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Lay Abstract 

Biofouling is a major issue in implantable titanium devices such as coronary stents, plates 

and nails, and formation of biofilm on implants can lead to infection and failure of the 

device. Biofilms formed by bacterial adhesion could be resistant to antibiotics and can 

provoke a series of inflammatory response. Recent advances in anti-biofouling surface 

treatment has resulted in designing supper slippery lubricant-infused omniphobic surfaces 

which are inspired from the Nepenthes pitcher plant. Liquid which is tethered on the surface 

offers a stable liquid interface, repelling both aqueous and organic liquids meanwhile 

showing excellent bacteria repellency. Lubricant-infused surfaces (LIS) are resistant 

towards biofilm formation and produce a stable surface that prevent non-specific adhesion.  

As a result of this repellent properties, LIS also repels the adhesion of desired biomolecules 

and cells such as osteoblasts, bone cells and growth factors which are essential factors for 

bone recovery at the implant-bone interface. Our motivation in this thesis is to create a 

lubricant-infused coating on titanium surfaces that possesses both bio-functional and 

blocking features. We designed surfaces that decrease implant infection caused by non-

specific adhesion and simultaneously promote targeted binding of biomolecules and cells 

that will increase osseointegration of the implant to enable long-term fixation. 
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ABSTRACT 

Lubricant-infused surfaces (LIS) are created by modifying chemical and physical 

properties of surfaces with aim of lowering surfaces energy where designed surface will 

possess liquid-repelling behaviors under low tilting angles. LIS has great potential to be 

applied on implantable devices due to it is stable anti-biofouling properties under fluidic 

environment. However, a few studies have reported that the existing research on implant 

surface uses complicated methods and high cost fabrication to create LIS on titanium 

implants. Furthermore, current limitation of LIS coatings for titanium implants lies in the 

lack of tissue integration and cell interaction. As a result, LIS prevents both bacteria and 

bone cells from adhering to the interface between implant and natural bone. This 

unselective blocking is problematic for titanium implants used in orthopaedic surgery when 

devices are required to possess tissue integration properties to facilitate long term fixation 

in the human body. The overall objective of this thesis is to apply LIS on titanium surfaces 

via a chemical modification technique and simultaneously integrate bio-functional features 

onto LIS to promote osteoblasts adhesion. In this project, chitosan and collagen were used 

to facilitate cell adhesion. To start with, three methods were used to immobilize chitosan 

on titanium to obtain the desired bio-functional LIS coatings: (1) LIS on top of (3-

Glycidyloxypropyl)trimethoxysilane (GPTMS) crosslinked chitosan; (2) LIS on dip-coated 

chitosan; (3) LIS generated from GPTMS  and Trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane (TPFS) mixed silanes modified titanium surface followed by chitosan 

functionalization. Among these modification techniques, method (3) showed optimal anti-

biofouling and osseointegration properties. Since collagen is well known for increase of 
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cell interactions, it was used via mixed silanes functionalization method. Finally, the 

properties were compared with chitosan coated surfaces. During tests, surface wettability 

was measured, anti-biofouling properties and osseointegration was examined with 

staphylococcus aureus and SAOS-2 cells, respectively. We found that chitosan modified 

surfaces using method (3) not only significantly increased cell adhesion in comparison with 

the other two modification methods, but also dramatically decreased bacterial adhesion 

compared to collagen coated LIS on titanium. Although collagen has better cell adhesion 

properties than chitosan, collagen coated surface significantly decreased antibiofouling 

properties. In conclusion, bio-functional lubricant-infused titanium surfaces created by 

chemical vapor deposition (CVD) method with mixed silanes is a feasible and 

straightforward method to immobilize biomaterials and stabilize the lubricant layer on 

titanium substrates. Chitosan coated LIS on titanium prevents bacterial adhesion and 

simultaneously promotes targeted cell binding.  
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CHAPTER ONE: INTRODUCTION AND OBJETIVES 

1.1 Clinical issues of implantable titanium devices 

Due to high modulus and strength,1 biocompatibility,2 high resistance to degradation, wear 

and fatigue,3 titanium is widely used in biomedical implants. However, there are several 

clinical complications related to titanium medical devices. Currently, implant failure 

caused by biofilm formation and infection is a prevalent and significant clinical issue which 

increases the implant associated mortality and morbidity rates and adds a financial burden 

on the healthcare system. For example, estimated cost of an infected prosthetic joint 

replacement in the U.S. is around $50,000 to $60,000.4 Biofilm is formed by bacteria 

attachment, proliferation and spreading (Figure 1) on the implant surface and it is reported 

that approximately 14% of total implant failures are caused by biofilm formation.5 

According to the report from the Canadian Joint Replacement Registry (CJRR), 

approximately 130,000 hip and knee replacement operated in Canada between 2017 and 

2018. Among them, hip replacements accounted for 58,492 and knee replacements was 

70,502. But more than 9,700 hip and knee replacement revision surgeries were performed 

in 2017-2018, hip and knee replacement revisions represent 8.2% and 6.9% of total number 

of their initial replacements. Furthermore, 17.7% of the total revisions was caused by 

infection issue.6 The sources of infectious bacteria can from environment such as the 

surgery room, equipment, the resident bacteria on patient's skin or the bacteria already 

inside human's body.7 Most biofilms formed by bacterial adhesion are resistant towards 

antibiotics that result in bacterial  antibiotic resistance, creating a global issue.8  
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To solve the clinical complications associated with infection and biofilm formation on 

implants, different surface modification approaches have been implemented. These 

strategies involve creating bactericidal surface coatings with polycations,9 antimicrobial 

peptides10 and antibiotics11 and anti-biofouling coatings such as microstructure 

fabrication,12 hydrophilic chains incorporation,13 polymer brush coatings14 and lubricant-

infused coatings15. Categories, pros and cons of these surface coating strategies will be 

discussed in the following sections.  

 

Figure 1. Schematic representation of bacterial adhesion and proliferation on surfaces and the antibiotic 

resistance effect caused by biofilm formation. 

 

1.2 Anti-bacterial surface coatings on titanium implants  

Anti-bacterial coatings can be divided into bactericidal and anti-biofouling coatings based 

on the interaction between the bacteria and implant surface. To be more specific, 

bactericidal surfaces disrupts bacteria at cellular level and cause bacteria cell death. In 
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contrast,  anti-biofouling coatings resists bacteria adhesion by offering bacterial repellent 

topography or chemical properties.16  

1.2.1 Bactericidal surface coatings  

Bactericidal surfaces are usually obtained by surface functionalization with antibiotics,17 

polymeric material18 or nano particles19. Some surface functionalization techniques use 

physical strategies which create thin films via hydrogen or electrostatic interaction,20 

physical entrapment or self-assembly21 to incorporate biomolecule or hydrophilic polymers, 

disrupting bacteria at cellular level. Although these surface coating strategies have 

exhibited promising antibacterial properties, the stability of the coating is an issue.  

In contrast to physical modification techniques, chemical modification strategies firstly 

create active surfaces with functional groups and pave the foundation for binding with 

bactericidal molecules in following steps. Pre-activations techniques such as oxidation22 

and aminolysis23 are used to provide active amine groups24 and hydroxyl groups as anchors 

during surface grafting reactions. After modification, surfaces are bounded with biocide 

molecules, materials or medicine, such as metallic nano particles,11 polycations,9 

antimicrobial peptides10 and antibiotics11 to interfere bacterial adhesion, proliferation and 

growth.  

Although antibiotic bactericidal surface is a widely used coating method, they still have 

some limitations. Fist of all, many results demonstrate that all antibiotics, either used alone 

or combined with other materials, are released with an initial burst and their antimicrobial 

activity is dose-dependent.25 Additionally, antibiotic resistance on the medical implants is 

another factor that reduces bactericidal efficiency of coatings.26 To circumvent these 
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limitations, current strategies of development have shifted towards using other molecules 

instead of antibiotic drugs in bactericidal surface coatings.  

Among bactericidal molecules, chitosan is a natural biodegradable biomaterial with non-

toxic degradation products27 and has a broad-spectrum of antibacterial activity on bacteria, 

including Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Actinomyces 

naeslundii.28 In recent years, Gomes et. al reported a layer-by-layer (LBL) assembled 

chitosan/alginate coating and showed that this surface coating decreases the growth of 

bacteria by 65–80%.29 

It is also claimed that chitosan induces proliferation of osteoblast cells, mesenchymal cells 

and neovascularization in vivo.30 Antonia G. Moutzouri group demonstrated that chitosan 

coated glass surfaces have higher elastic modulus of attached osteoblasts compared to 

uncoated control surfaces. This conclusion was further confirmed in the research by Simon 

et al., showing that elastic moduli of adherent cells on chitosan coated surfaces is between 

8 and 400 KPa by AFM (atomic force microscope).31 Additionally, cells were more stable 

on chitosan coated surfaces and the detachment strength of osteoblasts on chitosan coating 

was increased within the first hour of cell culture measured by micropipette aspiration 

technique.31 

1.2.2 Anti-biofouling surface coatings  

Anti-biofouling coatings alter physical properties of the surface by changing wettability, 

surface energy and surface topography. Physical properties of substrates can be modified 

by different techniques such as microstructure fabrication,12 hydrophilic chains 
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incorporation,13 polymer brush coatings,14 lithography,32 plasma etching,33 hydrothermal 

synthesis,34 micro-moulding, laser interference patterning35 and anodization.36  

In recent years, attention has been drawn towards biomimetic anti-biofouling surfaces 

where surface construction is inspired from nature, such as gecko foot,37 insect wings38 and 

plant leaves.39 Among them, lubricant-infused surfaces (LIS) inspired by nepenthes pitcher 

plants with omniphobic characteristics have gained extensive attention. A slippery liquid-

infused surface is created by infiltration of the micro structures present on the surface in 

moist environment (Fig. 2), so that insects cannot adhere on to the surface and slip into 

stomach of pitcher plants.40 Furthermore, LIS has advantages over lotus leaves inspired 

hydrophobic coatings from following aspects:  

As for superhydrophobic surfaces, damage on the surface will decrease anti-biofouling 

robustness. Additionally, trapped air pockets may collapse under low surface tension liquid, 

making surfaces lose their hydrophobicity. Nevertheless, bacteria repellency of LIS has 

better stability in liquid or fluidic environment, making it preferable in implantable 

application.41   

LIS coatings can play an important role in creating anti-fouling surfaces for medical 

implants because they can be integrated into many types of material, including metals such 

as stainless steel42 and titanium43. Recently, approaches of LIS are reported to have high 

bacteria resistance and anti-clotting function.44 Epstein et al. demonstrated LIS reduced 

biofilm coverage of Staphylococcus aureus by 97% in their most recent study.45 In an 
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earlier study, Badv et al. reported omniphobic lubricant-infused catheters significantly 

attenuated clot formation compared with uncoated surfaces.45  

 

Figure 2. Schematic representation of anti-biofouling properties of lubricant-infused surfaces (LIS). 

 

c1.3 Lubricant-infused surfaces (LIS) for biomedical implants 

LIS are produced by modifying chemical and/or physical properties of the surface and 

further infiltrating the surface with an appropriate lubricant layer that possesses high 

affinity towards the underlying solid susbtrate.46 Surface topography and chemical features 

are two key factors for adjusting surface property to match the chemistry of lubricant,47 

involving electrospinning,48 electrochemical deposition,49 nanopillar assembly,50 polymer 

wrinkling,51 chemical and physical etching52 by altering surface topography. 
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On the other hand, chemical modification is another method applied on surface to offer a 

higher affinity to lubricant layer. Liquid-phase deposition (LPD) and chemical vapor 

deposition (CVD) are the two common chemical modification techniques used to create 

LIS. Recently, CVD has shown to create more uniforms coatings and be less harmful for 

the substrate compared with LPD methods.44 During LPD process, self-polymerization of 

silanes in the solution impairs homogeneity of silane layer and harmful solvent waste 

produced during the procedure limits industrial viability of the process.53–55  

Although various kinds of LIS have been revealed with outstanding features for bacterial 

resistance, the coating still has some limitations when applied on metal alloys. Doll et al. 

reported a method that uses ultrashort pulse laser ablation to fabricate nano structure on 

titanium surfaces. Fabricated samples were dip coated with a fluorinated polymer to avoid 

oil creeping on surface, followed by forming a homogeneous liquid film with 

perfluoropolyether lubricant (Krytox GPL) by spin coating on surface. Lubricant infiltrated 

samples exhibited high bacteria resistance properties.43 However, laser micromachining is 

reported to form heat affected zones and cause material property alteration and thermal 

stress56 In addition, an extra step is required to remove machining debris from molten 

material and recast layer. Furthermore, precision of ultra fast machining is influenced by 

deformation of laser in focal plane.56  

In addition to preventing bacterial adhesion, a strong and durable bone-implant connection 

is required for titanium implants used in some surgeries such as bone anchored limb 

prosthesis and knee and joint replacement.57 Current techniques of LIS on titanium still 
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lack bioactivity and they simultaneously block osteoblasts and bacteria adhesion, 

indistinctively.43  

1.3 Research Objectives 

Based on the current developments of LIS in preventing non-specific adhesion, the focus 

and objective of this thesis was to develop bio-functional LIS on titanium implants with 

high osteoblast affinity. This thesis focuses on developing bio-functional LIS coatings for 

titanium surfaces where osteoblast attachment and proliferation are enhanced, without 

compromising the blocking and antifouling properties of the lubricant-infused layer.  

CVD method is used in our project to prepare LIS on titanium implants through 3 

methodologies: (1) LIS integrated into the GPTMS crosslinked chitosan; (2) LIS integrated 

into the dip-coated catechol conjugated chitosan and 3) LIS generated from GPTMS and 

TPFS mixed silanes modified titanium surface, followed by chitosan functionalization. 

Afterwards, collagen as an alternative biomaterial with enhanced bioactivity was used and 

the results were compared with chitosan coated surfaces in both biofilm and cell culture 

experiments. Finally, the optimized method for achieving bioactive LIS anti-biofouling 

titanium implants is reported.   
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CHAPTER TWO: BACKGROUND 

2.1  Mechanism of action of LIS and current preparation methods 

Inspired by the Nepenthes pitcher plant, LIS show excellent repellency properties towards 

organic and aqueous  fluids.58 Nectar and water can be locked into the microscale structures 

present on the pitcher plant and produce a stable yet dynamic layer of lubricant where the 

friction between insects' feet and film is pretty low and non-specific adhesion is prevented. 

Wong, T. S. et al. made a slippery lubricant-infused surface to repel both organic and 

aqueous solutions where only a slight tilting angle could make the droplets slide off the 

surface.55 Fig. 3 illustrates a model of this lubricant-infused slippery surface.  

To design LIS, three main design criteria must be met: (1) The lubricant and droplet liquid 

must be immiscible, (2) the lubricant oil phase must wet and spread on substrate, and (3) 

the solid substrate should have a higher affinity to lubricant over the contaminating droplet 

liquid.59 Furthermore, air phase, lubricant oil phase, solid substrate and droplet liquid phase 

are four phases involved in a LIS system. Interactions among the four phases determine 

morphology of contact line and mobility of the droplet on surface.60  

 



M.A.Sc. Thesis - Yuxi Zhang 

McMaster University - School of Mechanical Engineering. 

—————————————————————————————————— 

 

 

 

 10

   

 

 

Figure 3. Schematic representation of a droplet on the lubricant-infused rough surface, A) droplet completely 

encapsulated by the lubricant; B) droplet lays on top of lubricant. 
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𝑆𝑜𝑤(𝑎) is defined as the spreading coefficient of water droplet on lubricant oil phase in an 

air environment. 

𝑆𝑜𝑤(𝑎) = 𝛾𝑤𝑎 − 𝛾𝑜𝑤 − 𝛾𝑜𝑎 Equation 1 

When  𝑆𝑜𝑤(𝑎) > 0, droplet will be completely encapsulated by the lubricant (Fig. 3A). 

If 𝑆𝑜𝑤(𝑎) < 0 droplet will lay on top of lubricant, as it showed in Fig. 3B. In equation (1), 

𝛾𝑤𝑎 represents water-air surface tension, 𝛾𝑜𝑤 is oil-water surface tension, and 𝛾𝑜𝑎 stands 

for oil-water surface tension.  

In equation (2) and (3), 𝑆𝑜𝑠(𝑎) is spreading coefficient of oil on a solid surface in contact 

with air, and 𝑆𝑜𝑠(𝑤)  stands for spreading coefficient of oil on a solid surface that is in 

contact with water. 𝛾𝑠𝑤, 𝛾𝑠𝑎 and 𝛾𝑜𝑠 represent surface tension at solid-water, solid-air and 

oil-solid interfaces, respectively.  

The lubricant has a higher affinity to the substrate over the water droplet, if 𝑆𝑜𝑠(𝑤) ≥ 0 .47   

Young's relation and Cassie–Baxter to Wenzel transition is used to explain how trapped air 

pockets on rough surfaces offer hydrophobicity to the substrate.61 On LIS, the lubricant oil 

phase has higher affinity to wet the solid substrate than the contaminating droplet liquid. 

Thus, air phase trapped in surface is replaced by lubricant. Criteria of this system is defined 

by substrate roughness and surface tensions which are concluded by J. David Smith et al.:61  

Model 1: Lubricant does not wet substrate: 

𝑆𝑜𝑠(𝑎) = 𝛾𝑠𝑎 − 𝛾𝑜𝑠 − 𝛾𝑜𝑎  Equation 2 

    𝑆𝑜𝑠(𝑤) = 𝛾𝑠𝑤 − 𝛾𝑜𝑠 − 𝛾𝑜𝑤 Equation 3 
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𝑆𝑜𝑠(𝑎) < −𝛾𝑜𝑎(
𝑟 − 1

𝑟 − ∅
) 

Equation 4 

 

Model 2: Lubricant partially wets the surface: 

 

Model 3: Lubricant completely wets the surface: 

Requirement for higher affinity for lubricant over droplet on substrate surface: 

 

When configuration meet LIS requirement, lubricant completely spreads on the substrate 

and repels the contaminating droplet off with a wetting ridge as it is illustrated in Fig. 3B.62  

∅ is the fraction of projected area occupied by the droplet liquid and 𝛾 is only a function of 

texture parameters and won’t be affected by surrounding environmental factors. Given that 

surface wettability is mainly influenced by surface tension, tuning surface chemical 

properties and surface roughness are feasible ways to build LIS.63  

LIS repels both high surface tension aqueous and low surface tension organic liquids, for 

examples water (72.3 mN/m) and hexadecane (27.5 mN/m). This omniphobic function of 

LIS plays an important role in the anti-biofouling properties on implantable surfaces.60  

−𝛾𝑜𝑎(
𝑟 − 1

𝑟 − ∅
) < 𝑆𝑜𝑠(𝑎) < 0 

Equation 5 

 

𝑆𝑜𝑠(𝑎) ≥ 0 Equation 6 

𝑆𝑜𝑠(𝑎) ≥ 0 Equation 7 

−
𝛾𝑜𝑤(𝑟 − 1)

𝑟 − 𝜙
< 𝑆𝑜𝑠(𝑤) < 0 

Equation 8 
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The underlying substrate and the wetting lubricant work together to maintain a dynamic 

but stable oil layer on flat or rough surfaces. Most importantly, the surface must have a 

chemistry that matches the chemical nature of the infusing oil phase. Thus, different 

methodologies have been purposed to modify surface roughness and chemical features of 

surface to achieve functional and repellent LIS.64  

As it mentioned above, the solid substrate could be textured to help lubricant retention. 

Early methods to obtain slippery surfaces involved using photolithography on a photoresist 

coated surface and casting PDMS on pitcher plant's peristome.65 Other methods to create 

nanostructures on substrate include soft lithography,66 etching,67 emulsion and phase 

separation,68 mold transcribing,65 electrospinning,69 electrochemical deposition,70 nano 

particle assembly,71 polymer-induced wrinkling71 and layer-by-layer manufacturing.72 

LIS could also be achieved by changing the surface chemical properties of the substrate. A 

proper chemical layer is applied on surface to induce low surface energy that has higher 

affinity towards the lubricant layer. Chemical modification techniques include liquid-phase 

deposition (LPD), dip-coating, spray-coating, and chemical vapor deposition (CVD).73 

Compared with LPD, CVD is preferable as it creates more uniform coating especially on 

nonplanar surfaces or even geometrical shapes. Meanwhile, compared to LPD, fewer 

chemical reactants are used in the CVD process making this technique a more eco-friendly 

modification method.74 Additionally, solid substrates may be eroded during the LPD 

process by being exposed to corrosive by products produced during the LPD method, an 

effect that can be alleviated through CVD method.73 
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In the final step, a compatible lubricant is added to the solid surface to create a layer of oil 

phase through capillary wicking on rough surface or van der Waals force on chemically 

modified surfaces.75 The lubricant layer has shown to remain stable under flow conditions 

and when placed in closed environments.55  

2.2  Bio-integration on titanium implants  

The ability of titanium implants to connect with the host bone is a fundamental requirement 

for long-term orthopedic implants. The functional connection between the bone and the 

loading-bearing implant surface is defined as osseointegration.76 Formation of fibrous 

tissues and loosening of prostheses are symptoms of insufficient osseointegration.77 When 

implants lack surface interaction with the bone, there is a good chance that inflammation 

with fibrous aseptic loosening will happen and implant will be rejected.78 Given that 

osseointegration is a prerequisite for orthopedic implants, regeneration and remodelling of 

bone tissue around implant is an important index to measure bio-integration of implant. 

Hence, surface modifications are applied on titanium implant surfaces to regenerate and 

remodel bone tissue on implants.79 

Osteoblasts and osteoclasts maintain dynamic metabolic balance of bone tissue where 

osteoclasts break down the bone to free the calcium. Osteoblasts deposit calcium into bone 

and remodel it.80 Among them, osteoblasts are derived from mesenchymal stem cells and 

are responsible for bone matrix synthesis and mineralization which are essential to the 

healing of bone.81 In order to attract osteoblasts and functionalize the implant for bio-

integration, the chemical and physical properties of the surface are altered through chemical 
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modification and surface structuring techniques.82These modification methods are 

discussed in the further sections.  

 2.2.1 Surface structuring and chemical modification  

Surface roughness, wettability and chemistry affect cell attachment on implants. As 

moderately roughen implant surface can enhance recruitment of osteoblasts to surface and 

stimulates osteogenic maturation, several chemical and physical methods are used to 

enhance the  nanotopography on the implant surface.83 Korotin et al. showed that treatment 

of titanium surface with hydrofluoric acid increased surface energy and bio-acceptability 

of the implant, characterized by X-ray photoelectron spectroscopy (XPS).84 In another 

study, titanium implants were blasted with titanium oxide particles and showed advanced 

contact between bone and metal in histomorphometry analysis after being inserted in 

maxilla and mandible.85 Sand-blasted, acid-etched titanium surfaces and titanium surfaces 

treated with sodium bicarbonate solution also showed increased roughness,86 and hydroxyl 

groups on surface are proved to present advantages in initial stages of osseointegration and 

facilitating bone integration.87 In addition to above technologies, laser treatment,88 

electropolishing,89 pulsing technique90 and micro-arc oxidation91 also exhibited 

improvement in biocompatibility of implants.  

 2.2.2 Bio-functional modification on titanium surface  

Immobilization of biomolecules on implant surfaces is a promising strategy for creating a 

bioactive titanium surface.92 The biomolecules used to create a bio-functional bone implant 
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must support the adhesion, organization, differentiation and mineralization of osteoblasts 

and osteoprogenitor cells.92  

Owing to good hemostatic properties and negligible cytotoxicity, collagen is one of the 

most commonly used biomolecules for implant surface biofunctionalization.93 Type I 

collagen is largely produced by osteoblasts in bone which is composed of an organic 

collagen matrix.92 Collagen is immobilized on titanium by the reaction between hydroxyl 

and amino functional groups and the product showed no cytotoxic effects in lactate 

dehydrogenase-based assay. Higher degree of cell colonization was observed on collagen 

coated titanium substrates compared with uncoated titanium and spindle-shaped 

cytomorphology  of osteoblasts was observed on coated samples via fluorescence 

microscopy.94 

Additionally, growth factors such as bone morphogenetic proteins,95 transforming growth 

factor-β1,96 platelet-derived growth factor,97 insulin-like growth factor98 and fibroblast 

growth factor-fibronectin99 are reported to be used for targeting cellular proliferation and 

differentiation.100  

Bio-functional surfaces should increase osteoblasts adhesion and proliferation to help bone 

regeneration on surface. However, implants modified by growth factors also affect bone 

resorption process. For example, bone morphogenetic proteins are revealed to stimulate 

bone resorptive function of osteoclasts which negatively affects the desirable bone 

regeneration of osteoblast on implant surfaces.101 Moreover, lack of stability limits 
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polypeptide applications on implants. In addition, pathogens may be transferred from 

animal to human body via extracted proteins, causing infections.102 

DNA molecules possess distinctive advantages to growth factors. DNA molecules can 

transit to cell nucleus and help expression and production of specific mRNAs and proteins 

during the first one or two weeks of treatment.103 Van den Beucken et al. illustrated that 

polyanionic salmon DNA coating improved mineralization of osteoblasts-like cells.104 In 

another study, multilayered DNA (sterilized salmon testis DNA) and protamine coating 

provided a significantly higher bone-to-implant contact ratio during 3 weeks after 

implantation and promoted initial bone healing process.105 Despite the exiting results 

obtained from DNA modified surfaces, current studies are relatively limited and need more 

animal experiments to prove DNA bioactivity on implant surfaces.92  

Chitosan has been used in bone tissue engineering for over two decades, promoting cell 

adhesion, proliferation, and differentiation.106 Chitosan as a natural polysaccharide can 

create a bed for osteoblasts ingrowth.107 Additionally, osteoconductive and antimicrobial 

properties of chitosan make it a promising candidate for surface modification of titanium 

implants.108 Moreover, the cationic nature of chitosan offers a suitable substrate for cell 

adhesion. Chitosan stimulates progenitor cells migration, enhances angiogenesis and 

accelerates extracellular tissue matrix reformation.109  

Joel D. Bumgardner et al. reported that the attachment and growth of cells on chitosan 

coated titanium surface are contributed by the cationic nature of chitosan amine groups in 

cell culture test.108 In another study, chitosan was grafted on titanium with 4-
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(Triethoxysilyl)butanal silane and chitosan coated titanium surfaces showed supportive 

osteoblasts attachment and growth, confirmed with confocal microscopic analysis. 

Additionally, chitosan modified surfaces also induced 60% inhibition of gram-negative 

bacterial strain (P. gingivalis and A. Naeslundii) growth in only a few hours.110  

 2.2.3 Chitosan immobilization techniques  

Biomaterial-associated infections take a small percentage but serious complication in 

orthopaedic field.111 Chitosan has good antibacterial properties against different bacteria, 

including Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Actinomyces 

naeslundii.28  The amino groups on chitosan possess a polycationic structure that react with 

anionic lipopolysaccharides of negative membrane surface.112 Chitosan can kill bacteria by 

disrupting the bacteria membrane and destroys the bacteria barrier through polycationic 

binding.113 In this process, positive charged amino groups on glucosamine monomer will 

interact with negatively charged microbial membrane, leading to intracellular constituents 

leaking.113  

Modification methods to immobilize chitosan on titanium surfaces include alkyloxysilane 

deposition,107 electrodeposition,114 dip-coating, spin-coating,115 physical vapor deposition 

(PVD)116 and layer-by-layer self-assembly117.  

Among them, chitosan-γ-glycidoxypropyltrimethoxysilane (GPTMS), a type of chitosan-

siloxane hybrid membrane, is reported to be biocompatible with human osteoblasts and 

bone marrow cells.118 Further studies show that the conjugation of chitosan and catechol 

molecules via Schiff base reaction (reaction between amine group on chitosan and aldehyde 
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group on catechol with acetic acid catalyst) on titanium implants has long-lasting muco-

adhesive properties.119  

2.2.4 Collagen immobilization techniques 

Type I collagen, as vertebrates’ richest protein, can stimulate and accelerate osteogenic 

differentiation and mineralization of marrow stromal cells.120, 121 Type I collagen is usually 

immobilized by immersing the desired surface in a collagen solution.122 Titanium disks 

incubated with collagen type I solution for 15 min and rinsed with distilled water showed 

promoted osteoblast spreading and accelerated cellular extension, characterized by 

scanning electron microscopy (SEM).123 

Other linking methods used for collagen grafting and deposition of titanium surfaces 

include polydopamine,124 glutaraldehyde125 and electrodeposition126. Collagen 

immobilized on polydopamine coated titanium surface showed better coating stability and 

cell adhesion compared with physical adsorption methods.124 In the study from Shibata et 

al., titanium disks grafted with type I collagen using glutaraldehyde as a crosslinking agent 

enhanced osteoblast differentiation and the extracellular fibers of osteoblasts suggested to 

be the primary mineralization sites that proved collagen promotes bone mineral 

deposition.125 In  electrodeposition methods, collagen molecules were attracted and 

immobilized on titanium electrodes under a charging potential where hydrophilic amino 

acids residues bonded to reactive hydroxyl functional group on titanium electrodes.127   

In addition to these methods, organosilanes play an important role in binding organic and 

inorganic materials through hydrolysis and condensation of alkoxy groups.128 3-
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aminopropyltriethoxy (APTES) is a coupling agent used for biomolecule immobilization 

and grafting on different materials.129 In a study reported by Sharan et al. APTES was used 

to bind collagen to alkali treated titanium . The coupling reaction occurs between carboxyl 

groups on collagen and amino groups on APTES with1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) activation.130  It also revealed that 

cells were much smaller and showed a round shape on collagen-free surface but exhibited 

better cell spreading and well-organised cytoskeletons on APTES-collagen modified 

titanium dental implants.131  
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CHAPTER THREE: MATERIALS AND METHOD 

3.1 Materials  

Titanium (Grade 5, Ti6Al4V) sheets (1.6 mm x 30.5 cm x 30.5 cm) were purchased from 

McMaster-CARR, Canada and cut into 7 mm diameter discs through Water jet cutting by 

CIM Metals, Canada. Trichloro(1H,1H,2H,2H-perfluorooctyl) silane (TPFS) 97%,  

perfluoroperhydrophenanthrene (PFPP),  (3-Glycidyloxypropyl)trimethoxysilane (GPTMS) 

98% 100 ml, (3-Aminopropyl)triethoxysilane (APTES) 98%, Triton™ X-100 Surfact-

Amps™ Detergent Solution 10 ml, phosphate-buffered saline (PBS), bovine serum 

albumin (BSA) 5 g, penicillin/streptomycin, 3,4-Dihydroxybenzaldehyde (DHB) 5 g, 

medium molecular weight chitosan 50 g and fetal bovine serum (FBS) were purchased from 

Sigma−Aldrich (Oakville, Canada). McCoy’s 5A modified medium, Trypsin-EDTA 

(0.25%) and methanol-free formaldehyde, collagen I rat tail protein and DAPI (4 ′ ,6-

diamidino-2-phenylindole) were purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). Phalloidin FITC Reagent was purchased from Abcam.  
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3.2 Methods 

In this project, titanium surfaces were treated with different modification procedures, to 

obtain biofunctionalized lubricant-infused titanium samples. Titanium substrates modified 

with LIS with no bio-functionality were tested as the control group. These modification 

procedures consisted of:  

1) Lubricant-infused titanium surfaces (Ti-FS+L). 

2) Biofunctionalized lubricant-infused chitosan-GPTMS crosslinked coating (chitosan-

GPTMS-FS+L). 

3) Layer-by-layer biofunctionalized lubricant-infused chitosan-DHB conjugated coating 

(chitosan-DHB-FS+L). 

4) Biofunctionalized lubricant-infused chitosan coating created using mixed silanes 

(GPTMS75-TPFS25-chitosan+L). 

5) Biofunctionalized lubricant-infused collagen coating created using mixed silanes 

(APTES75-TPFS25-collagen+L).  

The methods to create each type of surfaces are explained in detail in the following sections. 

3.2.1 Preparation of LIS on titanium substrates 

Titanium discs were cleaned with acetone, 100% ethanol and deionized water in an 

ultrasonic bath for 10 mins. The procedure of sonication was repeated 3 times with fresh 

solution, for a total sonication time of 90 min and the disc were dried on a hot plate at 80 
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degree (Fig. 4). Then, titanium samples were placed on a petri dish and placed in an oxygen 

plasma cleaner (Harrick Plasma Cleaner, PDC-002,230 V). High-pressure oxygen plasma 

was applied for 10 minutes to functionalize the surfaces with hydroxyl groups (Fig. 4A). 

Afterwards, plasma treated substrates were removed and placed in a desiccator and 300 

𝜇𝑙 of TPFS was placed next to the samples. The salinization reaction was carried out for 3 

h at room temperature through CVD (Fig. 4B), followed by heat treatment at 60 ℃ 

overnight to finish the reaction. After the heat treatment salinized surfaces were placed in 

a desiccator and pumped under vacuum (with the exist valve open) for 10 min to remove 

unbonded silane molecules. (Fig. 4C). Before performing the experiments, 80 𝜇𝑙 PFPP 

lubricant was infused on each sample to create the LIS (Fig. 4D).  

 

Figure 4. Schematic representation of preparing LIS on titanium substrates.   
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3.2.2 Biofunctionalized lubricant-infused chitosan-GPTMS crosslinked coating 

Titanium surfaces went through washing, sonication and oxygen plasma treatment as 

explained in the section 3.2.1. The surface modification aims to immobilize chitosan on 

titanium surfaces, so GPTMS was used as a silane coupling agent and cross-linked with 

chitosan to prepare the chitosan-GPTMS mixture. After plasma treatment, titanium surface 

was cured with chitosan-GPTMS solution and heat treated at 60 ℃ overnight to finish the 

crosslinking reaction. The amine groups present on chitosan were bond to the epoxy groups 

on the silane and formed a layer on titanium surface. (Fig. 5A and B) 

To prepare the mixture, 2.5% chitosan was dissolved in 1% acetic acid solution and mixed 

with GPTMS, reaching a 75 𝑤𝑡%  chitosan in the chitosan and GPTMS mixture. 

Approximately 100 𝜇𝑙 of the chitosan-GPTMS mixture was added on each oxygen plasma 

activated titanium sample.  

To obtain LIS on chitosan coated titanium surfaces, a secondary oxygen plasma treatment 

was performed on the chitosan-GPTMS coated surfaces to partially etch the surface and 

generate hydroxyl functional groups. Then, samples were CVD treated with TPFS, as 

illustrated in Fig. 5C-D. Surfaces were then heat treated as explained in section 3.2.1. 

Afterwards, lubricant was infused into the substrates prior to performing the following 

experiments described in chapter four (Fig, 5E and F). 
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Figure 5. Schematic representation of creating biofunctionalized lubricant-infused chitosan-GPTMS 

crosslinked coating.  
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3.2.3 Layer-by-layer biofunctionalized lubricant-infused DHB-chitosan conjugated 

coating  

Titanium surfaces went through washing, sonication and oxygen plasma treatment as 

explained in section 3.2.1.  Preparation of chitosan lay-by-layer dip coating on titanium is 

illustrated in Fig. 6. Chitosan was conjugated with dihydroxybenzaldehyde (DHB) and 

bound to titanium surface through a strong electrostatic coupling generated between the 

catechol groups on the DHB molecule and the negatively charged titanium alloy. Chitosan 

powder was dissolved in 1% acetic acid solution at 40 ℃ and stirred at 600 rpm for 3 h. 

Subsequently, chitosan and DHB conjugated solution was obtained by mixing chitosan and 

DHB at a mass ration of 1:2 overnight at 37 ℃ and stirred overnight. Afterwards, impurities 

were separated from 8 g/l chitosan-catechol conjugated solution by 4 min centrifugation at 

500 XR. (Fig. 6A). Then, samples were dip-coated in clear chitosan-catechol conjugated 

solution and dried at 60 ℃ on a hot plate for 3h. The dip coating procedure was repeated 

for 3 times followed by 5 min ultrasonication and dried at 60 ℃ on a hot plate (Fig. 6B). 

Then, samples were immersed in 0.01M NaOH solution with ethanol to neutralize the acetic 

acid, followed by washing with DI water and dried on a hot plate at 60 ℃ for 3 h.  

To prepare LIS on chitosan coated titanium samples, samples were oxygen plasma treated 

for 10 min to functionalize surfaces with hydroxyl groups (Fig, 6C). Afterwards, plasma 

treated substrates were placed in a desiccator with 300 𝜇𝑙 of TPFS in petri dish placed next 

to samples. The salinization reaction was carried out for 3 h at room temperature through 

CVD method (Fig. 6D), followed by 60 ℃ heat treatment overnight to finish the reaction. 
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Then, unbonded silane were removed by 10 min vacuuming. Afterwards, 80 𝜇𝑙  PFPP 

lubricant was infused on each sample before each experiment. (Fig. 6E) 

 

Figure 6. Schematic representation of creating a layer-by-layer biofunctionalized lubricant-infused DHB-

chitosan conjugated coating. 
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3.2.4 Biofunctionalized lubricant-infused chitosan conjugated coating created using 

mixed silanes  

Titanium surfaces went through washing, sonication, and oxygen plasma treatment as 

explained in previous procedures described in section 3.2.1.   

Given that GPTMS can provide anchors for bioconjugation with chitosan and TPFS can 

maintain repellency of surface, GPTMS and TPFS were used to treat titanium surface 

during CVD process simultaneously at ratio of 75:25 to create the bio-functional lubricant-

infused titanium surfaces. Firstly, titanium samples were put in an oxygen plasma cleaner 

(Harrick Plasma Cleaner, PDC-002, 230 V) and high-pressure oxygen plasma was applied 

on samples for 10 min to functionalize surfaces with hydroxyl groups (Fig. 7A). After 

surface activation, samples were placed in a desiccator and CVD treated with a 75%-25% 

volume ration of GPTM and TPFS respectively. The silanes were placed on two small glass 

slides separately put next to the samples. The CVD treatment was carried out for 5 h and 

followed by heat treatment at 60 ℃ heat overnight to finish the reaction. Unbonded silane 

molecules were removed by 10 min post vacuuming in a desiccator (Fig. 7B and C). 

Chitosan powder was dissolved in 1% acetic acid solution at 40 ℃ and stirred at 600 rpm 

for 30 min to form 50 µg/ml chitosan solution. Titanium surfaces functionalized with the 

mixed silanes monolayer were put in a 48 well plate and 500 𝜇𝑙 chitosan solution was added 

to each well. The well plate was kept at 4 ℃ for 12 h to complete the bioconjugation. Later 

the samples were washed with PBS and kept at 4 ℃ before next the steps (Fig. 7D). 80 𝜇𝑙 

PFPP lubricant was added on each sample before performing the experiments (Fig. 7E). 
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Figure 7. Schematic representation of creating bio-functional lubricant-infused chitosan conjugated surfaces 

using mixed silanes. 
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3.2.5 Biofunctionalized lubricant-infused collagen conjugated coating created using 

mixed silanes 

Titanium surfaces were washed, sonicated and oxygen plasma treated as previously 

explained in section 3.2.1. In this modification procedure, instead of GPTMS, APTES was 

used as the optimal coupling agent for conjugating collagen on surfaces coated with a 

mixed APTES-TPFS monolayer. TPFS locks-in the lubricant layer, providing the LIS with 

desired repellency properties. A 75%-25% volume ratio of APTES and TPFS was used in 

this reaction.  

Titanium samples were washed, sonicated and oxygen plasma treated as explained in 

section 3.2.1. Clean samples were put in an oxygen plasma cleaner and high-pressure 

oxygen plasma was applied on samples for 10 min to functionalize surfaces with hydroxyl 

groups (Fig. 8A). After plasma treatment, samples were placed in the desiccator and CVD 

treatment was performed with 75%-25% APTES-TPFS.  The operation was carried out for 

5 h (Fig. 8B), followed by heat treatment at 60 ℃ overnight to finish the reaction. At the 

final step, samples were vacuumed in desiccator for 10 min to get rid of unbonded silane 

molecules (Fig. 8C).  

To biofunctionalized surfaces with collagen, 50 𝜇g/ml collagen was mixed with 10 mM 

EDC and 25 mM NHS in DI water and added to mixed silane modified titanium substrates. 

The substrates were incubated in 48 well plate at 4 degree for 12 h with 500 𝜇𝑙 of collagen 

solution in each well. After the coating process, samples were washed with PBS and were 

dried at 37 ℃ for 30 min, stored at 4 ℃. The preparation process is described in Fig. 8D. 
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80 𝜇𝑙  PFPP lubricant was added on each sample prior to performing the following 

experiments (Fig. 8E).  

 

Figure 8. Schematic representation of creating biofunctionalized lubricant-infused collagen conjugated 

coatings using mixed silanes. 
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3.2.6 Contact and sliding angle measurement 

To investigate the hydrophobicity and slippery property of control and modified substrates, 

5 𝜇𝑙  Milli-Q water droplets were used to perform static contact and sliding angle 

measurement. The Future Digital Scientific OCA20 goniometer (Garden City, NY) was 

used to measure water sessile drop contact angle at room temperature with calibration step 

prior to measurement.  

The sliding angles were measured by digital angle level (ROK, Exeter, UK). PFPP lubricant 

was added to samples before measurement. Due to high viscosity and low vapor pressure, 

lubricant layer on samples could maintain stability. Each sample is added with PFPP and 

placed on a calibrated level, then a 5 𝜇𝑙 droplet of deionized water was placed on each 

sample. When gently angled the calibrated level, the minimal angle that made droplet 

started sliding on the surface of each sample was recorded as sliding angle. If droplet failed 

to slide at angle of 90 degree or higher than it, the sliding angle was recorded as 90 degree. 

The measurements were repeated for 3 times on each sample and three samples were used 

in each control group. 
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3.2.7 Biofilm formation 

To test the biofilm formation on control groups, biofilms were grown on surfaces and 

adhered biomass was visualized by crystal violet staining. MW2 strain staphylococcus 

aureus strain (S. aureus) were used. In each type of surface, 2 samples were used as blank. 

S. aureus was made in Luria-Bertani medium (LB) through overnight cultivation. Bacteria 

were grown over night and then were diluted at 1:100 bacteria: fresh media. After being 

cultivated in fresh LB media and grew for 2.5 h until it reaches ~ OD600 = 0.4, measured 

by plate reader. Then bacteria were seeded with TSBC5 media (Tryptic Soy broth with 0.5% 

glucose, 0.2% sodium citrate, 0.6% yeast extract) at 1: 50 ratio and added to a 48 well plate 

with samples. 350 𝜇𝑙 mixed solution was put in each well and incubated at 37 ℃ in a 

shaking incubator at 30 rpm.  

After 48 h bacteria culture with two bacteria strains, samples were gently washed in PBS 

solution and put into a clean 24 well plate, followed by adding 700 ml crystal violet (CV) 

to stain samples for 15 min. After removing CV, added DI water 700 ml and remove to 

wash samples. This procedure was repeated until there was no more CV dilute into DI water. 

Then, samples were air dried for one day under room temperature. 700 𝜇𝑙 of 30% acetic 

acid was added to each sample and completely dissolved CV into acid solution for 20 min. 

Pipette was used to mix solution in each well homogeneously and take 250 𝜇𝑙 solution from 

each sample to a 96 well plate. The absorbance of CV was measured at 590 nm using a 

microplate spectrophotometer (Bio-Rad Laboratories, CA, USA). Finally, optical density 
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obtained from CV light absorption on experimental group was subtracted by that on 

corresponding blank sample which were cultured without bacteria.  

3.2.8 Cell adhesion and bio-functionality of modified titanium surfaces  

Saos-2 osteosarcoma cells (ATCC®) were cultured in mixed McCoy’s modified 5A media 

which was supplemented with 15% fetal bovine serum (FBS) and 1% streptomycin. Saos-

2 cells were cultivated in an incubator at 37 degree and 5% CO2 with their media being 

changed every 3 days. When cells became confluent, cells were detached by Trypsin-

EDTA and prepared for experiments.  

The experimental groups involved samples prepared by GPTMS crosslinking method 

described in section 3.2.2, dip-coating method in section 3.2.3 and mixed silane 

modifications described in section 3.2.4 and 3.2.5. Modified surfaces without lubricant 

infusion, LIS modified titanium and untreated titanium samples were used as control groups. 

To test osteoblast inductive property of titanium that went through different treatments, 

samples were transferred into 24 well plates followed by adding a specific number of Saos-

2 cells. In the first round of cell culture experiment (lubricant-infused chitosan-DHB coated 

titanium surfaces), 100 𝜇𝑙 of  2 × 105 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 SAOS-2 in media was added into each 

well, counted by hemocytometer. Samples were cultured with cell medium at 37 ℃ in an 

incubator and the cell medium was changed every 5 days. In next round experiment 

(lubricant-infused surfaces created by mixed silanes), 8× 104 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 SAOS-2 cells in 

media was added into each well cultured with samples. 
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After culturing for a specific culture time, samples were washed with PBS twice to remove 

unattached cells. After washing cells with PBS, adherent cells were fixed, permeabilized, 

blocked with 4% formalin, 0.1% Triton x-100 and 4% BSA solution, respectively. Finally, 

DAPI and phalloidin solution were used to stain cell nucleus and actin filament and the 

surfaces were imaged with a fluorescence microscope where the potency of each surface 

for cell adhesion and repellency was evaluated. The number of adherent cells on different 

surfaces were measured using ImageJ software.  
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.1 Surface Wettability  

4.1.1 Wettability of lubricant-infused titanium surfaces  

As seen in Fig. 9A, treated and untreated substrates exhibit different wettability properties. 

In Fig. 9, diagram shows static contact angles of 5 𝜇𝑙 Milli-Q water droplets on untreated 

titanium control group (Ti) and TPFS modified titanium experimental group (Ti-FS). Ti-

FS treated surfaces were hydrophobic and their static contact angles was 107.28 ± 1.57˚, 

prior to adding the lubricant. Additionally, Ti-FS group showed significant increase of 

contact angle from that on Ti control group which was 40.58 ± 2.52˚ with (P < 0.01). The 

increased hydrophobicity of Ti-FS treated surfaces reveals a successful CVD process that 

functionalized titanium surface with TPFS which changed the surface wettability titanium 

from hydrophilic to hydrophobic.  

Moreover, sliding angle on Ti-FS and Ti control group after adding lubricant layer are 

shown in Fig. 9B. On Ti control group, droplets did not slide and sliding angles were 

recorded as > 90˚. In contrast, lubricated Ti-FS samples (Ti-FS+L) exhibited slippery 

properties and significantly decreased the sliding angles compared with lubricated control 

Ti (Ti+L) surfaces (7.06 ± 1.28˚). These results confirmed that, similar to previously 

reported LIS,132–134 Ti surfaces were successfully functionalized with a lubricant-infused 

layer and showed water repellency and slippery properties.  
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Figure 9. The contact angle and sliding angle measurements of water droplet on untreated titanium (Ti), and TPFS 

modified titanium samples (Ti-FS), A) static contact angle results of surfaces before adding lubricant layer, B) 

sliding angle results of the surfaces after adding the lubricant layer. Each group has three samples and each sample 

was measured for three times. Error bars represent the standard division (SD) of the mean of at least three samples. 

**P < 0.01 and ***P < 0.0001 compared with Ti control samples.   
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4.1.2 Wettability of chitosan coated titanium surfaces   

As shown in Fig. 10A and B, GPTMS crosslinked chitosan on titanium (chitosan-GPTMS) 

and DHB bonded chitosan on titanium (chitosan-DHB) were used as control groups. TPFS 

modified GPTMS and DHB were used as experimental groups (chitosan-GPTMS-FS and 

chitosan-DHB-FS respectively).  

The static contact angle on chitosan-GPTMS control group was 46 ± 3.33˚ and significantly 

increased to 100.76 ± 3.4˚ on chitosan-GPTMS-FS treated samples (P < 0.001). Similarly, 

the static contact angle on chitosan-DHB-FS group was significantly higher when 

compared with chitosan-DHB modified surfaces (107.62 ± 1.33˚ and 80.08 ± 2.25˚ 

respectively, P < 0.01).   

The results obtained from the contact angle measurements confirmed that TPFS monolayer 

had been successfully immobilized on chitosan coated surfaces of both chitosan-GPTMS 

and chitosan-DHB samples after CVD treatment with TPFS. Additionally, the 

hydrophobicity of chitosan coated titanium was increased to the level of TPFS modified 

titanium surfaces (data shown in section 4.1.1) which indicates that the presence of the 

chitosan coating did not influence the effect of TPFS modification on the substrates.  

To illustrate the slippery properties of control samples, PFPP lubricant was added to 

samples and sliding angle measurements were performed using a 5 𝜇𝑙 water droplet. The 

minimum angle for droplets to begin sliding on substrate was defined as the sliding angle. 

When droplets failed to slide on the surfaces, at ≥ 90˚ tilting angle, a sliding angle of 90˚ 

was reported.  



M.A.Sc. Thesis - Yuxi Zhang 

McMaster University - School of Mechanical Engineering. 

—————————————————————————————————— 

 

 

 

 39

   

 

Sliding angles of water droplet on different surfaces are shown in Fig. 10B. The 5 𝜇𝑙 water 

droplet did not slide on lubricated chitosan-GPTMS and chitosan-DHB treated control 

groups (tilting angles higher than 90˚), suggesting that these surfaces do not have slippery 

properties. In contrast, lubricated chitosan-GPTMS-FS and chitosan-DHB-FS surfaces 

(chitosan-GPTMS-FS+L and chitosan-DHB-FS+L) significantly decreased the sliding 

angles and showed water repellency properties (sliding angles at 16.33 ± 4.38˚ and 11.18 

± 2.52˚ respectively), compared with the control groups.  

Water repellency an slippery properties are major characteristics of LIS.132–134 Low sliding 

angles seen on lubricant-infused, TPFS modified surfaces indicate that the TPFS monolayer 

was successfully immobilized on titanium samples coated with chitosan via two different 

modification procedures (described in sections 3.2.2 and 3.2.3).  
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Figure 10 The contact angle and sliding measurements of water droplet on control and experimental groups, 

A) Static contact angle results of surfaces before adding lubricant layer, B) Sliding angle results of the 

surfaces after adding the lubricant layer. Each group has three samples and each sample was measured for 

three times. Error bars represent the SD of the mean of at least three samples. *** P < 0.001 and **** P < 

0.0001 when compared with chitosan-GPTMS and chitosan-DHB respectively. 
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4.1.3 Wettability of mixed silanes modified titanium surface  

Water contact angles on control and experimental groups are revealed in Fig. 11A. In this 

section, titanium samples modified with 100% GPTMS (GPTMS100) and 100% APTES 

through CVD (APTES100) were used as control groups. Experimental groups included 

titanium samples modified with 75%GPTMS-25%TPFS (GPTMS75-TPFS25) and 

titanium modified with 75%APTES-25%TPFS (APTES75-TPFS25).  

The static contact angle measurements of the control and experimental groups before 

adding the lubricant layer are shown in Fig. 11A. Experimental groups exhibited high 

contact angles, confirming the hydrophobic properties of mixed silanes treated samples. 

The static water contact angle on GPTMS75-TPFS25 significantly increased to 117.45 

± 0.67˚ from 47.35 ± 2.12˚ on GPTMS100 control group (P < 0.0001). On APTES75-

TPFS25 experimental group, contact angles were significantly higher (P < 0.0001) than 

that on APTES100 control group (118.98 ± 0.21˚ and 19.4 ± 1.25˚ respectively). In contrast 

to the excellent water repellency properties seen in APTES75-TPFS25 treated samples, 

APTES100 surfaces were hydrophilic and the water droplets immediately spread on these 

surfaces, covering, and wetting the entire substrate.   

The contact angle measurements obtained from APTES100 and GPTMS100 control groups 

illustrates that adding a certain ratio of APTES or GPMTS to the TPFS monolayer structure 

does not affect the hydrophobicity of the TPFS layer and 25% TPFS is sufficient to make 

the surfaces repellent and hydrophobic. In addition, no significant difference was seen in 
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the hydrophobicity properties of mixed silane treated surfaces when compared to substrates 

treated with 100% TPFS (section 4.1.1).  

After the addition of PFPP lubricant layer to control and experimental groups, sliding 

angles were measured (Fig. 11B). The 5 𝜇𝑙 water droplet did not slide on lubricated control 

groups, suggesting that these surfaces do not have slippery properties. In contrast, as shown 

in Fig. 11B, sliding angles significantly decreased in lubricant-infused GPTMS75-

TPFS25+L and on APTES75-TPFS25+L samples (26.51 ± 1.64˚ and 14.40 ± 1.12˚ 

respectively, P < 0.0001).  

In conclusion, after adding the lubricant layer, experimental groups exhibited excellent 

lubricant-infused characteristics and their repellency properties were like those of Ti-FS+L 

treated surfaces described in section 4.1.1.  

This was also seen in a previous study conducted in our group where bio-functional 

lubricant-infused surfaces were created using APTES and TPFS mixed silanes.133 In this 

study, it was shown that the repellency and blocking properties of lubricant-infused layer 

was not compromised when mixing the TPFS layer with APTES. LIS with APTES enabled 

anchoring biomarkers and biofunctionalized LIS were successfully created.  
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Figure 11. The contact angle and sliding measurements of water droplet on control and experimental groups, 

A) static contact angle results of surfaces before adding lubricant layer, B) sliding angle results of the surfaces 

after adding the lubricant layer. Each group has three samples and each sample was measured for three times. 

Error bars represent the SD of the mean of at least three samples. **** P < 0.0001 when compared with 

control samples. 
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4.2 Anti-biofouling Properties  

4.2.1 Bacteria repellency properties of LIS modified titanium substrate 

S. aureus was used to form biofilms on untreated titanium (Ti) TPFS modified (Ti-FS) and 

lubricant-infused titanium surfaces (Ti-FS+L).  

The CV absorbance of stained biofilm on Ti-FS+L samples was significantly lower than 

that on Ti and Ti-FS experimental groups (P < 0.01). However, concentration of attached 

S. aureus was found to be relatively high on hydrophobic TPFS modified samples with no 

lubricant (Ti-FS). According to the discovery from Kochkodan et al. lab135 and Giaouris et 

al. lab136, hydrophobic cells have stronger adherence to hydrophobic surfaces and 

hydrophilic cells strongly attach to hydrophilic surfaces. The surface energy of bacteria is 

typically lower than that of human body fluid and they show high affinity towards 

hydrophobic materials.137 No statistical difference was observed between the biofilm 

biomass of the Ti control and Ti-FS experimental groups. 

The concentration of adherent bacteria was significantly lower on Ti-FS+L samples 

compared with Ti-FS and untreated titanium substrates (P < 0.01). This indicates the 

excellent antifouling and blocking properties of lubricant-infused Ti surfaces. Furthermore, 

resistance and removal of bacteria on LIS surface is contributed to the high mobility and 

dynamic feature of the lubricant layer present on slippery lubricant interface.45 
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Figure 12. Results obtained from the bacterial adhesion studies on uncoated and coated Ti substrates using 

crystal violet staining assay. Ti-FS+L surfaces significantly prevented bacterial adhesion and biofilm 

formation when compared to untreated Ti and Ti-FS surfaces. Whiskers span the first quartile and fourth 

quartile range of at least 3 samples. ** P < 0.01 when compared with Ti-FS+L samples. 

  



M.A.Sc. Thesis - Yuxi Zhang 

McMaster University - School of Mechanical Engineering. 

—————————————————————————————————— 

 

 

 

 46

   

 

4.2.2 Bacteria repellency of chitosan modified titanium surfaces using GPTMS and 

DHB crosslinking  

In these experiments, Ti, and Ti-FS+L, titanium substrates coated with chitosan by GPTMS 

crosslinking method (chitosan-GPTMS) and titanium coated with chitosan-DHB 

conjugation via the layer-by-layer dip-coating method (chitosan-DHB) were used as 

control groups. The experimental groups were LIS modified GPTMS samples (chitosan-

GPTMS-FS+L) and LIS modified DHB samples (chitosan-DHB-FS+L). Results were 

obtained from measuring CV light absorbance at 590 nm.  

As seen in Figure 14, bacteria viability was not inhibited on chitosan-GPTMS-FS+L 

samples, but CV absorbance was significantly reduced in chitosan-DHB-FS+L samples 

compared with Ti and chitosan-DHB control groups (P < 0.05). Moreover, the coating on 

chitosan-GPTMS and chitosan-GPTMS-FS+L was not stable and broken and detached 

chitosan membranes were observed on these samples after performing the bacterial 

adhesion studies (Fig. 13A). In contrast, the coating on chitosan-DHB and chitosan-DHB-

FS+L samples was more stable during the experimental process (Fig. 13B). 

LIS modification on GPTMS samples did not improve the anti-biofouling properties of the 

coated surfaces. This may be attributed to the fast biodegradation and detachment of the 

crosslinked layer in the bacteria environment and as a result the detachment of the lubricant-

infused layer from the surface. According to the results obtained from these experiments it 

could be concluded that the method of crosslinking chitosan to form a thick layer on 
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titanium and modifying the crosslinked membrane with a lubricant-infused layer is not a 

suitable and feasible method for creating bio-functional LIS on titanium samples.  

 

 

Figure 13. Crystal violet staining assay for investigating the antifouling properties of the modified surfaces, 

A) detachment of membrane observed  on chitosan-GPTMS and chitosan-GPTMS-FS+L groups, B) Stability 

of chitosan-DHB and chitosan-DHB-FS+L samples after biofilm experiment. 
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Figure 14. Crystal violet evaluation of S. aureus biofilm formation on control and experimental groups. 

Whiskers span the first quartile and fourth quartile range of at least 3 samples. ** P < 0.01 and * P < 0.05 

when compared with Ti and chitosan-DHB groups, respectively. 
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4.2.3 Bacteria repellency properties of mixed silane coated titanium surfaces 

biofunctionalized with chitosan or collagen  

Like the previous sections, Ti and Ti-FS+L were used as control groups in these 

experiments. Samples modified with mixed silanes of 75%-25% GPTMS-TPFS and 75%-

25% APTES-TPFS were biofunctionalized with chitosan and collagen respectively and 

added with lubricant before bacteria cultivation (GPTMS75-TPFS25-chitosan+L and 

APTES75-TPFS25-collagen+L). Based on previous studies, GPTMS has been reported to 

be a suitable coupling agent for chitosan immobilization118,119,138 and APTES for collagen 

immobilization.131,139,140 GPTMS 100% and APTES 100% were also coated with chitosan 

and collagen respectively and used as control groups, labeled as GPTMS100-chitosan and 

APTES100-collagen respectively.  

As seen in Fig. 15, the optical densities of solubilized CV on collagen control and chitosan 

control groups, were 1.20 ± 0.09 a.u. and 0.93 ± 0.14 a.u. respectively. High concentration 

of bacteria was seen on APTES75-TPFS25-collagen samples and these surfaces did not 

show bacterial repellency properties and no significant difference was seen when 

comparing the results with APTES100-collagen treated samples. These findings are inline 

with previous studies where collagen has shown to be bacterial friendly and the addition of 

collagen has shown to improve bacterial adhesion.141 In contrast, GPTMS75-TPFS25-

chitosan treated samples prevented biofilm formation and exhibited excellent bacterial 

repellency properties when compared with GPTMS100-chitosan treated samples (P < 0.01) 

and control Ti substrates (P < 0.05).  In fact, GPTMS75-TPFS25-chitosan treated samples 
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supressed bacterial adhesion and biofilm formation to Ti-FS+L levels and no significant 

difference was seen between these two groups. These results demonstrate that the 

antibacterial and blocking properties of the lubricant-infused layer has not been negatively 

impacted by the addition of chitosan.  

Furthermore, when comparing the results obtained from collagen and chitosan coated 

surfaces, GPTMS75-TPFS25-chitosan+L treated surfaces significantly decreased bacterial 

adhesion compared with APTES75-TPFS25-collagen+L treated surfaces (P < 0.0001), 

indicating that chitosan is a better biomarker than collagen for creating antifouling, bio-

functional lubricant-infused surfaces.  

In summary, the preliminary experiments performed on bio-functional lubricant-infused 

titanium surfaces obtained from different modification procedures indicate that Ti surfaces 

were successfully functionalized with TPFS demonstrated by the dramatic increase in 

contact angles (Fig. 9A). After adding the lubricant, TPFS functionalized titanium surfaces 

were able to lock-in the lubricant layer and they exhibited slippery properties as shown in 

Fig 9B. Further, Ti-FS+L showed significant resistance towards bacterial adhesion and 

biofilm formation when compared with Ti and Ti-FS groups (Fig. 12). 

Additionally, the high contact angle measurements obtained from TPFS modified, GPTMS 

crosslinked chitosan coated titanium and DHB conjugated chitosan coated titanium 

samples (chitosan-GPTMS-FS and chitosan-DHB-FS respectively) high contact angles 

measurements obtained from these surfaces (Fig, 10A) confirm the successful 

immobilization of TPFS on chitosan modified titanium substrates. Then, their slippery 
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properties after adding the lubricant layer further confirmed the lubricant-infused properties 

of these surfaces (Fig 10B). These surfaces showed similar slippery properties to that of 

Ti-FS+L samples. However, when investigating the antibiofouling properties of the 

chitosan modified LIS, only chitosan-DHB-FS+L samples showed bacterial repellency 

properties and they attenuated bacterial adhesion to Ti-FS+L levels. (Fig. 14). In addition, 

these surfaces had a more stable surface coating when compared with GPTMS crosslinked 

chitosan coated substrates. (Fig.13A and B).  

Furthermore, when looking at the results obtained from bio-functional lubricant-infused 

surfaces obtained using mixed silanes, both GPTMS75-TPFS25+L and APTES75-

TPFS25+L surfaces exhibited slippery lubricant-infused properties (Fig. 11B). However, 

after bio-functionalizing these surfaces and when investigating the antifouling properties, 

only GPTMS75-TPFS25-chitosan+L showed antibacterial properties when compared to 

control groups (Fig. 15).  

In conclusion, chitosan-DHB-FS+L and GPTMS75-TPFS25-chitosan+L modified surfaces 

exhibited superior antibiofouling properties when compared with other treated surfaces. 

Thus, these two modification procedures were selected and further tested for targeted cell 

adhesion and bio-functionality.  
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Figure 15. Crystal violet evaluation of S. aureus biofilm formation on control groups and experimental 

groups. Whiskers span the first quartile and fourth quartile range of at least 3 samples. **** P < 0.0001, ** 

P < 0.01 and * P < 0.05 when compared with Ti and GPTMS75-TPFS25-chitosan+L group, respectively. 
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4.3 Cell adhesion experiments  

4.3.1 Biofunctionalized lubricant-infused chitosan-DHB coated titanium surfaces  

In cell culture experiments, samples were transferred into a 48 well plate and cultured with 

Saos-2 cells for 3 days. 0.1 𝜇𝑙/𝑚𝑙 DAPI was used to stain the nucleus and the cytoskeleton 

was stained with phalloidin.  As seen in the representative fluorescence images in Figure 

16A and the cell count results in Figure 16B, low cell adhesion and proliferation was seen 

on Ti-FS+L and chitosan-DHB-FS+L groups compared with chitosan-DHB and control Ti 

surfaces. Although, DHB-FS+L samples blocked cell adhesion to some extent, these 

surfaces promoted targeted binding and had significantly more adherent cells compared 

with Ti-FS+L samples (251 ± 45 cells/mm2 and 32 ± 6 cells/mm2 respectively, P <0.05). 

Furthermore, Ti-FS+L samples exhibited superior blocking features when compared with 

unmodified control Ti surfaces (P < 0.01). However, no significant difference was found 

between chitosan-DHB and chitosan-DHB-FS+L groups.  

The ability for cells to spread on different samples was studied by performing 

immunofluorescence staining assays and fluorescence microscopy. (Fig.17). SAOS-2 cells 

were well adherent and spread on Ti samples and the filament network was formed around 

the cell nucleus. In contrast cell morphology remained circular on Ti-FS+L, chitosan-DHB 

and chitosan-DHB-FS+L groups and no obvious actin filament network was found on these 

surfaces. The actin filament formed by extended actin cytoskeleton around nucleus occurs 

during cell growth and maturation.142 Additionally, differentiation of cells is also 

accompanied with the expansion of cell nucleus volume which is reveled in a previous 
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study reported by Omar F. Zouani et al..143 As shown in Fig. 17, enlarged nucleus was 

found on control Ti surfaces but no obvious increased volume of cell nucleus was observed 

on chitosan-DHB, chitosan-DHB-FS+L and Ti-FS+L samples. 

Catechol is reported to have a negative effect on cell growth by destroying the function of 

the cell membrane and inhibiting lipid peroxidation via redox cycling activity.144 Although 

catechol has been widely applied in mucoadhesive chitosan for drug delivery145 and tissue 

adhesives,146 toxicity of catechol is indicated in rabbit, cat, rat, mouse and for human cell 

lines in several studies.147 Bio-functional lubricant-infused chitosan-DHB conjugated 

titanium (DHB is a type of catechol) exhibited anti-biofouling properties by preventing 

biofilm formation and bacterial adhesion, and DHB conjugation increased cell numbers 

compared with LIS modified titanium surface. But it still lacks bio-functionality and 

osseointegration according to Fig. 16B where cell concentration on chitosan-DHB-FS+L 

was less than that on titanium control group. Additionally, the ability to form a confluent 

functional cell layer is a key requirement for titanium bone implant.76,77 Given that growth 

and differentiation of cells are accompanied with cytoskeleton, nuclei and actin of cells 

elongation, filament network wrapped around the cell nucleus can reveal viability and 

differentiation of cells.142 As it revealed in fluorescence images obtained after actin 

filament staining (red) in Fig. 17. Cell on chitosan-DHB-FS+L surface did not show well 

filament network around nucleus compared that on Ti surface. 
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Figure 16. SaOS-2 cell proliferation after 3 days visualized by fluorescence spectroscopy (nuclei: blue; 

microfilaments: red) on the surface of control and experimental groups, A) Representative fluorescence 

images showing the density and distribution of adherent cells, B) statistical analysis of cell attachment and 

proliferation on different samples. Error bars represent the SD of the mean of at least three samples. ** P < 

0.01 and * P < 0.05 when compared with Ti-FS+L samples. 
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Figure 17. Immunofluorescence staining of cell nucleus and actin-based cytoskeleton (nuclei: blue; 

microfilaments: red) in human SAOS-2 cells to observe cell morphology and spreading. 

  



M.A.Sc. Thesis - Yuxi Zhang 

McMaster University - School of Mechanical Engineering. 

—————————————————————————————————— 

 

 

 

 57

   

 

4.3.2 Bio-functional lubricant-infused surfaces created using mixed silanes 

In this section, like the previous experiments, Ti and Ti-FS+L samples were tested as 

control groups and APTES100-collagen, APTES75-TPFS25-collagen+L, GPTMS100-

chitosan, and GPTMS75-TPFS25-chitosan+L were tested as experimental groups. The 

mixed silanes method used to create bio-functional lubricant-infused surfaces is different 

from the method used in section 3.2.2 and 3.2.3 where titanium samples were initially 

coated with chitosan and then CVD treated with TPFS. Here, mixed silane surfaces were 

created by simultaneously modifying the substrates with a mixture of TPFS and the 

coupling agent (GPTMS or APTES) and subsequently immersing the samples in collagen 

or chitosan solutions. To complete the modification procedure, lubricant was then added to 

the substrates.  

As seen in Figure 18B and Figure 19B, APTES100-collagen treated surfaces had the 

highest number of adherent cells  (266 ± 29 cells/mm2 and  1325 ± 135 cells/mm2), followed 

by GPTMS100-chitosan treated surfaces (185 ± 27 cells/mm2  and 1030 ± 133 cells/mm2) 

after 3 and 7 days respectively. APTES75-TPFS25-collagen+L (160 ± 10 cells/mm2 and 

1110 ± 127 cells/mm2  after 3 days and 7 days respectively) and GPTMS75-TPFS25-

chitosan+L surfaces had more adherent cells (140 ± 11 cells/mm2 and 1027 ± 133 

cells/mm2 after 3 days and 7 days) compared with untreated control Ti samples (116 ± 20 

cells/mm2 and 828 ± 90 cells/mm2 after 3 and 7 days).  

As seen in Fig. 18B and Fig. 19B, Ti-FS+L control group exhibited blocking properties 

and minimum cell adhesion and proliferation was seen on these surfaces (56 ± 11 cells/mm2  
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and 281 ± 59 cells/mm2 after 3 and 7 days respectively). APTES75-TPFS25-collagen+L 

treated surfaces significantly increased cell proliferation and cell attachment when 

compared with control Ti-FS+L samples (P < 0.001). Additionally, APTES75-TPFS25-

collagen+L treated samples, GPTMS75-TPFS25-chitosan+L samples significantly 

increased cell viability and adhesion  when compared with Ti-FS+L samples with P <0.001 

and P < 0.01, respectively.  

When comparing the results obtained from mixed silane modified surfaces with chitosan-

DHB-FS+L modified samples from the previous experiments, cell attachment and 

proliferation significantly increased and biofunctionalized lubricant-infused surfaces 

created using the mixed silane approach showed better bioactivity and targeted cell 

adhesion properties (Figures 17, 18 and 19).  
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Figure 18. SaOS-2 cell proliferation after 3 SaOS-2 cell proliferation after 3 days visualized by fluorescence 

microscopy (nuclei: blue; microfilaments: red) on the surface of control and experimental groups, A) 

Representative fluorescence images showing the density and distribution of adherent cells, B) Number of 

adherent cells on control and treated titanium after 3of cell culture. Error bars represent the SD of the mean 

of at least three samples. *** P < 0.001, ** P < 0.01 and * P < 0.05 when compared with control samples. 
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Figure 19. SaOS-2 cell proliferation after 7 days visualized by fluorescence microscopy (nuclei: blue; 

microfilaments: red) on the surface of control and experimental groups, A) Representative fluorescence 

images showing the density and distribution of adherent cells, B) Number of adherent cells on control and 

treated titanium after 3 and 7 days of cell culture. Error bars represent the SD of the mean of at least three 

samples. *** P < 0.001 and ** P < 0.01 when compared with control samples. 

 

As illustrated in Fig. 18 and 19, cell adhesion was significantly higher in APTES100-

collagen samples compared with GPTMS100-chitosan after 3 days (P < 0.05), but there 

was no significant difference between these two groups after 7 days of culture. 

Cell morphology was observed by immunofluorescence staining of cytoskeleton actin 

(Figure 20). SAOS-2 cells exhibit a spherical  shape in the early stages of attachment and 

as time passes, actin filaments of cells will spread along two directions and an actin filament 
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network will form around the cell nucleus after 24 h of cultivation.148 As seen in Fig. 20, 

APTES75-TPFS25-collagen+L and GPTMS75-TPFS25-chitosan+L samples promote cell 

attachment, and exhibit well cell spreading and protein expression which can be observed 

by the fluorescence images obtained after actin filament staining (red). Given the growth 

and differentiation of cells are accompanied with cytoskeleton, nuclei and actin of cells 

elongation, the filament network wrapped around the cell nucleus shows enhanced viability 

of cells.142 In summary, bio-functional lubricant-infused titanium surfaces modified with 

mixed silanes and functionalized with collagen or chitosan improve surface 

biocompatibility and promote cells proliferation and growth. Additionally, ATPES100-

collagen coated surfaces significantly increased cell attachment compared with 

GPTMS100-chitosan coated surfaces in the first 3 days, but no significant difference was 

found after 7 days of cultivation. Although bioactivity is important for implant fixation and 

stability, preventing bacterial adhesion and infection are also important factors that lead to 

implant failure.4 According to the result obtained from the biofilm experiments in Fig. 15, 

collagen lacks anti-bacterial properties which makes it an unsuitable candidate for titanium 

implants. Overall, when summarizing the results obtained from the biofilm formation 

studies and cell adhesion experiments performed on different coated titanium substrates, 

GPTMS75-TPFS25-chitosan+L group exhibited superior antibacterial and targeted cell 

binding properties compared with other coated surfaces and these surfaces are the optimal 

group for preparing biofunctionalized LIS on titanium implants.  

 

 



M.A.Sc. Thesis - Yuxi Zhang 

McMaster University - School of Mechanical Engineering. 

—————————————————————————————————— 

 

 

 

 62

   

 

 

Figure 20. Immunofluorescence staining of nucleus and actin-based cytoskeleton (nuclei: blue; 

microfilaments: red) in human SAOS-2 cells to observe cell morphology after 7 days of cell culture. 
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CHAPTER FIVE: CONCLUSION 

In this thesis, we looked at the effect of using different surface modification methods to 

impregnate lubricant-infused surfaces with bio-functional features to enable titanium 

surfaces to exhibit simultaneous anti-biofouling and osseointegration properties. The 

performance of the titanium coated surfaces was examined by performing biofilm 

formation and cell culture experiments. Among different methods, titanium surfaces 

modified by mixed silanes showed great potential for obtaining a bio-functional lubricant-

infused surface coating. In wettability measurements, titanium substrates modified by the 

CVD method using mixed silanes were able to lock-in the lubricant layer and form 

functional LIS. In cell culture experiments, both collagen and chitosan functionalized 

titanium substrates with LIS significantly enhanced cell attachment and proliferation. 

However, LIS titanium surfaces biofunctionalized with chitosan were able to block 

bacterial adhesion and prevent biofilm formation.  

Based on the above analysis, LIS titanium surfaces biofunctionalized with chitosan using 

the mixed silane approach (GPTMS75-TPFS25-chitosan+L) is the optimized surface 

coating to combine both anti-biofouling and cell adhesion properties on titanium substrates. 

The designed surfaces coating could be applied to titanium implants for preventing biofilm 

formation and promoting targeted biding of cells.  

The bio-functional and lubricant-infused surfaces could be applied in different titanium 

made medical implants such as knee joint prosthesis, acetabular and shoulder prosthesis149 
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as well as permanent implants made of other materials, like cobalt-chromium alloy,149 

carbon fiber150 and aluminium oxide used in ceramic acetabular sockets151.  

In future work, we need to do in vivo animal studies to confirm the results and explain the 

mechanism behind properties. Additionally, hyperglycaemia inhibits osteoblasts 

differentiation and it is proved in some research that diabetes can inhibit osseointegration 

and reduce bone-implant contact.152,153 Diabetes plays negative effect in osteogenic 

signaling pathway and chitosan has potential in reactivating PI3K/AKT pathway under 

diabetic conditions.154 This effect could be tested in diabetes model and compared with 

normal model.  
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