutes, removed, and stored overnight in a 

desiccator. The properly dried samples were placed into conducting sample holders, 15 nm gold 

was sputtered on top, and then the samples were examined under the microscopes. Samples 

without any biological components were simply mounted into the sample holders after sputter-

coated with 15 nm gold. 

6.6.5 The Induced Differentiation of Fibroblasts 

 

The fibroblast cells were cultured on the modified two different types of UHMWPE under 

tenogenic conditions. The experimental design is quite identical to the proli feration assay; 
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however, it is carried out over a considerably longer period. The UHMWPE samples were 

single-sided PIII treated, cut into rectangles measuring 0.8 by 0.8 cm2, placed on 24-well plates, 

and sterilized with UV light for 20 minutes per side. The fibroblast cells were cultivated in T-75 

flasks using standard expansion medium until they were 90% confluent. Cells were digested and 

lifted by trypsin on the day of cell seeding (Day 0), cleaned by centrifuging, and adjusted with 

normal media to a concentration of 80,000 cells per mL. In the typical expansion media, the cells 

were seeded onto the samples at a density of 20,000 cells per cm2. After the medium had been 

aspirated out on day three, tenogenic media was employed to encourage differentiation.  The 

tenogenic medium contained connective tissue growth factor (CTGF) (100 ng/mL) and ascorbic 

acid (50 μg/mL) with standard cell culture medium. Depending on the experiment, the cells were 

taken from the culture at days 7, 14, 21, and the degree of differentiation was assessed using the 

techniques described in the following sections. To ensure that the results obtained were 

consistent across all cases, a minimum of three biological replicates were carried out for each of 

the experiments. 

6.6.6 ALP assay 

 

An essential technique for measuring osteogenesis is the alkaline phosphatase (ALP) assay. 

According to earlier research, human periodontal ligament cells (hPDLCs) have osteoblastic 

characteristics such as high alkaline phosphatase (ALP) activity, the ability to produce matrix 

proteins that resemble bone, and the potential to form mineralized nodules[307]. 

6.6.7 Mineralization assays for untreated & treated UHMWPE 

 

The degree of calcification in the extracellular matrix was assessed by Alizarin red S staining. To 

investigate the stage of mineralization that could be seen by staining the calcium deposits with 
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Alizarin Red S, Fibroblast cells were cultured on the modified UHMWPE under long-term 

tenogenic conditions. The cells were fixed in 10% formalin and PBS for 10 minutes. The 

preserved cells were stained with Alizarin red S solution for 5 minutes after being washed twice 

with double-distilled water. The cells were stained and then rinsed with double-distilled water. 

After being fixed and stained, the plates were allowed to air dry at room temperature. To 

quantify the degree of mineralization is achieved by dissolving the cell-bound Alizarin red S in 

10% acetic acid and measured at 415 nm. For imaging the samples were meticulously placed on 

a microscope slide the following day, left to cure for three days, and imaged under Olympus 

Bx51 fluroscence  microscope. 

6.6.8 RNA extraction and gene expression  

 

Gene expression tests were carried out utilizing untreated and treated UHMWPE on 24 well plate 

to obtain a suitable quantity of RNA. The samples were UV sterilized for 20 minutes on both 

sides before cell seeding. Due to the primer availability in our lab, only primary human 

fibroblasts were employed in the gene expression experiment. A density of 100,000 cells per 12 

well plate, or about 25,000 cells per cm2, was used to seed the cells. Throughout all tests, regular 

expansion media was employed to emphasize any variations in gene expression brought on only 

by the various surface qualities. Every three days, the medium was changed, and on days 7 and 

10, the total RNA content was extracted. Each experiment employed a minimum of three 

duplicates to establish its statistical validity. For all subsequent experiments, a minimum of three 

biological replicates were also carried out to ensure that the results were consistent across all 

cases. 
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The TRI Reagent® (Sigma T9424) was used to separate the total RNA from the primary human 

fibroblasts according to the manufacturer's instructions. The media was quickly removed, and the 

cells were given a quick rinse in cold PBS. Immediately after the addition of 0.7 mL of Tri 

Reagent, the cells were homogenized by pipetting and washing the sample surfaces. Phase 

separation was achieved by transferring the cell lysates into a fresh Eppendorf tube free of 

RNAse, adding 0.14 mL of chloroform, aggressively mixing by shaking and incubated at room 

temperature for 2-3 minutes. Samples were centrifuged at 10,000xg for 30 minutes at 4°C, the 

samples were divided into three phases: an upper, translucent aqueous phase; a lower, red, 

phenol-chloroform phase; and an organic interphase. The RNA-containing aqueous phase was 

carefully taken out and collected in a brand-new tube. After that, RNA from the aqueous phase 

was precipitated using 0.4 mL of isopropyl alcohol and incubated for 10-15 minutes. After 

centrifuging, the RNA forms a pellet that resembles a gel, and the supernatant was discarded. 

The RNA pellet was once more washed in 75% ethanol, dried by air, and then dissolved once 

more in 20 μL of DEPC-treated water by incubation at 55°C for 15 minutes. 

The Tetro cDNA Synthesis Kit (Bioline Cat. # BIO-65054) was used to create first strand cDNA 

from the purified total RNA in accordance with the manufacturer's instructions. In a summary, 

the kit's included buffer was poured to an RNAse-free reaction tube along with random primers, 

a 10 mM dNTP mix, an RNAse inhibitor, and the tetro reverse transcriptase. Reverse 

transcription was allowed to occur in the mixture by incubating it at 45°C for 30 minutes. The 

reaction was then stopped by raising the temperature to 85°C for 5 minutes. For the RT-PCR 

process, the final reaction products were further diluted with DEPC-treated water. 

RT-PCR was carried out using the SensiFAST SYBR® No-ROX Kit (Bioline Cat. # BIO-86005) 

in the Quant Studio™ 7 Flex Real-Time PCR System (Thermo Fischer scientific). To cover the 

https://www.thermofisher.com/order/catalog/product/4485701
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gene region, enough forwards and reverse primers were added to the SensiFAST Probe No-ROX 

Mix along with the cDNA templates. After that, the mixture was placed into the Quant Studio™ 

7 Flex Real-Time PCR device and conducted through a pre-set PCR cycle. The DNA strands 

were split at 95 degrees, and the annealing and extension temperatures were set at 60 degrees. At 

the conclusion of each cycle, the probe's temperature was measured. To ensure the accuracy of 

the results collected, melting curve analysis was also carried out to evaluate the dissociation 

properties of the DNA products. By comparing to the house-keeping gene GAPDH, the relative 

gene expression levels for many genes relevant to ligament/tendon were standardized. The 

relative gene expression, expressed as 2-ΔCt, and the Ct values were measured using a threshold 

of 3000 relative fluorescence units. The following table shows lists of the primer sequences for 

the chosen genes. 

 

6.7 Data presentation and Statistical analysis 

Origin and Microsoft Excel were used to construct and assess all figures and statistical analyses 

relevant to the conclusions in this chapter. Two-tailed t-tests were performed to compare groups, 

with a P value of 0.05 indicating significance. Unless otherwise noted, each experiment 

employed at least three triplicates and a minimum of three biological replicates to assure 

statistical validity of the results. 

6.8 Experimental Results 

 

6.8.1 Cell attachment & proliferation study of industrial grade UHMWPE  

 

It ‘s been observed in Fig 6.3 that PIII-treated industrial grade UHMWPE fabric had a higher 

number of Fibroblast (FB) cells adhere within the 1& 3 hour time frame. The PIII-treated 

https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
https://www.thermofisher.com/order/catalog/product/4485701
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industrial grade UHMWPE fabric samples had higher absorbance, compared to the untreated 

industrial grade UHMWPE samples. This demonstrated that after PIII treatment, FB cells could 

bind to the treated surface more frequently rather than untreated UHMWPE, indicating that it 

may be more biocompatible.Furthermore, no significant differences were detected between the 

untreated UHMWPE from 1 hr to 3 hr period.   

 

Figure 6. 3 Fibroblast cell attachment on untreated (UT) & PIII treated industrial grade 

UHMWPE under serum free conditions. Error bars here indicate standard deviations of 

quadruplicates and an asterisk (*) indicates a significant difference (P<0.05) between the 

untreated and PIII treated groups. There were no differences detected in between the two treated 

groups. 

The Fibroblast cells that are adhered to the various UHMWPE surfaces can be seen clearly in the 

SEM images of Fig:6. 4 (A&B). It is clearly observed that untreated industrial grade UHMWPE 

fabric has less cells after 1 hour’s period. Whereas PIII treated surfaces, contains a greater 

number of cells on the fabric surface. 
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Figure 6. 4 Scanning Electron Microscopy imaging of the cell attachment of the Fibroblast cells 

for 1 hour on industrial grade UHMWPE under lower magnification. The groups presented here 

are: (A) Pure industrial grade UHMWPE at lower magnification (100X); (B) PIII treated 

industrial grade UHMWPE at lower magnification (100X). All cells were seeded on the samples 

at a density of 50,000 cells per cm2 in serum free medium and allowed to attach in a cell culture 

incubator for 3 hours. 

 

Figure 6. 5 Growth curve of FB cells cultured on pure and PIII modified industrial grade 

UHMWPE over 2-7 days. A density of 20,000 cells per cm2 was seeded onto the samples in 

regular expansion medium on day 0. To measure the metabolic activity of the cells, the samples 

were incubated in 2.5 mM MTT for 2 hours, gently washed then transferred into a new plate with 

300 μL DMSO to solubilize the formazan crystals. The optical density of the released stain 

corresponds to the amount of metabolic activity and was measured by a Thermo Scientific 

Multiskan EX microplate spectrophotometer at 570 nm. Error bars here indicate standard 

deviations of quadruplicates and an asterisk (*) indicates a significant difference (P<0.05) 

between the untreated and PIII treated groups. There were no significant differences detected in 

between the two treated groups. 
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Fig 6.5 presented the cell proliferation assay of untreated and PIII treated industrial grade 

UHMWPE fabric. It’s been observed that cell proliferation is consistent for untreated industrial 

grade UHMWPE fabric. Cell proliferated over the week. Cell proliferated rapidly from days 3 to 

days 5 for PIII treated industrial grade UHMWPE fabric but in day 7 it didn’t follow the same 

trendline. Cell proliferation trendline is similar for both untreated and treated fabric but the rate 

is higher in PIII treated industrial grade UHMWPE fabric than untreated industrial grade 

UHMWPE fabric. 

6.8.2 Cell adhesion & morphology study on scientific grade UHMWPE 

 

Figure 6. 6 SEM images of (A) Untreated and (B) PIII treated UHMWPE.            

SEM image of untreated and PIII treated  scientific grade UHMWPE is shown in Fig 

6.6.UHMWPE is a gel spun multifilament  fiber. Fibers are alligned and clear. PIII treated 

UHMWPE is relatively darker in appearance than the untreated UHMWPE fabric. 
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Figure 6. 7 Fibroblast cell attachment on untreated (UT) & PIII treated UHMWPE under serum 

free conditions. 

Fig 6.7 It was clear that PIII-treated  scientific grade UHMWPE fabric had a markedly larger 

number of Fibroblast (FB) cells adhere within the 1& 3 hour time frame. The PIII-treated 

scientific grade UHMWPE samples had higher absorbance, compared to the untreated scientific 

grade UHMWPE samples. This showed that more than twice as many FB cells could bind to the 

treated surface after PIII treatment, suggesting that it might be more biocompatible. Furthermore, 

no significant differences were detected between the untreated csientific grade  UHMWPE from 

1 hr to 3 hr period.  Whereas, PIII treated UHMWPE it markedly increased. 

The Fibroblast cells that are adhered to the various UHMWPE surfaces can be seen clearly in the 

SEM images of Fig 6.8. It is apparent that the bottom row 8 (C) &(D), which belongs to the PIII 

treated surfaces, contains a greater number of cells. 
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Figure 6. 8 Scanning Electron Microscopy imaging of the cell attachment of the Fibroblast cells 

for 1 hour on UHMWPE under higher and lower magnification. The groups presented here are: 

(A) Pure UHMWPE at lower magnification (100X); (B) PIII treated UHMWPE at lower  

magnification (100X), (C) Pure UHMWPE at 400X magnification, (D) PIII treated UHMWPE at 

400X magnification. All cells were seeded on the samples at a density of 50,000 cells per cm2 in 

serum free medium and allowed to attach in a cell culture incubator for 1 hour. 

 

The Fibroblast cells that are connected to the various UHMWPE surfaces have seen under higher 

magnification in the SEM images from Fig 6.9. The cells on the PIII treated surfaces seemed to 

be larger in diameter and tended to be more dispersed, even at the same magnification levels. 

Although cells on the PIII treated surfaces exhibited isotropic protrusions and had formed fingers 

suggesting a later spreading stage, but cells on the untreated pure scientific grade UHMWPE 

surfaces still seemed to be spherical in shape at an early initial spreading stage. 
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Figure 6. 9 Scanning Electron Microscopy imaging of the cell attachment of the Fibroblast cells 

for 1 hour on UHMWPE under high magnification. The groups presented here are: (A) Pure 

UHMWPE, (B) PIII treated UHMWPE. 

 

Figure 6. 10 Inverted microscopic images of the FB cell attachment for 1 hour. (A) Pure 

UHMWPE under low power, (B) PIII treated UHMWPE under low magnification. 

All cells were seeded on the samples at a density of 25,000 cells per cm2 in serum free medium 

and allowed to attach in a cell culture incubator for 1 hour. The samples were fixed by 3% PFA, 

stained by crystal violet and inverted to achieve a better contrast against the opaque UHMWPE 
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background. On both the untreated and PIII treated surfaces of Fig 6.10, the primary Fibroblasts 

have been observed. The PIII treated surfaces generally had more cells visible on them. 

Additionally, a clear distinction in terms of cell shape has been seen in this situation. Although a 

greater proportion of the cells on the untreated surface looked to be still spherical, the cells that 

had spread out appeared to extend further and took on the appearance of needles. On the other 

hand, although having a greater overall number of spreading cells on the PIII-treated surface, the 

surface area that the cells covered appeared to be smaller. It's likely that on treated surfaces, cells 

can connect relatively quickly whereas they may need to extend further on untreated surfaces to 

find sufficient anchor points. 

 

Figure 6. 11 ADSC cell attachment on untreated (UT) & PIII treated UHMWPE under serum 

free conditions. 
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It’s been observed in Fig 6.11 that during 1 & 3hour period a significantly higher number of 

Adipose derived stem (ADSC) cells adhered to UHMWPE fabric. The PIII-treated scientific 

grade UHMWPE samples had higher absorbance, compared to the untreated scientific grade 

UHMWPE samples. This shown that after PIII treatment, ADSC cells could bind to the treated 

surface like FB cells. Furthermore, no significant differences were detected between the 

untreated scientific grade  UHMWPE from 1 hr to 3 hr period.  On the other hand, it is markedly 

increased  on PIII treated UHMWPE fabric. 

6.8.3 Cell Proliferation on scientific grade UHMWPE 

 

 

Figure 6. 12 Growth curve of FB cells cultured on pure and PIII modified industrial grade 

UHMWPE over 2-7 days. A density of 20,000 cells per cm2 was seeded onto the samples in 

regular expansion medium on day 0. To measure the metabolic activity of the cells, the samples 

were incubated in 2.5 mM MTT for 2 hours, gently washed then transferred into a new plate with 

300 μL DMSO to solubilize the formazan crystals. The optical density of the released stain 

corresponds to the amount of metabolic activity and was measured by a Thermo Scientific 

Multiskan EX microplate spectrophotometer at 570 nm. Error bars here indicate standard 

deviations of quadruplicates between the untreated and PIII treated groups. There were no 

differences detected in between the two treated groups. 
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The proliferation of  FB cells on untreated and PIII-treated UHMWPE over the course of a week 

is shown in Fig 6.12. As evidenced by the rising trend in metabolic activity, the FB cell was able 

to successfully multiply on all surfaces examined here. Additionally, it is evident that starting on 

day 3, the cells growing on the two PIII-treated surfaces showed a significantly increased 

metabolic activity. Cells on the PIII-treated surfaces by the end of the week at day 7 display 

roughly twice the metabolic activity compared to the untreated UHMWPE surfaces. These 

results indicate that PIII-treated surfaces are superior to pure untreated UHMWPE in 

encouraging the growth of FB cells and in exhibiting no harmful effects. Rapid increase of FB 

cells on cell culture plate  observed from day 3 to day 7. 

 

Figure 6. 13 Growth curve of ADSC cells cultured on pure and PIII modified UHMWPE over 2-

7 days. A density of 20,000 cells per cm2 was seeded onto the samples in regular expansion 

medium on day 0. To measure the metabolic activity of the cells, the samples were incubated in 

2.5 mM MTT for 2 hours, gently washed then transferred into a new plate with 300 μL DMSO to 

solubilize the formazan crystals. The optical density of the released stain corresponds to  the 

amount of metabolic activity and was measured by a Thermo Scientific Multiskan EX microplate 

spectrophotometer at 570 nm.  
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The growth curve of ADSC cells on untreated UHMWPE and PIII-treated UHMWPE over the 

course of one week is shown in Fig 6.13. The clear rising trend in metabolic activity indicates 

that the ADSC cell was able to successfully multiply on all surfaces examined here. 

Additionally, it is evident that starting on day 3, the cells growing on the two PIII-treated 

surfaces showed a significantly increased metabolic activity. Cells on the PIII-treated surfaces 

display roughly twice the metabolic activity compared to the untreated UHMWPE surfaces on 

days 5, and 7. These findings strongly indicate that PIII-treated surfaces are superior to pure, 

untreated UHMWPE in enabling the proliferation of the ADSC cell and in exhibiting no harmful 

consequences. Cell proliferated  constantly from day 3 to 7  in cell culture plate. 

 

Figure 6. 14 ALP (Alkaline Phosphatase Activity)  activity from the FB cell lysate cultured on 

pure and PIII treated UHMWPE samples in tenogenic medium. 20,000 cells per cm2 were 

cultured on UHMWPE under tenogenic medium. ALP activity was measured and recorded at  

405 nm. The Error bars here indicate standard deviations of quadruplicates and an asterisk (*) 

indicates a significant difference (P<0.05) compared to the untreated groups while a hash symbol 

(#) indicates a significant difference (P<0.05) between the two PIII modified groups.  
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The ALP activity levels of fibroblast cells grown on scientific grade UHMWPE under tenogenic 

conditions are shown in Fig 6.14. The healing of grafted tendon-to-bone tunnels is largely 

dependent on the development of new bone around ligament/ tendon grafts. ALP's composition 

could be a direct indicator of osteoblasts' activity or functionality. The greater concentration of 

ALP shows that cells have a larger capability for mineralisation. After staining and quantitative 

analysis the content of ALP was less in untreated UHMWPE and higher in PIII treated 

UHMWPE. The PIII treated UHMWPE displayed considerably higher levels of FB 

mineralisation than the untreated UHMWPE fabric, according to the ALP quantitative data. This 

was also showed in the Alizarin red stain-ing quantitative analysis. After 21 days of induction, an 

osteogenic differentiation assay indicated that the majority of the cells had mineralization 

calcium deposits, as seen by Alizarin red staining (Fig 6.15). 

 

Figure 6. 15 Alizarin Red S. positive staining examples of the calcium mineral deposits. 

Using quantitative PCR, the mRNA expression levels of T/L-and bone-associated markers were 

examined to measure the differentiation of FB cells implanted on scientific grade UHMWPE 

(Fig 6.16). It is noted that connective tissue growth factor (CTGF), collagen, fibronectin were 

used in culture to induce T/L differentiation. 
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Figure 6. 16 Gene expression profile of human primary fibroblasts cultured on pure (UT) and 

PIII modified (PIII) UHMWPE with no protein coatings. This experiment is similar to the one 

produced in chapter 4 but at earlier time points. A density of 50,000 cells per cm2 was seeded 

onto the samples in regular expansion medium and RNA was collected using Trizol on day 3 and 

10. The RNA was reverse transcribed into cDNA and quantified by the method described earlier. 

The relative gene expression levels were obtained by normalizing to the house-keeping gene 

GAPDH and the pure UHMWPE control. The Error bars here indicate standard deviations of 

triplicates. A hash symbol (#) indicates a significant difference (P<0.05) between the unmodified 

pure UHMWPE and PIII modified UHMWPE surfaces. 

 

The gene expression profile of primary fibroblasts cultivated on untreated and PIII-treated 

UHMWPE without protein coatings is shown in Fig: 16. The PIII-treated surfaces showed a 

definite increasing trend in a number of tenogenic genes. Particularly type III Collagen (COL 3) 

expression levels were markedly elevated compared to tenomodulin(TNMD) and Scleraxis 

(SCX). Adversely, when compared to the untreated control group, the expression levels of 

Tenascin-c (TNC) were dramatically down regulated after the PIII treatment. 
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6.9 Discussion and Conclusion 

 

The purpose of this study was to examine the in vitro biocompatibility of  two different types of 

UHMWPE surfaces for ligament/tendon cells and to assess how PIII treatment of UHMWPE 

fabric surfaces affected biocompatibility. In this chapter, we explore the cell interactions with the 

bare PIII modified UHMWPE fabric surfaces in the absence of any protein functionalization 

using two easily accessible and well defined fibroblast and ADSC cell cultures. The evaluation 

of biological safety and biocompatibility is a crucial phase in the early development stages of 

new biomaterials[308]. Future in vivo animal investigations can be built upon the cell culture 

analyses carried out here to see if the novel substance exhibits any substantial cytotoxicity. 

Overall, the results showed much higher growth and differentiation capabilities of all cell types 

on PIII modified UHMWPE fabric surfaces, supporting the hypothesis that the PIII may be 

employed to enhance and overcome the inert qualities of both industrial and scientific grade 

UHMWPE. The discussion is split into two main sections to go into more detail on the results 

that were noticed. In terms of typical cellular attachment and proliferation, the first section 

discusses cellular responses. The second section analyses the gene expression outcomes, ALP 

activity, and mineralisation potential to determine the changed surface's tenogenic & osteogenic 

potential. 

We know that the inertness & lack of biocompatibility of UHMWPE is due to the absence of 

hydhophilic groups present on its surface[71]. Therefore, it was in our intention to ascertain 

whether the PIII treatment may enhance cell attachment characteristics as a result of the 

alteration in the hydrophilic features. Early on in the chapter, attention was placed on identifying 

any distinctions between the two forms of UHMWPE fabric that were available: industrial grade, 

and scientific grade. This brief cell attachment assay was performed to offer additional 
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information on whether any changes in the biological performance could be discovered. Surface 

characterisation investigations have shown that the differences in terms of physical attributes can 

be minimal. The findings showed that there were no noticeable variations in cell attachment 

between the two types of UHMWPE fabric, which was expected given the similarity of the 

surface features. Industrial grade UHMWPE fabric was able to show positive cellular responses, 

but it was quite difficult to maintain the sterile environment for cell culture. 

The effects of PIII treatment on sientific grade UHMWPE and its interactions with fibroblasts 

and ADSC were the subject of our next investigation. Due to several problems associated with 

industrial grade UHMWPE in cell culture, we didn’t further study with it. It was quite difficult to 

maintain the aseptic environment for industrial grade UHMWPE fabric. The number of cells 

connected during the 1-hour attachment assay increased by two times for all varieties of 

UHMWPE. The results of a SEM study also showed that the PIII-treated surface had a greater 

number of cells adhered to it as well as better cell spreading.  

The stark variations in cell shape that can be seen in the SEM photos suggest that the cells were 

reacting to the surfaces differently. Similar results were seen when the same experiment was run 

on the Fibroblast cells, with a marginally faster total coverage. The characteristic of the 

Fibroblast cell itself may be the cause of the quicker attachment. On the other hand,adipose 

derived stem cells attached to the surfaces more slowly than the fibroblast cells did, but after 

three hours, the same pattern was seen again, with the PIII-treated samples attracting around 

twice as many cells.Industrial grade UHMWPE fabric showed less cell attachment than scientific 

grade due to the structural properties. Yarn of fabrics are tightly binded to one another and there 

were no porous structure in industrial grade UHMWPE fabric whereas it is quite prominent for 

scientic grade UHMWPE fabric. 
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The outcomes from this study are consistent with reports in the literature for various plasma 

treatments of UHMWPE. Studies have demonstrated that the biocompatibility of UHMWPE  

fabric was enhanced by plasma treatments that added new functional groups to the surfaces[67, 

246]. However, our findings show that a comparable improvement might also be attained with 

the PIII treatment with high intensity nitrogen ion bombardment. Wetability of polymer surfaces 

can change as a result of oxidised groups produced by plasma treatments[6]. The improvement 

shown here most likely results from the rise in functional groups C – O, C = O, and O – C – O, 

as well as a C – N groups discovered in chapter 2 by XPS  study. Additionally, it is commonly 

acknowledged that the wettability of a surface has a significant impact on cell adhesion[305]. 

According to the investigations on surface characterisation, the PIII treatment was able to lower 

the contact angle from 47° to roughly 28°. 

It's also significant to note that a few difficulties were experienced when carrying out the cell 

attachment assays. Numerous times, not only between samples but also within the same portion 

of sample, the cell adhesion on untreated UHMWPE fabric for all cell types examined was very 

inconsistent. In many cases, cell attachment led to a haphazard, uneven coverage of cells that 

revealed few to no cells adhered which lead to a large variation of results.  It was hypothesized 

that this might be because there are still some additives in the product that were added during 

processing. On the other hand, none of the PIII-treated samples showed this behaviour, likely as 

a result of the severe surface alteration eliminating any local differences. Furthermore, the assay 

depends on PBS washing procedures to eliminate any non-adherent cells, the cell attachment 

assay itself was incredibly vulnerable to handling errors.  

Previous research had already shown that pure UHMWPE sheet/block is not cytotoxic or 

mutagenic[309]. However, the effect of PIII treated UHMWPE fabric on long term cell 
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proliferation remained unknown and was investigated in this study. It’s been noted that FB & 

ADSC cells proliferated easily and constantly in both fabrics. The cell culture plate could be 

more receptive surface for adhesion and growth or could be indicative of cells being pushed 

down the differentiation path for the UHMWPE which is typically associated with reduce 

proliferation. Both industrial grade & scientific grade PIII treated UHMWPE samples were 

superior to the pure untreated industrial grade & scientific grade UHMWPE fabric samples in 

terms of cell growth. In cell cultures, significant increases in metabolic activity have been seen 

as early as 3 days following the initial cell seeding. Approximately twice as much metabolic 

activity was present in cells cultivated on PIII-treated surfaces by the end of a one-week period, 

indicating that the cells were multiplying twice as quickly on the changed surfaces. We can draw 

the conclusion that PIII-treated UHMWPE fabric did not exhibit any harmful effects. In contrast 

to the untreated UHMWPE fabric, there was also a noticeable robust promotion of cell growth.  

Similar findings from other studies have been published in the literature for sheet or block[42, 

79]. The modified surface features of PIII treated UHMWPE fabric offered a much better 

foundation for the cells to connect, which further boosts the proliferation and total metabolic 

activity. 

A thorough examination of the surface proteins adsorbed as well as the cellular receptors that are 

controlled on the cells to adhere to the various UHMWPE fabric surfaces would be beneficial. 

Although there have been a few reports on the biocompatibility testing of plasma-treated 

UHMWPE in the literature, the vast majority of these research reports concentrated on 

gingival&periodental ligament cells that are unable to develop into the full spectrum of  ligament 

and tendon cells and thus cannot accurately represent the physiological behaviour of earlier 

primary cells[307]. When an orthopedic implant is inserted into the body, the adsorbed ECM 
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proteins are primarily responsible for determining the host response. The repair of the bone 

tunnel surrounding the transplanted ligament/tendon (L/T) depends on the production of new 

bone [310]. As a result, in the second section of this chapter, we concentrated on using primary 

fibroblast cells in longer-term studies and analyzing its differentiation parameters, which still 

could differentiate into cells that have a mature tenocyte-like phenotype. 

The developmental sequence can be divided into three major phases using primary L/T cell 

cultures as a model: proliferation, ECM maturation, and mineralisation. Each of the three phases 

displays an unique phenotype for gene expression. The results of the RT-PCR helped establish 

whether the modified UHMWPE fabric surface can exhibit tenogenic  qualities by giving a 

snapshot of how the cells are reacting to the surfaces in terms of gene expression.  After 10 days 

of culture, the data showed that several genes, TNMD,SCX and COL3A, had significantly 

increased expression. In addition, TNC expression levels showed a trend towards 

downregulation. It is assumed that the culture is most likely in the matrix development and 

maturation stage based on the expression pattern. Additionally, it is important to note that a large 

rise in numerous genes was seen for PIII treated UHMWPE in comparison to the untreated 

UHMWPE, and similar findings were obtained during cell attachment and proliferation assays. It 

indicates that the variance in the gene expression profile was caused by the differences in surface 

properties between the two material surfaces. It is well known that differences in the surface 

properties can be seen in the development of fibroblasts in vitro. This affects not just how 

responsive the cells are to the substrate but also how differently they differentiate. There is no 

doubt that changes in the functional groups on the surfaces could have led to such a result.   

The primary fibroblast gene expression data offered some evidence that the PIII-treated surface 

might be able to facilitate differentiation, but longer-term tissue culture studies were still 
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required for definitive proof. It has been suggested that bone formation and calcification are 

mediated by high levels of ALP activity, which is a characteristic biochemical characteristics of 

osteogenic differentiation of cells [311]. 

Overall, the findings from this chapter demonstrated that PIII treatment alone significantly 

increases UHMWPE's bioactivity for bone cells without the need for additional 

biofunctionalization. 

Summary of this chapter 

1. The two types of UHMWPE that were examined for cell attachment were found to be to 

give similar results, indicating that, for exploratory studies, less expensive forms of 

UHMWPE fabric should produce biological responses that are comparable to implantable 

grade UHMWPE, which is frequently used in clinical settings.  However, the evidence of 

the presence of impurities in the industrial grade material would be of concern. 

2. In comparison to untreated UHMWPE, the percentage of cell attachment was roughly 

twice as high on surfaces modified with PIII. 

3. SEM and optical microscopy analyses proved that the cells initially adhered in greater 

numbers to the PIII treated surfaces and tended to be more dispersed. 

4. According to proliferation experiments, the PIII enhanced UHMWPE fabric surfaces had 

much higher metabolic activity than the untreated pure UHMWPE control for FB & 

ADSC cells, which was around twice as high. 

5. The PIII treated UHMWPE surfaces were able to enable tenogenic differentiation, with 

the PIII treatment demonstrating a higher effect, according to the gene expression 

investigation. 
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6. All the substances studied were able to support differentiation, according to ALP activity 

assays, although the PIII-treated samples had a notably greater impact. 

7. All the studied materials were able to support mineralisation, according to Alizarin Red S 

staining. 

Our hypothesis predicted outcomes resemble the outcomes of our experimental work and data 

analysis. 
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7.1 Introduction 

The surface of UHMWPE continues to be passively inert despite its substantial success as a 

biomaterial for orthopedic implants[71]. There are obstacles to overcome to apply UHMWPE in 

more orthopedic applications, such as for implantation locations that are affected by poor bone 

quality. Shojaee and Parham reported that the most crucial and difficult part of the implanted 

ligament/tendon graft is tenogenic differentiation[312]. Modern biomaterials development for 

tissue engineering applications has recently concentrated on creating biomimetic materials that 

can trigger specific cellular responses through bio-molecular recognition, to guide the synthesis 

of new tissues[312].  

The use of rational growth factors that can regulate the cellular activities of the parent cells and 

their capacity to differentiate into specific cell types is crucial, in addition to providing 

appropriate scaffolds that act as a mechanical support for cell growth[313]. The discovery of the 

attachment of ligament stimulatory factors to implants surfaces was described was an exciting 

area by Molloy et al.[220] in 2003. Implant surface topographic design has already been 

extensively researched and implemented. Additional physical alterations, such as raising the 

implant's surface energy, may further enhance tenogenic differentiation. The use of 

ligament/tendon L/T growth stimulating substances, however, may result in the greatest 

advancements and improvements in implant design as our knowledge of the roles of ECM 

proteins and growth factors involved in the control of fibroblast growth [276]. 

Among various areas or research, Bax reported utilizing PIII to covalently link tropoelastin to 

polystyrene in 2009, significantly enhancing the fibroblast cells' ability to proliferate[314]. The 

study also showed how a metal mask could be used to regulate how much of the polymer surface 

was exposed to the plasma treatment, allowing surface patterning to control biological responses. 
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Applying the plasma treatment as a switch to regulate whether cells may adhere to the surface. 

We have acquired enough foundation knowledge to use PIII as a surface treatment on UHMWPE 

surfaces through the experiments in the prior chapters.  

We have demonstrated that covalent immobilization of proteins onto PIII-treated surfaces is 

possible through a straightforward one-step procedure and that covalent attachment does 

significantly improve the immobilized protein's long-term retention. However, large increases in 

differentiation and mineralization occurred when L/T cells were cultivated directly on the bare 

treated surfaces, leading to considerable bioactivity improvements. Depending on these 

encouraging findings, we plan to incorporate the knowledge gained and described in the earlier 

chapters of this thesis in the project's next stage to immobilize proteins and evaluate how well 

the functionalized layer performs in terms of cellular responses. Full-length proteins were chosen 

for this study's immobilization procedure and examined for their capacity to promote L/T cell 

development. To facilitate fibroblast attachment and to encourage fibroblast differentiation, 

surface coatings made of ECM proteins that serve as sites of attachment for fibroblasts have been 

investigated.  

The primary structural protein in L/T, collagen type I, has already been described as an effective 

scaffold material for directed L/T regeneration [315]. In a rat model study, collagen-coated 

titanium pins were also found to result in enhanced L/T remodeling. Similarly, fibronectin is an 

essential protein for the processes of wound healing and embryonic development and plays a 

significant role in cell adhesion, proliferation, migration, and differentiation[220].  Numerous 

studies have shown that covering a surface in cell adhesive proteins like fibronectin and collagen 

enhances preliminary cell  attachment, cell spreading, and overall cell activity[220, 316]. 
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Connective tissue growth factor (CTGF) was chosen to be immobilized and assessed in this 

investigation in addition to the previously described two ECM proteins. CTGF is related to 

wound healing and connective tissue regeneration and found in many tissues[317]. CTGF, also 

referred to as CCN2, is a 38 kDa extracellular matrix protein that is cysteine-rich (with 22 

cysteines in the N-terminal and 16 cysteines in the C-terminal area) and belongs to CCN family 

of proteins. Connective tissue growth factor is a polypeptide growth factor that induces 

chemotaxis and promotes DNA synthesis. Cheng et al.[318] have reported the influence of 

CTGF in tendon healing in 2008. It’s been observed that by Olvera [319] CTGF induced higher 

levels of expression of L/T genes. 

7.2 Aim & hypothesis of the chapter 

The purpose of this study is to assess the performance of the immobilized protein in tests 

conducted in in vitro cell culture. The following points could be used to summarize this chapter's 

goal: 

1. To determine whether the biomolecules fibronectin, collagen type I, and CTGF retain 

biological  function after becoming attached on the surface of UHMWPE. 

2. To determine whether the PIII treatment leads to better bioactivity results than passive 

binding without PIII. 

It is assumed that the PIII treatment will be able to enhance and safeguard the function of the 

protein coatings because of the lowered hydrophobicity and through the covalent immobilization 

of the  procedure, which is based on the literature describing the success of similar applications. 

We can better understand if the immobilized protein coating can enhance UHMWPE bioactivity 

by using the results from this chapter, which could lead to the creation of new applications.  
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7.3 Experimental methods 

 

7.3.1 Surface Preparation and Functionalization 

 

Based on the previously established results, scientific grade UHMWPE fabric is used because it 

was difficult to maintain the aseptic environment of the cell culture technique for industrial grade 

UHMWPE fabric. Industrial grade UHMWPE fabric was quite thick, so ethanol wash/UV 

sterilization didn’t work several times. Protein functionalization was simply carried out by 

incubating proteins overnight in a buffer solution containing collagen and fibronectin at 

concentrations in three different solutions that had previously been shown (chapter 5) to saturate 

surface binding after overnight soaking and to produce CTGF in vitro activity. Prior to being 

sterilized under UV for 20 minutes per side, surfaces were first cleaned, dried, and plasma 

treated in accordance with the specified protocols. After that, surfaces were exposed to the sterile 

protein solutions for an overnight incubation period at 37°C in a humidified cell culture 

incubator. The protein concentrations employed were fibronectin at 10 μg/mL, collagen type I at 

30 μ/mL, and CTGF at 100 ng/mL. The surfaces were cleaned three times with PBS the 

following day to eliminate any non-bound proteins, and cells were promptly seeded on the 

surfaces. 

Based on research in the literature that claimed a stimulating effect may be seen when a dose 

level of 100 ng/mL was utilized in the medium, this concentration for the CTGF protein was 

chosen. 
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7.3.2 Cell Attachment and Proliferation Studies 

 

Studies on cell adhesion and proliferation for protein-coated UHMWPE were carried out 

according to the same technique as described in chapter 5. To reduce the overall size of the trials, 

the experiment was carried out in triplicate rather than quadruplicate using primary human 

fibroblasts (FB) & Adipose derived stem cells (ADSC). Collagen and fibronectin and CTGF 

were evaluated among the proteins because they have a substantial impact on cell attachment and 

proliferation. It has been demonstrated that connective tissue growth factor (CTGF) stimulates 

endogenous tendon stem cells, hence promoting tendon regeneration[320]. 

7.3.3 Gene expression studies of ligament and tendon cell specific genes 

 

The procedure outlined in chapter 6 was followed while carrying out gene expression tests on the 

protein-coated UHMWPE. Using primary human fibroblasts (FB), the experiment was once 

more carried out in triplicate. The UHMWPE surfaces with collagen, fibronectin, and CTGF 

coatings as well as a control group without any protein coatings were investigated. Additionally, 

two early time points—day 3 and 10—were selected to track the early alterations since it was 

anticipated that the protein coatings would be extremely effective at producing impacts. A larger 

range of genes, such as COL3 A1, Tenomodulin (TNMD), Scleraxis (SCX), and Tenascin-C 

(TNC) were also evaluated which are characteristic genes for ligament/tendon differentiation. To 

find any fold change differences, all findings were compared to the uncoated and untreated pure 

UHMWPE surface after being normalized to the Glyceraldehyde 3-phosphate dehydrogenase 

GAPDH housekeeping gene. 
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7.3.4 Cell differentiation towards the osteoblast lineage 

 

Repetition of the chapter 5 methodology was used to investigate differentiation towards the 

osteoblast lineage for the protein-coated UHMWPE studies by evaluating induction of alkaline 

phosphatase (ALP) activity. Because of the shortage of ADSC cells and the short study duration, 

the experiment was performed in triplicate using only fibroblast (FB) cells. To identify any early 

alterations brought on by the various protein coatings. Time points 7,14, and 21 days were 

selected for the ALP activity experiment. The identical methods described in chapter 5 were used 

for all cell culturing conditions and for image analysis. 

7.4 Data presentation and statistical analysis 

 

Origin and Microsoft Excel were used to construct and assess all figures and statistical analyses 

relevant to the conclusions in this chapter. Two-tailed t-tests were performed to compare groups, 

with a P value of 0.05 indicating significance. Unless otherwise noted, each experiment 

employed at least in triplicates and a minimum of three biological replicates to assure statistical 

validity of the results. 

7.5 Experimental results 

 

7.5.1 Cellular responses on biomolecule immobilized UHMWPE 

 

The attachment of primary human osteoblasts to the functionalized UHMWPE fabric surfaces 

after one and three hours may be seen in Figures 7.1 (A-F). Fig 7.1 B shows that the bare PIII-

treated surfaces have a greater total number of attached and spreading cells. After applying 

collagen to every surface, it was possible to see improvements in the number of cells and 

spreading intensity (Fig C &D). The PIII-treated surface promoted cell adhesion and spreading 
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far better than the untreated UHMWPE fabric surface (Fig B). According to results obtained 

from Fig (E &F) fibronectin coating has a positive impact on cell attachment in untreated & 

treated UHMWPE fabric surfaces. 

 

Figure 7. 1  Microscope image of primary human fibroblast cells attaching onto untreated or 

PIII-treated UHMWPE samples (A) Pure UHMWPE 1 hour, (B) PIII treated UHMWPE 1 hour, 

(C) Pure UHMWPE +Collagen 1 hour, (D) PIII treated UHMWPE+ Collagen 1 hour, (E) Pure 

UHMWPE + Fibronectin 1 hour, (F) PIII treated UHMWPE +Fibronectin 1 hour. All cells were 

seeded on the samples at a density of 25,000 cells per cm2 in serum free medium and allowed to 

attach in a cell culture incubator for 1 hour. The samples were fixed by 3% paraformaldehyde, 

stained by crystal violet, and inverted before imaging to achieve a better contrast against the 

opaque UHMWPE background. 

 

7.5.2 Fibroblast adhesion and morphology 

 

Tendons and ligaments are both comprised of muscular connective tissue in which fibroblasts are 

the primary cell type [303]. Biocompatibility of untreated and PIII treated UHMWPE with FB 

cells are crucial for our ligament/tendon regeneration study.  The adhesion of primary fibroblasts 

to functionalized UHMWPE surfaces after 1 hour and 3 hours is shown in Fig 7.2. Fibroblast 
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adherence to the fabrics at 1 and 3 hours after seeding was quantified and shown in Figures 

7.2(A) and (B). Fig 7.2 (A) shows that during the first hour, the direct cell attachment to the PIII 

treated surfaces without protein pre-coating was twice the cell number on the untreated 

UHMWPE.  

There was significant improvement in cell attachment when the untreated fabrics were incubated 

with collagen or fibronectin prior cell seeding but this improvement was only observed on the 

PIII treated fabrics after 3 hours with fibronectin (Fig 7.2 B).  On both surfaces, fibroblast 

showed much more improvement with immobilized fibronectin compared to that with collagen.  

 

 

Figure 7. 2 Absorbance of crystal violet released from fibroblast cells attaching onto untreated 

or PIII treated UHMWPE samples measured after 1 hour (A) and 3 hours (B). Error bars here 

indicate standard deviations of triplicates before and after the PIII treatment. Symbol meaning 

(*) =P ≤ 0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 
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SEM was utilized to examine and measure the adherence of fibroblast cells to the material 

surface. A notable change in cell morphology was observed. On untreated surface, a great 

number of cells are in round shape while those on the PIII-treated surface showed a higher 

overall number of spreading cells. It's likely that the higher wettability of the treated surfaces 

enables the cells to adhere quickly. 

 

Figure 7. 3 Scanning Electron Microscopy (SEM) imaging of the fibroblast cells on UHMWPE 

under low magnification. (A-F) represents cell attachment after 1 hour. (G-L) represents cell 

attachment after 3 hours. The groups presented here are: (A & G) Untreated UHMWPE, (B & H) 

PIII treated UHMWPE, (C &I) Untreated UHMWPE+ Collagen, (D &J) PIII treated 

UHMWPE+ collagen, (E &K) UT(Untreated) UHMWPE+ Fibronectin, (F& L) PIII treated 

UHMWPE+ Fibronectin.  
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Fig 7.3 depicts the shapes and distribution of adherent cells on UHMWPE after 1 hour and 3 

hours with magnification of 1700 X. Fibroblast cells were in round shapes when attaching to the 

untreated fabrics (Fig 7.3A) and only less than half of the cells have spread after 3 hours (Fig7. 

3G) while those on the PIII treated surfaces spread more at one hour (Fig 7.3B) and completely 

spread after 3 hours (Fig 7.3H). The spreading is an indication that cells can develop focal 

adhesion to the surface. Surfaces coated with collagen (Fig 7.3 C, D, I and J) show an 

improvement in both cell number and degree of spreading. Both PIII treated and untreated 

surfaces had obtained nearly 100 percent surface coverage by the three-hour mark. Figures 7.3E, 

F, K and L show that the Untreated and PIII treated surface promoted cell adhesion and 

dissemination substantially similar at both time points when all surfaces were coated with 

fibronectin.  

7.5.3 FB proliferation 

The growth curves of fibroblast cells cultivated on various functionalized surfaces is shown in Fi

g 7.4. The data is shown as a mean of the cell survival absorbance for each condition. The FB 

cells did not proliferate effectively on the untreated with no protein but still proliferated on the 

PIII treated surface after 7 days. The addition of proteins (collagen or fibronectin) significantly 

improved cell growth on both surfaces but with higher rates on the PIII treated surfaces 

compared to the untreated surfaces immobilized with the same protein.  

 



189 

 

 

Figure 7. 4 Growth curve of human primary fibroblasts cultured on untreated (UT) and PIII 

treated (PIII) UHMWPE coated with collagen (+COL), fibronectin (+FN) over 3-7 days. 

 

Fig 7.5 shows Cell on the UHMWPE fabric displayed flat and broad morphology after 7 days of 

incubation, bridging between adjacent fibers. Additionally, small cell colonies developed on PIII 

treated and protein coated UHMWPE fabric surfaces which is prominent for collagen and 

fibronectin coated PIII treated UHMWPE fabric surfaces. On the PIII-treated sample, cell 

colonies expanded and covered more of the layer of UHMWPE fibers. Compared to those at 

untreated UHMWPE fabric surfaces, these cells developed an even larger colony as they 

expanded in the direction of the fiber. Additionally, these cells displayed additional attachment 

sites that were anchored to nearby fibers (Fig 7.5B, C, E).  
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Figure 7. 5 Fibroblast cell attachment on UHMWPE fabric (A) Untreated UHMWPE fabric (B) 

PIII treated UHMWPE fabric (C) Untreated UHMWPE +Collagen (D) PIII treated UHMWPE 

+Collagen (E) Untreated UHMWPE + Fibronectin (F) PIII treated UHMWPE +Fibronectin on 

day 7 at  higher magnification. 

 

In the meantime, cells on collagen and fibronectin-coated UHMWPE fabric similarly proliferated 

in the direction of the fibers and developed into a bigger colony that covered the entire surface 

before attaching to the fibers (Fig 7.5 D &F). In comparison to cells on the UHMWPE fabric, 

cells on PIII treated COL+UHMWPE and Fn+ UHMWPE also seemed to be stretched out and 

have a wider shape. 

7.5.4 ADSC adhesion and morphology 

 

ADSC cells has been used in tendon graft integration due to their ability to self-renew and 

proliferate [304].  For this reason, we chose ADSC to observe its interaction with the surface of 

UHMWPE. The amount of ADSC cells adhered to the functionalized surfaces at 1 hour after 
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seeding is quantified in Fig 7.6. Similar improvement was observed with ADSC cells on the 

untreated fabrics when the surfaces were incubated with either collagen or fibronectin before cell 

seeding. On the PIII treated fabrics, the number of ADSC cells attached to the surface without 

any protein was much higher than the number on the untreated fabrics and the addition of the 

protein improved this number further but not as obviously as observed on the untreated fabrics. 

ADSC cells preferred fibronectin coated surfaces to collagen coated surfaces at 3 hours’ time 

point. 

 

Figure 7. 6 Absorbance of crystal violet released from ADSC cells attaching onto untreated or 

PIII treated UHMWPE samples measured after 1 hour (A) and 3 hours (B). Error bars here 

indicate standard deviations of triplicates before and after the PIII treatment. Symbol meaning 

(*) =P ≤ 0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

Cell spreading and attachment of ADSC cells are shown in Fig 7.7 from (A-L). The presence of 

pseudopodia and cell spreading on the fibrous region was observed. Cells are quite rounded at 1 

hour in untreated UHMWPE than PIII treated UHMWPE. PIII treatment may increase the 
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effective contact area and interaction force between the material surface and the ADSC cells due 

to the increased hydrophilicity, and covalent bonding. Most cells on the surface had developed 

pseudopodia and seemed to be active for PIII treated and with protein coated UHMWPE 

samples. Greater cell spreading was observed for PIII treated & with protein coated UHMWPE 

samples. 

 

Figure 7. 7 Scanning Electron Microscopy (SEM) images of ADSC cells on UHMWPE under 

low magnification. (A-F) represents cell attachment after 1 hour. (G-L) represents cell 

attachment after 3 hours. The groups presented here are: (A & G) Untreated UHMWPE, (B & H) 

PIII treated UHMWPE, (C &I) Untreated UHMWPE+ Collagen, (D &J) PIII treated 

UHMWPE+ collagen, (E &K) Untreated UHMWPE+ Fibronectin, (F& L) PIII treated 

UHMWPE+ Fibronectin. 
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7.5.5 ADSC proliferation 

 

 

Figure 7. 8 Growth curve of ADSC cells cultured on untreated (UT) and PIII treated (PIII) 

UHMWPE coated with collagen (+COL), fibronectin (+FN) or untreated (UT) over 3-7 days. 

Error bars are standard deviations of triplicates. 

 

Fig 7.8 depicts the growth curves of ADSC cells, with statistical analysis used to assess the 

growth period's ultimate results. Like findings with fibroblasts, the PIII-treated surfaces had the 

maximum metabolic activity till day 5 but later decreased. Collagen coating significantly 

improved cell adhesion on the untreated and treated surfaces. However, the metabolic activities 

observed for untreated and PIII treated UHMWPE with and without fibronectin are significantly 

different. Metabolic activity of fibronectin coated untreated UHMWPE increased till day 5 and 

then decreased. 
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7.5.6 Gene expression study 

 

 

Figure 7. 9 Gene expression profile of human primary fibroblasts cultured on pure (UT) and PIII 

modified (PIII) UHMWPE with no protein coatings. Error bars here indicate standard deviations 

of triplicates before and after the PIII treatment. Symbol meaning (*) =P ≤0.05, (**) = P ≤ 0.01, 

(***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

Fig 7.9 shows gene expression profiles of primary fibroblasts cultured in untreated and PIII-

treated UHMWPE fabric without protein coating. Although a general pattern appeared to 

indicate that many of the tenogenic genes were expressed at higher levels on the PIII treated 

surface, few significant differences were found because of the limited number of samples and 

high degree of heterogeneity. After day 3 & 10 when the PIII treated, group was compared to the 

untreated group, TNMD expression was higher. These differences were statistically significant 

for only TNMD. After day 3, SCX expression was undetected for both untreated and PIII treated 

UHMWPE fabric surfaces. But, after 10 days expression level was increased for untreated & PIII 
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treated UHMWPE fabric surfaces. On the other hand, a higher expression of the Collagen-III & 

TNC gene were found on both untreated & PIII treated UHMWPE fabric surfaces after 10 days. 

 

Figure 7. 10 Gene expression profile of human primary fibroblasts cultured on pure (UT) and 

PIII modified UHMWPE with collagen type -I protein coatings. Error bars here indicate standard 

deviations of triplicates before and after the PIII treatment. Symbol meaning (*) =P ≤ 0.05, (**) 

= P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

The gene expression profile of primary fibroblasts cultivated on collagen coating PIII treated 

UHMWPE fabric and untreated fabric is shown in Fig 7.10. The TNC, COL-III, TNMD 

expression levels rose markedly after day 3. While the TNMD gene expression was increased for 

both surfaces but less for PIII treated UHMWPE fabric surfaces compared to the untreated 

surface. In addition, after day 10, a large increase in the expression of SCX, COL-III & TNC 

were seen on the PIII treated UHMWPE fabric surface compared to the untreated surface, but 

this trend was similar on the COL-III gene expression levels. 
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Figure 7. 11 Gene expression profile of human primary fibroblasts cultured on pure (UT) and 

PIII modified (PIII) UHMWPE with Fibronectin protein coatings. Error bars here indicate 

standard deviations of triplicates before and after the PIII treatment. Symbol meaning (*) =P ≤ 

0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

The gene expression profile of primary fibroblasts cultivated on untreated and PIII-treated 

UHMWPE fabric with a fibronectin coating is depicted in Fig7.11. Even though few statistically 

significant changes could be seen, the untreated surface exhibited a tendency for increased 

TNMD expression levels after days 3, and 10 respectively. SCX expression levels increased after 

10 days.  COL-III and TNC expression level increased after 3 days but this was reversed after 10 

days.  
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Figure 7. 12 Gene expression profile of human primary fibroblasts cultured on pure (UT) and 

PIII modified (PIII) UHMWPE with CTGF protein coatings. Error bars here indicate standard 

deviations of triplicates before and after the PIII treatment. Symbol meaning (*) =P ≤ 0.05, (**) 

= P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

Fig 7.12 displays the gene expression profile of primary fibroblasts cultivated on untreated and 

PIII-treated UHMWPE fabric with CTGF coating. Apart from an up-regulation of Col-III and 

TNC on the untreated & PIII treated surface after days 3 &10, not many statistically significant 

alterations could be seen. After days 3 and 10, a rise in expression was seen in the untreated and 

PIII-treated group for several genes, including those encoding SCX and TNMD but changes 

were minor. 
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Figure 7. 13 Comparison of gene expression profile of human primary fibroblasts cultured on 

pure (UT) and PIII modified (PIII) UHMWPE with protein (COL-I, Fn, CTGF) coatings after 3 

days. Error bars here indicate standard deviations of triplicates before and after  the PIII 

treatment. Symbol meaning (*) =P ≤ 0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 

0.0001. 

Fig 7.13 shows the relative comparison of gene expression profile of primary fibroblasts cultured 

on pure and PIII modified UHMWPE fabric with protein (COL-I, Fn, CTGF) coatings after 3 

days. It’s been observed that higher levels of COL-III & TNC genes expressed on untreated 

UHMWPE fabric after 3 days period. PIII treated UHMWPE fabric showed higher expression 

levels for TNMD, TNC & COL-III genes. Fibronectin coating improved gene expression on PIII 

treated UHMWPE fabric for TNMD & COL-III. On the other hand, CTGF coating improved 

gene expression levels for almost all genes such as TNMD, SCX & COL-III after 3 days for PIII 

treated UHMWPE fabric surfaces. SCX gene expression wasn’t detected for untreated and PIII 

treated UHMWPE without protein coating. Collagen and fibronectin didn’t show any progressive 

outcome in general, but CTGF showed promising results for untreated and PIII treated surfaces.  
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Figure 7. 14  Comparison of gene expression profile of human primary fibroblasts cultured on 

pure (UT) and PIII modified (PIII) UHMWPE with protein (COL-I, Fn, CTGF) coatings after 10 

days. Error bars here indicate standard deviations of triplicates before and after the PIII 

treatment. Symbol meaning (*) =P ≤ 0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 

0.0001. 

Fig 7.13 shows the relative comparison of gene expression profile of primary fibroblasts cultured 

on pure and PIII modified UHMWPE fabric with protein (COL-I, Fn, CTGF) coatings after 10 

days. It’s been observed that higher levels of COL-III & TNC genes were expressed on untreated 

UHMWPE fabric after the 10 days period. PIII treated UHMWPE fabric showed higher 

expression levels for TNC & COL-III genes. Collagen coating improved gene expression on PIII 

treated UHMWPE fabric for TNMD & COL-III. Fibronectin (Fn) coating didn’t show any 
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improvement for untreated and PIII treated UHMWPE fabric. On the other hand, CTGF coating 

improved gene expression levels for almost all genes such as TNMD, SCX & COL-III after 10 

days for PIII treated UHMWPE fabric surfaces. TNC genes expression was also noticeable for 

PIII treated UHMWPE fabric surfaces. 

7.5.7 ALP activity 

Fig 7.15 depicts the primary fibroblasts' ALP activity levels after 7,14, and 21 days of culture on 

collagen-and fibronectin-functionalized UHMWPE fabric surfaces. Generally, it is evident that 

the expression levels rose for most surfaces as the time points proceeded.  

Therefore, the expression levels at day 14 remained modest, whereas those at day 21 increased. 

On days 7 and 21, the PIII-treated surface on the uncoated surfaces appeared to stimulate more 

ALP activity. It appears that both surfaces might be seen to have an increasing tendency in the 

collagen coating except day 7. Specifically, the ALP activity levels were reduced on days 14 on 

the untreated surface respectively. Comparatively, the action of collagen and CTGF appeared to 

be supportive of the ALP activity, markedly raising activity levels in Day 7,14, and 21 days. 
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Figure 7. 15 ALP activity from the Fibroblast cell lysate cultured on pure (UT) and modified 

(PIII) UHMWPE fabric samples functionalized with Collagen-I, Fibronectin and CTGF. Error 

bars here indicate standard deviations of triplicates before and after the PIII treatment. Symbol 

meaning (*) =P ≤ 0.05, (**) = P ≤ 0.01, (***) = P ≤ 0.001, (****) = P ≤ 0.0001. 

 

The mineral deposits made by the fibroblast cells on various functionalized UHMWPE fabric 

surfaces after they were cultured in tenogenic media are shown in Fig 7.16. The collagen & 

fibronectin showed a great effect on mineralization level on PIII treated surface. On the other 

hand, CTGF coating surface showed a higher level of mineralization for treated and untreated 

UHMWPE surfaces. 



202 

 

 

Figure 7. 16 Mineralization by the Fibroblast cell cultured on pure and modified UHMWPE 

samples coated with different proteins. 20,000 cells per cm2 were cultured on 0.8 × 0.8 cm sized 

UHMWPE fabric under tenogenic medium for the set period which ranged from 14 to 21 days. 

 

7.6 Discussion and Conclusion 

 

The objective of this study was to examine the in vitro biocompatibility and cell differentiation 

effects of UHMWPE fabric surfaces that have or have not been treated with PIII and further 

determining the impact of bio-functionalizing the surfaces by coating with various types of 

biomolecules. Consequently, we have developed surfaces that are loaded with the ECM proteins 
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fibronectin and collagen type -I. Furthermore, Connective tissue growth factor (CTGF) has been 

assessed for its ability to improve the functionality for tenogenic differentiation. ADSC cells 

have been used in tendon graft integration due to their ability to self-renew and proliferate. 

ADSC and FB cells were used to test the surfaces for short-term evaluations, and to measure 

differentiation and mineralization. 

The graph in Fig 7.2: shows adhesion of FB cells on UHMWPE fabric was improved by PIII 

treatment, and by coating with either COL or Fn. The combination of Fn with PIII further 

improves adhesion at 3 hours but no further advantage for combining PIII and COL. PIII 

treatment has modest effect on FB cell proliferation. Fn improves cell proliferation in untreated 

UHMWPE fabric. On the other hand, the combination of PIII treatment with Col & Fn coating 

enhances the proliferation effect of UHMWPE fabric. PIII treatment enhances ADSC cell 

adhesion on UHMWPE fabric. Col & Fn coating increases adhesion alone and with PIII 

treatment as shown in Fig7.5. ADSC cell proliferation is not affected much by PIII treatment but  

was increased by combination treatment of PIII and Col & Fn coatings. 

The evaluations of cell culture performed here provides information for upcoming whole animal 

experiments and are the initial step in figuring out whether the attached biomolecules could 

significantly increase bioactivity. The experiments selected here significantly increase our 

understanding of how the immobilized proteins may affect cells in contact and offer insight into 

potential results if the method was later applied in an in vivo investigation. 

It was expected that the PIII might be used to augment and overcome UHMWPE's inert qualities, 

and the results showed that all cell types grew considerably better on PIII modified UHMWPE 

surfaces. SEM analysis demonstrated that not only was there a greater number of cells adhering 

to the PIII-treated surface, but also that cell spreading was better. The substantial changes in cell 
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shape visible in SEM pictures suggest that the cells were responding to the surfaces differently 

for both cells which already discussed in section 7.3,7.5 7.7. The results provided here are 

consistent with other UHMWPE plasma treatments reported in the literature. Plasma treatments 

that introduced additional functional groups to the surfaces improved the biocompatibility of 

UHMWPE, according to studies[98, 321].  

The findings presented here show that a similar improvement can be achieved with the PIII 

treatment's high-intensity nitrogen ion bombardment. Plasma treatments are known to produce 

oxidized groups on polymer surfaces, which changes their wettability. The increase in oxidized 

groups such as (O-C-O) observed by XPS in section 3.10 &3.17 is most likely to be responsible 

for the improvement shown here. Additionally, it is commonly acknowledged that the wettability 

of a surface has a significant impact on cell adhesion[322].  

The PIII treatment was able to reduce the contact angle from 45 degrees to around 23 degrees, 

according to surface characterization studies. It's also likely that the increased amount of 

carboxyl groups generated by plasma treatment improved cell adhesion, as seen in Tamada's 

work[323]. It was obvious from the attachment and proliferation investigations that the PIII 

therapy resulted in significant improvement in both cell adhesion and proliferation. Moreover, 

when an extra collagen coating was added, as shown in the cell attachment assays, improvements 

were detected for FB &ADSC cells after 1 & 3 hours. Although the effect was not as robust as 

on the PIII-treated surface effects. When employed alone on untreated UHMWPE, the collagen 

layer showed slightly higher levels of cell adhesion and proliferation than uncoated surfaces. Our 

findings are consistent with the literature, which suggests that collagen substrates can help cells 

growth[290]. When UHMWPE was coated with fibronectin, another ECM protein investigated 
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in this work, had some surprising effects. It enhanced cell attachment and this effect was superior 

to for collagen for both fibroblasts and ADSC’s.  

It was predicted that the PIII may be employed to enhance and safeguard the functionalities of 

protein coatings, due to the reduction of hydrophobicity level and the covalent immobilization 

procedure. Based on the findings, it appears that in some cases, the PIII treatment resulted in an 

improvement compared to untreated UHMWPE. The following discussion has been separated 

into two points based on the results.  (i) Untreated UHMWPE uses hydrophobic and electrostatic 

communications to non-covalently bind proteins to the surface. This improvement is because of 

the expanded hydrophilicity coming about because of polar gatherings framed at the protein-

surface point of interaction. The expanded hydrophilicity permits adsorbed protein particles to 

hold local like conformities. Unfortunately, non-covalent, adsorption has a variety of drawbacks, 

including low effective protein concentrations, protein denaturing, and unfolding. It doesn’t 

perform well in physiological environment. (ii) A protein-binding surface that does not denature 

the protein could successfully hide the original implant surface, preventing it from being 

recognized as foreign. Hydrophilic surfaces, rarely hold adsorbed protein molecules. The 

findings demonstrated that when protein coatings get fixed on treated UHMWPE fabric surfaces, 

they can improve bioactivity to a level that is higher than the original PIII treated surface. This 

might be because the covalent linkage had a positive effect on the biomolecules' functions, 

increasing their potency[249]. 

It has been shown that the conformation of the immobilized proteins on the PIII treated polymers 

was largely unchanged and hence, they remained functional as demonstrated with enzyme 

activity[144, 324] . On contrary, the physiosorbed proteins on untreated polymers may require 

the exposure of hydrophobic domains to form hydrophobic interactions with the surface and 
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therefore, unfold their tertiary structure. The native conformation of proteins and the stability of 

the attached protein layer are important for the subsequent cell adhesion and proliferation as 

observed in the experiment with FB and ADSC cells. Although there was no significant 

difference between cell adhesion numbers on collagen and fibronectin conjugated UT and PIII 

treated fabrics after 1- or 3-hours incubation (Fig 7.2 & 7.6), the growth and proliferation of both 

cell types are consistently higher on both protein coated PIII treated fabrics compared to the 

protein coated untreated fabrics (Fig 7.4 & 7.8) after long incubation time (3-7 days). We 

hypothesize these results are largely related to the density and conformation of the attached 

protein layer where cells were seeded on, especially in the later stage of the cell culture in which 

the reversible physiosorbed protein layer changes more than the covalent attached protein layer.  

Primary human fibroblasts cultured on UHMWPE fabric samples coated with fibronectin, 

Collagen-I, and CTGF protein were used for gene expression investigations. The raw fold 

change quantified was compared to the uncoated pure UHMWPE data set after first being 

standardized against GAPDH. Comparing the effects of the same plasma treatments versus 

different protein coatings, as well as the effects of the same plasma treatments versus the same 

protein coatings, allowed for the statistical evaluation of the results. A selective effect of PIII 

treatment on gene expression observed for UHMWPE fabric. PIII treatment induced the tendon 

ligament gene expression for TNMD, SCX & COL-III. Collagen coating increased COL-III 

expression levels on untreated surfaces. On the other hand, collagen coating has significant 

impact on TNMD & COL-III gene expressions on PIII treated surfaces. Results from the 

fibronectin coating suggested reduced levels of gene expression for all L/T genes. CTGF showed 

higher gene expression results for TNMD, COL-III, SCX & TNC compared to collagen and 

fibronectin coating. 
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The conclusions from this set of studies were often contradictory. Overall, PIII treated surface 

without protein showed significant impact in all tenogenic gene expressions. However, in 

contrast to the fibronectin coating, which was applied to untreated surfaces, the collagen coating 

generally increased the overall levels of gene expression. Fn did not exhibit a significant impact, 

to enhance tenogenic gene expression on the untreated & treated surfaces. 

The time points considered were early in the fibroblast differentiation process, and modifications 

happening during later differentiation stages may not have yet occurred. This experiment 

employed only triplicates, which limited the statistical validity. Also, it's possible that the protein 

coatings by themselves were unable to induce complete differentiation because the gene 

expression tests were conducted in conventional expansion media. According to the findings, the 

L/T genes TNMD, COL-III, SCX were expressed more frequently on all surfaces, including 

those without a protein coating. 

The ALP activity and mineralization activities measured throughout prolonged duration periods 

seem to exhibit a potential biological healing of tendon-to-bone interface using above protein & 

growth factors. PIII treated UHMWPE fabric showed promising results for mineralization. PIII 

treated coated UHMWPE fabric may encourage FB cell growth and boost the adsorption of 

osteogenic proteins onto the graft's surface. Collagen coated UHMWPE fabric enhanced 

mineralization compared to fibronectin & CTGF coated UHMWPE fabric. 
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Summary of this chapter 

1. PIII treatment improved the FB cell adhesion. An additional layer of collagen could 

significantly improve cell attachment on untreated UHMWPE fabric surfaces but not for 

PIII treated UHMWPE fabric surfaces. Yet only the PIII-treated UHMWPE fabric 

surfaces shown the fibronectin effect in terms of increased cell adhesion. 

2. PIII treatment has significant impact on cell proliferation for FB cells. Fn improves cell 

adhesion for untreated UHMWPE fabric. PIII treatment enhances the cell proliferative 

effect for Fn and collagen coating. Collagen has significant effect on FB cell proliferation 

for untreated and PIII treated UHMWPE fabric surfaces. Collagen improved cell 

adhesion for untreated UHMWPE fabric at a higher rate than the PIII treated UHMWPE 

fabric surfaces. 

3. PIII treatment amplified the ADSC cell adhesion on UHMWPE fabric surfaces. Collagen 

and Fn both have effect on ADSC cell adhesion on untreated & PIII treated UHMWPE 

surfaces. PIII treatment doesn’t improve the ADSC proliferation but increase the effect in 

combination of Fn and collagen coating. 

4. ALP activity and mineralization data suggested that a collagen and fibronectin coating 

have a more supportive role which influenced cell differentiation in the osteoblast lineage 

which is beneficial for tendon-bone regeneration. Additionally, CTGF showed promising 

results in inducing differentiation for fibroblast cells. 

5. Although the gene expression results were mixed, the data suggested that FB cells can 

differentiate towards ligament and tendon cells. Treatment promoted increased 

expression of ligament and tendon specific genes. 
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6. On both surfaces, collagen & fibronectin appeared to increase cell adhesion, proliferation, 

differentiation, and mineralization. 

 

In this chapter, above mentioned proteins (fibronectin, collagen type I, and CTGF) coated 

Untreated & PIII treated UHMWPE fabric supported  cell adhesion, proliferation of primary 

human fibroblasts and ADSC cells. PIII treated UHMWPE fabric showed promising results for 

mineralization of FB cells. CTGF exhibited good results for cell differentiation of FB cells as 

well. 
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Chapter 8 : Conclusion 
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8.1 Summary and Criticism of the Hypothesis 

Biofunctionalization of UHMWPE fabric for ligament/tendon reconstruction is considered a 

promising research area. Many effective ideas have been created and implemented by numerous 

researchers, but none of them yet fully meet the requirements. This thesis evaluated the 

characterization of nitrogen based PIII treated UHMWPE fabric, mechanical strength of 

UHMWPE fabric graft, immobilization of proteins on UHMWPE fabric, bioactivity & 

biocompatibility of UHMWPE fabric for ligament/tendon regeneration. 

The evidence provided in this thesis showed that the nitrogen based PIII  treatment might be used 

to improve the bioactivity of UHMWPE fabric by treating its surface. The long-term impacts of 

the surface qualities after PIII treatment were confirmed by surface characterization 

investigations. This nitrogen based PIII treated UHMWPE fabric (Scientific grade) was able to 

introduce functional groups to the materials surface through oxidation and dehydrogenation due 

to energetic ion bombardment technique. The treatment makes the surface more hydrophilic, 

reduced the contact angles and increased the surface energy.  

The PIII treatment created a reservoir of free radicals on the sub surface of UHMWPE polymer 

and created oxygen and nitrogen containing groups. Between two grades of fabrics scientific 

grade UHMWPE fabric has been chosen for further study due to several reasons already 

discussed in chapter 3 & 5.  Surface characterization and protein immobilization results are 

similar for both UHMWPE fabrics. Mechanical strength is superior for industrial grade 

UHMWPE fabric but due to the presence of impurities in the industrial grade UHMWPE fabric 

and a dense fiber structure, it was difficult to maintain an aseptic environment for cell culture 

study of industrial grade UHMWPE fabric. 
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Excellent mechanical strength of UHMWPE graft was observed in chapter 4. Mechanical 

properties such as tensile strength and stiffness of UHMWPE graft is superior to natural T/Cyclic 

loading data confirmed that UHMWPE graft can replicate the normal accommodation of stresses 

placed on the ligament/tendon while walking/engaging in vigorous physical therapy. 

The covalent bonding of the given biomolecules was validated by protein immobilization tests, 

which also showed that immobilization increased long-term stability. Studies on cell culture on 

the bare PIII-treated surfaces showed significantly increased bioactivity in terms of attachment, 

proliferation, tenocyte differentiation, and mineralization when compared to the untreated 

surface. Studies in cell culture on surfaces functionalized with proteins suggested that the PIII 

treatment could influence the gene expression and thus cell functioning. These results provide 

evidence that covalent binding or fibronectin, collagen type 1 and CTGF maintains significant 

levels of bioactivity of these proteins. 

The initial goal of this thesis was to investigate whether nitrogen based PIII treatment might be 

used to increase the bioactivity and biocompatibility of inert UHMWPE fabric surfaces and 

compare characteristics between two grades of UHMWPE fabric. Based on the numerous 

observations presented throughout this thesis, it has been determined that the PIII treatment can 

increase the bioactivity of UHMWPE fabric surface. These results allow for the application of 

three basic methods to enhance UHMWPE bioactivity using PIII treatment. Firstly, without the 

use of any biomolecules, PIII treatment on UHMWPE fabric surfaces produced significantly 

increased indicators of bioactivity.  

Secondly, the synthetic UHMWPE ligament/tendon graft is capable to take sufficient tensile & 

cyclic loading for daily human physical activities. Mechanical measurement confirmed the 
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strength of the untreated fabric was unchanged after the PIII treatment, proving that the treatment 

only changed the surface properties but not the bulk properties of the material.  

Thirdly, the covalent immobilization of biomolecules using PIII treatment on UHMWPE fabric 

serves to extend the biological usefulness of the attached biomolecules. The type and 

concentration of protein utilized can influence how the immobilized protein layer controls 

desired biological consequences to attached primary human cells of the ADSC and fibroblast 

lineages.  

Finally, we have shown that the nitrogen based PIII technology may be used to increase the 

bioactivity of UHMWPE fabric quickly and effectively. This information supports further efforts 

to design UHMWPE materials for next-generation Ligament/Tendon implants. The nitrogen 

based PIII-treated UHMWPE fabric surface was demonstrated to be able to promote tenogenic 

differentiation and to support the deposition on the fabric of mineralized tissues indicating bone 

production which required for fixation to bone of tendon grafts. It is supportive for greater 

tenogenic differentiation without compromising the material's exceptional bulk mechanical 

capabilities.  

8.2 Limitations and future recommendations 

 

Although the nitrogen based PIII treatment produced a satisfactory result, there are still some 

regions where the surface treatment might not be ideal. Additionally, all studies performed for 

this thesis were done in vitro in a well-controlled environment. Estimating the efficiency of the 

surface treatment in practical biomedical applications, particularly in long-term implantable 

devices, may be challenging. The work described here provides a picture of how effectively PIII 
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treated UHMWPE functions in vitro, even though there are still certain restrictions and 

difficulties that need more research. There are several limitations such as limited opportunity to 

optimize culture conditions for both covalent bonding of proteins to the fabric and to optimize 

cell culture conditions to detect biological responses to plasma treatment and protein loading for 

bio functionalizing coatings. It would be necessary to assess the use of rational combinations of 

proteins for coatings.  

Surface characterization through Fourier-transform infrared spectroscopy (FTIR) and wear 

testing weren’t possible for UHMWPE fabric. UHMWPE fabric graft wasn’t specifically 

designed or optimized for use as a ligament and tendon and further work must be done to make it 

functional such as impregnation of the hollow UHMWPE graft so that it can give support and 

prevent it from flattening during implantation or ACL surgery.  

An exhaustive analysis of the surface properties of the nitrogen based PIII treated UHMWPE 

fabric was not completed because the aim of this work was primarily focused on the biological 

results. To further clarify our understanding of the nitrogen based PIII treated UHMWPE fabric 

surfaces, the author recommends that the following further research be done. 

(1) The biological consequences were the main emphasis of this investigation, hence a 

thorough examination of the surface properties of the PIII-treated UHMWPE fabric was 

not fully carried out. 

(2) Thorough examination on the sources of the material for defined manufacturing 

specifications would provide valuable criteria for evaluating the properties of the 

material to optimize the fabric’s correct fiber dimensions, weave structure, pore size, 

mechanical strength & reducing impurities etc.  
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(3) By cleaning the surfaces with solvents and looking at any detachable functional groups, 

it would be feasible to do additional examination of the surface characteristics that cover 

the detection of potential mobile fragments arising from the PIII treatment. 

(4) Thorough research may be required to further assess the biological performance due to 

the intricacy of the biological phenomena taking place. 

(5) As a result of the information gathered there, it may be possible to immobilize many 

proteins on a surface at once in the future. The most significant increases in bioactivity 

may be achieved by using a range of proteins to cover the initial implant surface and so 

produce a more biomimetic interface. 

(6) By focusing on Proper design of UHMWPE ligament graft.  The graft must be designed 

such a way that growth factors have strong influence on blood supply and connective 

tissue ingrowth, it would be beneficial to inject it at the midpoint of tissue-engineered 

ligaments as well as for optimized fixation in bone tunnels. Anti-wear mechanism 

should be improved to reduce inflammation due to the presence of fragments observed 

from UHMWPE polymers. 

(7) The data described here should give a clear picture of how effectively the PIII treated 

UHMWPE operates in vitro, even though there are still a few issues and challenges that 

need more research. The objective of the following phase of research on this subject 

should be to assess PIII surface modification technologies in an in vivo model to pave 

the way for therapeutic use. 

(8) The macrophage cytokine release assay would be an interesting assay to conduct in 

future to the in vivo studies of Ligament/Tendon for immune response.  
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(9) In vivo assessment of Ligament/tendon repair of PIII treated UHMWPE fabric material 

implants would be conducted in future research studies. 

 

All in all, the novelty of this thesis includes the validation of methods to biofunctionalized 

UHMWPE fabric with nitrogen based PIII treatment for the design of ligament and tendon 

implants.  Biofunctionalization of UHMWPE has been studied before in the form of sheet, rod, 

cubes, or fibers there is an absence of literature on fabrics.   

Previous study also focused on ligament/tendon differentiation conducted on UHMWPE 

composite grafts or scaffolds but not on simple UHMWPE fabrics. The information presented 

could be useful in understanding and preventing the activity loss that occurs when some enzymes 

are immobilized on surfaces. The information offered here will be crucial for subsequent in vivo 

implant investigations and clinical trials, and it is expected to spur new UHMWPE fabric uses in 

the biomedical sector. Utilizing this nitrogen based PIII treatment to biofunctionalized 

UHMWPE for the research of L/T implants has the potential to be revolutionary. 
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Figure A1 Photo of the PIII plasma chamber set up used for the surface treatment. 
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Figure A2 Surface energy of PIII treated UHMWPE based on Owen Wendt Rabel and Kaelble 

(OWRK) method. 
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Figure A3 Surface energy of Untreated UHMWPE based on Owen Wendt Rabel and Kaelble 

(OWRK) method. 
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Figure A4 Hydrophilicity experiment of untreated & PIII treated UHMWPE fabric. 
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Figure A5 (A) Contact angle testing in optical tensiometer (B) Contact angles of water on 

untreated UHMWPE fabric (C) contact angle of water on PIII treated UHMWPE fabric. 
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Figure A6 Diiodo-methane contact angle change after PIII treatment on UHMWPE fabric. 

 

 

Figure A 7Fibers of graft before mechanical testing. 

 

Figure A8  Stretching of fibers after mechanical testing. 
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TableA1 Contact angle measurement on untreated & PIII treated UHMWPE fabric 
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