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i 

ABSTRACT 

A literature review was done in order to understand the structure and properties of the 

surface of bioactive glass and how to make this structure biocompatible with the human 

body. In this research, glass biocompatibility was increased using a deposition method 

called high intensity laser induced reverse transfer (HILIRT), and the samples were utilized 

as enhanced-biocompatibility bioactive glass (EBBG) with a correspondent nanofibrous 

titanium (NFTi) coating. HILIRT is an ultrafast laser method for improving implants for 

biomedical applications and provides a thin film of NFTi on the glass substrate. The 

proposed method in which NFTi samples with different structures are synthesized at 

various laser parameters such as power, frequency and pulse duration does not have any of 

the disadvantages of conventional methods such as etching. Physical properties, cell 

compatibility and adhesion of these NFTi prepared with different laser parameters before 

and after immersion in simulated body fluid (SBF) were compared. 

Keywords: laser nanofabrication; nanofibrous biomaterials; biocompatibility; transparent 

materials 
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1. Chapter One: Introduction 

1.1. Introduction 

These days, with developments in tissue engineering, biomaterials are designed to be in 

contact with the body’s organs [1, 2]. Biomaterials are utilized in medical devices and 

interact with the biological system [1]. Since they are used in connection with living tissues, 

they have to be biocompatible [1]. Amongst biomaterials, bioactive glass is used 

extensively in biomedical applications due to its quality of tissue regeneration and desirable 

properties such as excellent cell conductivity and bioactivity, controllable biodegradability, 

and high strength which makes them promising materials for tissue regeneration [3]. 

Bioactive glass, sometimes called bioglass, has the ability to form a hydroxyapatite (HA)-

like surface layer when it interacts with bone cells or is soaked in simulated body fluid 

(SBF) [3]. The ability to make an HA-like layer in biomaterials is a desirable property since 

it increases the biocompatibility of materials, resulting in better interaction with 

surrounding living tissues and lower risk of rejection [4]. Although bioactive glass is one 

of the silicate-based glasses that has lower SiO2 content and a higher CaO/P2O5 ratio 

compared to durable silicate glass [3, 5, 6], surface modification should be conducted to 

minimize toxicity and the possibility of failure. Some common methods to modify the 

surface of biomaterials are chemical etching, photolithography, and laser processing [7, 8, 

9, 10, 11, 12]. The laser induced reverse transfer (LIRT) method is a novel laser processing 

technique that can be used to modify the surfaces of transparent materials such as glass and 

reduce failure of the glass after implanting in the body through optimizing the material’s 

surface properties such as absorption, chemistry, roughness, and biocompatibility [13]. 

HILIRT can be employed to deposit the biocompatible metallic elements on the material’s 
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surface to increase the generation of the HA-like layer and eventually increase cell 

conductivity and adhesion [13, 14, 15]. There are some metallic elements that are used in 

biomedical applications, especially in implant generation, such as Mg, Fe, Ti, and others. 

[14]. Each of these elements has its own properties, such as biodegradation, strength, and 

biocompatibility. Among them Mg, Fe, and their alloys are used in biodegradable implants 

[14], while Ti is the most biocompatible metallic element used in implant generation and 

scaffolds in the past [14, 16]. Ti also can be alloyed with other biocompatible elements 

such as Fe, Mn, Sn, and Si in medical and dental applications, as these possess high 

mechanical properties without metal retrogression [14, 16]. These Ti alloys are favoured 

as implants in hard tissue engineering such as artificial knee and hip joints, screws for 

fixation, bone plates, pacemakers, and artificial hearts [14, 15, 16, 17]. In dental 

applications Ti can be used for bridges, crowns, screws, and abutments, and as dental 

restoration wiring when alloyed with Ni and its own shape-memory effect. [14, 15, 16, 17]. 

Although Ti-6Al-4V is widely used in Ti alloys for biomedical applications due to its 

resistance to pitting and corrosion and its great tensile strength, there is a move to replace 

it with vanadium and aluminum-free alloys due to its toxic release in the body after time 

[14, 15, 16, 17]. 

Titanium in the form of nanostructured material has even higher biocompatibility and more 

cell conductivity because nanostructured materials have more surface area and surface 

roughness, which facilitate higher surface energy and better cell adhesion [14, 15, 18, 19].  

In this research, we propose a novel method for the deposition of Ti nanofibrous structures 

on a glass substrate using the HILIRT method at different laser parameters. In this method, 

high laser energy can be aimed at a very small point in a very short time without changing 
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bulk properties; also, the laser’s intensity can be high enough to remove small particles 

from the surface [8, 9, 12, 20]. These particles can generate a nanofibrous path on the 

surface of the material and can be deposited on the provided substrate [8, 9, 12, 20]. In this 

study we focus on the effects of laser parameters on deposited NFTi and the eventual 

effects of these parameters on the formation of an HA-like layer and cell adhesion. 

Scanning Electron Microscopy (SEM) proved the formation of Ti nanofibres on bioactive 

glass. Metals Technology Testing (MTT) and Energy Dispersive Spectrometry (EDS) 

demonstrated cell viability assessment and cell adhesion of deposited Ti coatings on 

bioglass after immersion in SBF solution. In comparison with the current methods for 

surface modification of bioglass and transparent bio materials, our proposed HILIRT 

method is a less time consuming, chemical-free process. In addition, any pattern generation 

(or redesign in pattern) on a micro and sub-micro scale is possible. 

1.2. Biomaterials 

Biomaterial refers to any material and structure that is in contact with the biological system 

of the body [21]. 

1.3. Type of biomaterials 

Biomaterials are reliable, safe, physiologically acceptable materials that are used to make 

devices for disabled parts of body to make them functional [22]. They can be made from a 

wide range of materials such as metals, ceramics, polymers, and composites.  

 Polymers 

Polymers are materials made from the addition of small, repetitive units called monomers 

[23]. The most important advantage of using polymers in making biomaterials is their ease 
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of shaping and their biocompatibility in comparison with ceramics and metals.  Recently, 

polymeric biomaterials have been used in controlled released drug delivery systems. 

Biopolymers are divided into absorbable and non-absorbable categories [23, 24]. 

 Composites 

Composites are macroscopic compositions of two or more materials with different 

properties and a defined mutual surface [25]. Since a composite is the accumulation of 

materials with different properties, it can be suitable for biomaterials manufacturing. A 

good example of a biocomposite in the human body is bone structure, which includes a 

low-modulus background with high-modulus fibre minerals as a reinforcing material [24, 

25]. 

 Metallics 

Metals are materials that can be polished and turned into various forms [24, 26]. High 

electrical conductivity, and high mechanical properties of metals can be their most 

prominent features in medicine. One of the important characteristics of metallic materials 

is their microstructure and the process of synthesizing, which determines the 

microstructure. Today, hundreds of types of metals are used as biomaterials, but in general, 

these metals are divided into several categories: stainless steel alloys, Co-Cr alloys, Ti and 

its alloys, and precious alloys [24, 26]. 

 Titanium and its alloys 

Titanium, a lightweight metal with a density of 4.5 g/cm
3
, is very suitable for implant 

delivery applications. The most applicable of its alloys is an alloy of titanium with 

aluminum and vanadium with the name of Ti-6Al-4 [16, 17, 18, 24]. This alloy has high 
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tensile strength, and is a corrosion-resistant drilling alloy. Alloying elements have a great 

effect on the properties of titanium. For example nickel improves plasticity and adds a 

shape memory effect, and its alloys are used in dental orthodontics. Titanium and its alloys 

are covered under ASTM standards F67 [27], F136 [28] and F2063 [29] for biomedical 

applications [24, 29, 30].  

 Ceramics 

Ceramics are materials that are largely non-metallic and inorganic [24, 31]. Ceramic 

biomaterials have properties such as high tensile strength, neutrality, and good appearance 

that have made them highly prestigious for implant applications [32]. Many ceramics, 

including nitride, carbon, and hydroxyapatite, are used for metal coatings. Bioceramics are 

divided into the following categories [24]: 

1. Inert bioceramics, 

2. Bioabsorbable ceramics, 

3. Bioactive Ceramics. 

 Inert Bioceramics 

Inert bioceramics have inherently low levels of reactivity in comparison with other 

materials such as polymers and metals in addition to resorbable ceramics [33, 34]. 

Examples of inert bioceramics are Al2O3 and ZrO2, which can be used in biomedical 

applications due to their non-toxicity [24, 33]. A major manufacturer and user of 

bioceramics is Japan, where there are many industries with this material, specifically in 

tissue engineering such as screws, ceramic drills, and plate generation [24, 34]. 



 

6 

 Bioabsorbable Ceramics 

Bioabsorbable ceramics can degrade in the body, so there is no need for extra surgery to 

remove them. They are used in biomedical applications due to their mechanical properties 

and convenient healing procedures. The term bioabsorbable  is used not only in ceramics, 

but also in other categories of materials such as bioabsorbable polymeric and metallic 

implants [35, 36]. 

 Bioactive Ceramics 

Bioactive glass is able to interact with biological systems and can be used in human bodies 

to improve tissue regeneration without any side effects. Bioactive glass maintains good 

contact with body organs and remains biocompatible for a long time after implementation 

[15, 18]. It has the potential to form a hydroxyapatite surface as a biocompatible layer after 

immersion in body fluid [15, 18, 37]. However, the term bioactive is not related only to the 

apatite basically present in the glass ceramic, but also to the apatite formation on the surface 

of the glass ceramic in the body. Termination of original calcium and silicate ions from the 

glass ceramic plays an important role in the apatite layer generation on the surface [37]. 

1.3.4.3.1. Bioactive glass 

Bioactive glass is used extensively in biomedical applications due to its quality and 

effectiveness in tissue regeneration [15, 18]. Bioactive glasses are able to interact with 

biological systems and can be used in humans to improve tissue regeneration without any 

side effects. Bioactive glass is a category of glasses that maintain good contact with body 

organs and remain biocompatible for a long time after implementation. They have the 
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potential to form a hydroxyapatite surface as a biocompatible layer after immersion in body 

fluid [15]. 

1.4. Surface Modification of Biomaterials 

Modification of biomaterial surfaces is a favourable way to adjust biological responses 

without changing material bulk properties [19]. Surface modifications are generally 

divided into two categories: physiochemical modification [38, 39], and surface coatings.  

 Physiochemical Modifications  

Include chemical reactions, etching, mechanical roughening, polishing, and so forth [38, 

39]. As a brief example, chemical etching is explained below. 

 Chemical Etching 

This is one of the methods in which chemical materials can be diffused inside the material. 

This brings about a porous structure which is not desirable in implant applications 

[40,41,42,43]. Also, this method requires harsh chemical components and it is difficult to 

find each material etch [40,41,42,43]. Utilizing chemical components can cause toxic gases 

and unclean surfaces, which is not suitable for humans. 

 Coating Modifications 

Surface coatings include grafting, thin film deposition, and so forth [43, 44]. As a brief 

example, photolithography and laser processing are explained below. 

 Photolithography 

Although this method controls and handles cell behaviour and cell pattern, it needs to be 

done with highly extensive photomasks and is very time consuming and expensive [43, 45] 



 

8 

 Laser processing 

Laser processing is one of the best non-chemical methods of surface modification, in which 

a material’s surface properties can be modified in a short period of time. This process can 

produce material ablation, which can result in a different surface structure, with different 

porosity and different chemistry without changing bulk properties for a variety of 

applications [15, 18, 45, 46]. In the laser procedure, emitted high laser energy is precisely 

directed onto a very small point in a very short time to modify the surface such as tempering 

up without changing the material’s bulk. This is a precise and rapid method of surface 

modification for mass production. In addition, in this method we can change laser 

parameters such as laser frequency, laser intensity, etc., to get different surface structures, 

which makes this method very flexible for many applications [15, 18, 45, 46]. In this 

process the laser intensity input causes a solid’s binding energy to be broken and 

consequently causes material removal. The entire energy delta, which can be transferred to 

internal energy delta u, raises the temperature of a solid to delta T considering solid’s heat 

capacity Cp and mass m as shown in Equation (1) below [47, 48, 49]: 

 

(1) ∆E = ∆U = MCp∆T  

Unlike conventional melting methods, laser energy brings about electron excitation with 

higher amounts than its limitation. This gives atoms more energy to destroy the structure 

and facilitates more rapid melting in transient time than conventional time-consuming 

melting [47, 48, 49]. When the laser is emitted onto the small point on the solid’s surface, 

it encourages vaporization and removes atoms from the solid surface, thus helping the laser 

beam to go deeper into the material [49, 50, 51]. The depth of the laser into the solid surface 
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depends on the material’s physical properties and the laser’s frequency. Emitting laser 

electromagnetic fields causes electron ejection by discharging energy on the solid’s 

surface; thus this transmitted energy causes the material’s temperature to rise, producing 

ionized gas known as plasma. The plasma size increases around the laser emitted point and 

continues going up if the laser power meets the material’s ablation threshold and removal 

of particles occurs. The plasma in this process contains ions, electrons, and nanoparticles 

which make the shape of plume, and while it becomes bigger the plume boundary becomes 

cooler than the core. Since the laser procedure is done in the air, we can expect many 

oxidized particles with lots of collisions and aggregations. Newly generated particles move 

toward the cooler region and bring about saturation, nucleation, and growth on the solid 

material in the form of agglomerated particles or nanofibres. The generation of 

agglomerated particles and nanoparticles depends on the ideality of the temperature and 

pressure in the laser process, and by changing laser parameters, different temperatures and 

pressures can be obtained [47, 48, 49, 50, 51]. 

 

Figure 1.1: Schematic design of plume generation, and final agglomerated particles or nanofiber 

generation. 
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There are different laser machines available in the manufacturing industry such as 

picosecond, femtosecond and nanosecond. In femtosecond laser ablation, melting at the 

focal point occurs without any phase transformation, which heats up only the local point 

instead of bulk material, and allows better inspection of target properties. However, in 

picosecond and nanosecond lasers we may have a small melt region at the local point [15, 

18, 19, 51]. 

1.5. Biocompatibility 

The most important quality of a biomaterial is its ability to be in contact with human body 

tissues without causing any undesirable danger to that body [52, 53]. There are many 

different ways in which materials and tissues can mutually interact with each other. This 

term has been usually explained in the subject of biocompatibility [52, 53]. The word 

biocompatibility is extensively used within health science, but a great deal of uncertainty 

still exists about its actual meaning and main concept. In the past, biocompatibility was 

considered for items or biomaterials that should remain in the body for a long time. To be 

considered biocompatible, it was concluded that the biomaterials should have minimal 

chemical reactions with body tissues and be non-carcinogenic [52, 53]. It has further 

evolved that biocompatibility should relate not only to the characteristics of the 

biomaterial, but also to where it should be in the body [52, 53]. Biocompatibility therefore 

refers to the ability of a material to perform with an appropriate host response in a specific 

situation [53]. 
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 In vitro biocompatibility 

In vitro biocompatibility tests were utilized to simulate and foresee a biomaterial’s 

reactions with tissues when placed into the body. The in vitro analysis of biocompatibility 

provides less expensive ways to investigate new biomaterials; it also results in fewer animal 

injuries and the use of fewer laboratory materials, and it decreases the probability of trial 

and error while clinical methods are performed. This method of analysis is very animal 

friendly and is not time and money consuming [52]. Some prominent parameters of in vitro 

tests are explained below: 

 Cell lines 

A cell line is a fixed cell culture that will proliferate without any limits indefinitely, given 

suitable new medium and space [19, 54]. An immortalized cell line is a population of cells 

from a multicellular organism which cannot proliferate in a definite pattern; however, due 

to mutation, the immortalized cell line avoids normal cellular senility and continues 

division [19, 54]. 

 Cell culture media 

A culture medium is a solid, liquid, or semisolid developed to aid the growth of cells or 

microorganisms [55]. Different types of media are used for different types of cells. Two 

prominent types of growth media are those used for cell culture, which use particular cell 

types from animals or plants, and microbiological culture, in which bacteria or fungi are 

grown [55]. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-culture
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Multicellular_organism
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Microorganism
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 MTT analysis 

Life measurement, cell growth, and proliferation have different applications in research. In 

this enzymatic method, the reaction substrates are tetrazolium salts, and MTT is the most 

important of them. This simple and accurate test can evaluate the response of different cells 

to external factors such as growth factors, cytotoxic drugs and other chemical agents. After 

passage through the mitochondrial membrane, the MTT salt is affected and homogenized 

by the dehydrogenase 3 enzyme. The result of this homogenization process is production 

of purple crystals called formazan. Therefore, the more active the cell, the higher the rate 

of formazan 4 production, and by comparing the treatments with the control, one can 

become partially aware of the effects of the treatments on the metabolism of cells [19]. The 

MTS assay is a “one-way” MTT assay, in which the reagent is added straight to the cell 

culture without the intermediate steps in the MTT assay. 

 Cytotoxicity 

The cytotoxicity test was the earliest in vitro test of materials and is one of the major 

categories of tests for the primary evaluation of materials [19, 37, 56]. It is relatively simple 

to design, with no need for painful animal testing. Although these days, there are some 

other tests for measuring the activation of biological processes, the cytotoxicity test 

requires fewer periods of tissue reaction to materials than others [37, 56]. 

 

 Cell adhesion 

One of the parameters of in vitro biocompatibility can be cell adhesion. Adhesion to 

specimens has a remarkable effect on the proliferation and differentiation of cells [19, 53]. 

Cell-substrate attachment is a prominent process in understanding cell shape and sustaining 
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cell activity and impeccability of tissues. Most of the cells have numerous functions in 

attaching to substrate; for example, they can be bound to an extracellular matrix or they 

can be attached to the other adhesive cells. The most important parts of this process are the 

extracellular matrix proteins, and these proteins vary in different locations in the body. 

 In vivo biocompatibility 

In vivo biocompatibility tests were utilized to understand the exact behaviour of 

biomaterials with tissues when placed in the body. The in vivo analysis of biocompatibility 

is an expensive way to investigate new biomaterials, and it also causes animal injuries. In 

vivo “within the living” refers to trials utilizing a living organism, not a partially alive  or 

dead organism. Animal studies and clinical experimentation are two forms of in vivo 

research. In vivo testing is often used over in vitro due to its better overall effects of 

watching an experiment on a living subject [57]. Although there are many reasons for 

believing the potential of conclusive insights about the nature of medicine or disease, there 

are some ways that show these conclusions can be false reasoning. For example, a therapy 

can be beneficial in over a short time but harmful in the long term [57].  
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2. Chapter Two: Experimental and theoretical methods and 

characterizations 

2.1. Introduction 

 In order to evaluate the effect of different laser parameters on the titanium nanofibres 

produced on glass and their biocompatibility, some experimental and analytical research 

work was carried out. This chapter provides detailed analysis of each production method, 

different laser parameters, and the properties of different titanium nanofibres on the 

biocompatibility of specimens.  

2.2. Material Synthesizing 

In this research, ultrashort (picosecond and nanosecond) focused laser pulses were 

transmitted through transparent glass and focused on the surface of the titanium substrate. 

The pulse ionization process for the deposition of ablated Ti to the glass substrate was done 

by an Ytterbium pulsed fibre laser system at a wavelength of 1064 nm. Sample preparations 

were done with different powers from 6 to 12 W; a pitch of 0.025 mm; scanning speeds 

from 100 to 150 mm/s; frequencies from 600 to 1200 kHz; and pulse durations of 150 ps, 

5 ns, and 30 ns under ambient conditions. 

The specifications of the other materials, the apparatus used, and all the steps performed in 

this study are presented below. 
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2.2.1. Material specifications 

2.2.1.1. Laser System 

The pulse ionization process for deposition of ablated Ti to the glass substrate was 

performed by an Ytterbium pulsed fibre laser system (IPG Laser Model: YLPP-1-150V30) 

at a wavelength of 1064 nm. Figure 2.1 shows a photo of the system. 

 

Figure 2.1: The laser system used for this project. 

2.2.1.2. Titanium properties 

The sheets used in this project were Grade 4 titanium, as shown in Figure 2.2. 
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Figure 2.2: Grade 4 Titanium sheet used in this study. 

2.2.1.3. Transparent glass 

The glasses utilized in this project were the biological laboratory virtual slides, as shown 

in Figure 2.3. 

 

Figure 2.3: Transparent biological Laboratory virtual slides used as glass substrate. 
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2.2.2. Machine and system characterization  

2.2.2.1. Scanning Electron Microscope (SEM)  

In order to analyze Ti nanofibres deposited on bioglass and different properties of 

generated nanofibres such as morphology, porosity, and fibre diameter, a scanning electron 

microscope was used.  

2.2.2.2. Energy Dispersive X-Ray (EDS) 

For detecting the HA-like layer on specimens after soaking in SBF, an EDAX Genesis 

4000 Energy Dispersive X-Ray (EDS) analyzer was operated.  

2.2.3. Software characterization 

2.2.3.1. Image Analysis  

Identifying fibre diameters was done through 1.501 ImageJ software using SEM and TEM 

images. 

2.2.3.2. X’pert software 

Phase identification of XRD pattern was done with X'Pert HighScore Plus software. 

2.2.3.3. MATLAB software 

MATLAB R2015b software (9.6.0.1072779) was utilized for simulation of the ablation 

process for different ranges of laser powers and pulse repetitions. 

2.2.4. Biological characterization 

2.2.4.1. Simulated Body Fluid 

Simulated body fluid (SBF) is a solution with similar ion concentration to human blood 

plasma. The SBF solution was prepared using Kokubo, T. and Takadama, H., 2006 
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protocol [5]. SBF is extensively used to evaluate the biocompatibility of materials via 

reproduction of bonelike apatite layer on the surface of artificial biomaterials and implants. 

In this research the laser treated samples were soaked in SBF for 3, 5, and 7 days to assess 

their ability to form HA-like layers. 

2.2.4.2. First cell culture and biology evaluation 

First cell culture studies were performed with human alveolar bone-derived mesenchymal 

stem cells (BMSCs) for investigation of cell-coatings’ interaction and differentiation. 

Alveolar bone fragments obtained during orthognathic surgeries were placed over mesh 

covered with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPS) medium and 

centrifuged at 2500 rpm to force out alveolar bone marrow cells. The cells were seeded on 

25 cm2 flasks containing alpha-modified Eagle’s medium (αMEM) supplemented with 

15% fetal bovine serum (FBS), L-glutamine, non-essential amino acids (NEAA) and 

antibiotics (penicillin 0.1 g/L; streptomycin 0.1 g/L) at 37 °C in a humidified air 

atmosphere containing 5% CO2. Upon 80–90% confluency, these cells (detached with 

0.05% trypsin-EDTA) were considered as passage zero (P0). P0 BMSCs were cultured and 

the medium was changed to fresh media every 2–3 days, at 70–80% confluency, the cells 

were detached using 0.25% trypsin-1 mM EDTA-4Na and seeded on NFTi coated glass 

and control groups at 5,000 cells per well in 48‐well culture dishes. The culture medium 

was renewed every 3 days. (All experiments were performed using cells at passages 3–6). 

All chemicals and reagents, unless otherwise stated, were purchased from Sigma (St. Louis, 

MO). Media were purchased from Gibco, unless otherwise stated. 
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2.2.4.2.1. MTS Assay 

An MTS assay was done in order to study the metabolic activity on NFTi coated glass as 

well as cell adhesion/proliferation and cytotoxicity assessments of hBMSC compared to a 

tissue culture plate (TCP) and uncoated glass after 4 hours and 2, 4, and 6 days of hBM-

MSC seeding. In this colorimetric quantification method, cell metabolic activity is justified 

with a coloured formazan product which is soluble in cell culture media in a humidified 

atmosphere containing 5% CO2 at 37 °C, by MTS tetrazolium compound reduction. The 

MTS assay was treated by direct contact with NFTi coated glass with 5,000 human bone 

marrow-derived mesenchymal stem cells in each of 48 wells. After 4 hours and 2, 4 and 6 

days after cell seeding, cells were washed with phosphate buffered saline (PBS) and 

incubated with a fresh medium of 20 % Cell Titer 96®Aqueous One Solution Cell 

Proliferation (MTS reagent) comprising serum-free medium in the dark at 37 °C in 5 % 

CO2 for 4 hours. Finally, aliquots were pipetted into a 96-well plate and the absorbance 

content of each well was figured out at 492 nm with a Fluostar Optima, BMG Lab 

Technologies spectrophotometric plate reader. Results were normalized as the ratio of 

medium without cells. 

2.2.4.2.2. Immunocytochemistry 

The spreading behaviour and cytoskeletal arrangement of hBMSC seeded onto the titanium 

coatings were studied by fluorescence microscopy using an Olympus BX61. F-actin is a 

family of spherical poly-operational proteins that form actin filaments which configure 

parts of a cell cytoskeleton. This protein, which is one of the most abundant proteins in the 

body, can be stained in live cells to specify and track the structure and function of cell 

cytoskeletons and can be seen with fluorescence microscopy. After 1 and 7 days of culture, 
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cells were washed with PBS and fixed with 4% formaldehyde in PBS for 15 minutes at 

room temperature. Then, cells were permeabilized in 1% BSA and 0.4% Triton. After 

washing, the permeabilizing solution, F-actin, was stained with phalloidin (actin filament, 

red colour, 1:300 Gibco) for 2 hours. Finally, the cell nucleus was stained with DAPI (4′,6-

diamidino-2-phenylindole) (10:1000, Gibco) for 3 minutes and washed with PBS. 

2.2.4.2.3. Differentiation process 

Three samples of BMSC (S1, S2 and S3) were cultured on TiO2 coated glass for 21 days 

to induce osteogenic differentiation in comparison with a TCP and uncoated glass in an 

osteogenic induction medium (10 nM dexamethasone, 50 mg/ml ascorbic acid 2‐

phosphate, and 10 mMβ‐glycerophosphate). Cells were cultured at a density of 5,000 cells 

per well in 48‐well culture dishes in the aforementioned medium at 37 °C, 5% CO2 for 21 

days based on previous studies (19). 

2.2.4.2.4. Mineralization 

The ability of precipitation of inorganic materials on the organic substrate, which is called 

mineralization, was investigated on the samples to determine the effects of specimens on 

hBMSC differentiation. After 0, 7, 14, and 21 days, cells were fixed in 4% formaldehyde 

in PBS for 20 minutes at room temperature and stained with 0.5% alizarin red solution in 

water (pH= 6.4) for 2 hours. Alizarin red was dissolved in a 1M HCl solution for 2 hours 

with shaking. Finally, the colour intensity of each group was measured at 575 nm using 

potent mineralization alizarin red-positive nodules area and calcium colorimetry-based 

assays with a Fluostar Optima, BMG Lab Technologies spectrophotometric plate reader.  
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2.2.4.2.5. Gene expression analysis 

Gene expression analysis is one of the tools used after days of cell seeding. Gene expression 

level in the bone differentiation process was measured using reverse transcriptase-

polymerase chain reaction (RT-PCR) on culture on days 0, 7, 14 and 21. Total RNA was 

isolated with TRIZOL reagent (Invitrogen) and an RNAeasy Mini kit (Qiagen) following 

the manufacturer's protocol. Total RNA was pretreated with DNase I (Fermentas). cDNA 

synthesis was carried out with 1 μg of total RNA using random hexamer primer and the 

RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas). Real‐time PCR was 

performed using SyBr master mix (TaKaRa) at final volume of 20-μl in a Corbett real‐time 

PCR system (Rotor‐gene 6000, Australia). The specific primers (collagen type I, 

osteopontin and osteocalcin) were designed with Oligo designer software version 5.2. All 

samples were assayed in triplicate and three independent experiments were performed. The 

analysis of gene expressions was performed by the ΔΔCT method, and the beta actin 

housekeeping gene was used to normalize the data. 

2.2.4.2.6. Degradation: Ion release concentration and cell culture medium pH 

One of the methods of analyzing the degradation rate of specimens in a body is by 

measuring the concentration of ions after days of soaking in simulated culture body media. 

Soaking or immersion tests can be carried out statically or dynamically. For this research, 

the ion release test was conducted for 1, 3, 7, 14, and 21 days via immersion of NFTi coated 

samples in a cell culture medium in static condition without any laminar flowing force; the 

ion concentration in the cell culture medium was measured after sample removal using the 

analytical inductively coupled plasma mass spectrometry method. In addition, the cell 
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culture medium pH was measured with the 827pHlab Metrohm meter after the samples 

were removed. 

 

Figure 2.4: Incubator used for simulating living body conditions. 

2.2.4.2.7. Protein adsorption and biocomplex adsorption/absorption 

The protein adsorption of osteogenic differentiation medium for all of the surfaces without 

cell (A’) was measured by Nanodrop at 528nm [19]. At the beginning, the light absorbance 

of an osteogenic differentiation specific medium was measured by Nanodrop, and the 

calculated amount was considered to be 100% [19]. The medium was incubated in contact 

with the coated, uncoated, and TCP samples at 37 ºC for 6 hours. The medium protein 

concentration (A) was then measured by light absorbance.  

Adsorbed protein (A’) (%) = 100 – A (%) 
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To calculate the amount of proteins which form a biocomplex with soluble ions, the 

medium that was in contact with the samples was centrifuged at 14000 rpm for 30 minutes 

(ref). This leads to biocomplex precipitation (B’). The supernatant protein concentration 

was measured by Nanodrop (B) 

Biocomplex protein (B’) (%) = A – B 

To estimate the biocomplex absorption by the cells, the BMSCs was first cultured on the 

TiO2 coated, uncoated, and TCP samples with the osteogenic differentiation specific 

medium and then incubated in 37 ºC for 6 hours. Then the medium protein concentration 

was measured by nano drop (C). Based on the following equation, the percentage of 

biocomplex uptake by the cells (C’) can be measured: 

Biocomplex uptake by the cells (C’) = (100 – A’) – C 

And 

Adsorbed biocomplex = B’ – C’ (data was not shown) 

2.2.4.2.8. Contact angle    

The contact angle (CA), where a liquid-vapour interface meets a solid surface, describes 

the ability of a liquid to be in contact with a solid surface (wetting) through Young 

equations. In this experiment, the CA tests for cell attachment potential of specimens were 

performed utilizing 5 ml of distilled water droplets dropped from a distance of 1 cm and 

recorded 5 seconds after contact with the fabric surface using a self-developed goniometer 

apparatus with a high-resolution camera. The average value of three replicates measured 

on both sides of the drops was reported as the CA of each sample. 
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2.2.4.3. Second cell culture and biology evaluation 

Second cell culture studies were done with human epithelial cells from the HT-29 cell line. 

The cells were seeded on samples for investigation on cell-coating interaction and 

adhesion. Epithelial cells from the HT-29 were incubated in Dulbecco's Modified Eagle 

Medium (DMEM) and centrifuged at 2500 rpm to force out HT-29 human epithelial cells. 

The cells were seeded on 25 cm2 flasks containing alpha-modified Eagle’s medium 

(αMEM) supplemented with 15% fetal bovine serum (FBS), L-glutamine, non-essential 

amino acids (NEAA) and antibiotics (penicillin 0.1 g/L; streptomycin 0.1 g/L) at 37 °C in 

a humidified air atmosphere containing 5% CO2. Upon 80–90% confluence, these cells 

(detached with 0.05% trypsin-EDTA) were considered as passage zero (P0). Cells were 

cultured and the medium was changed to fresh media every 2–3 days, at 70–80% 

confluency, the cells were detached using 0.25% trypsin-1 mM EDTA-4Na and seeded on 

NFTi coated glass and control groups at 5,000 cells per well in 48‐well culture dishes. The 

culture medium was renewed every 3 days. (All experiments were performed using cells 

at passages 3–6). All chemicals and reagents, unless otherwise stated, were purchased from 

Sigma (St. Louis, MO). Media were purchased from Gibco, unless otherwise stated. 

2.2.4.3.1.MTT assay 

In this research, a colorimetric metabolic activity (MTT) assay was done in order to 

indirectly study the viability of human cells on NFTi coated glass before and after 

immersion in SBF. The MTT assay was performed on 10,000 HT-29 cells incubated in 

media solution exposed to NFTi coated glass for 2, 4 and 6 days. After cell exposure to this 

media, cells were washed with PBS and incubated with a fresh serum-free medium 

containing dye compound 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
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(MTT reagent) in a dark 37 ºC, 5% CO
2 

humidified incubator for 4 hours. Finally, the 

resulting coloured solution was measured by absorbance at 500–600 nm wavelength using 

a multi-well spectrophotometer. Results are presented as a percentage of treated cells that 

remained viable compared to non-treated cells (%).  

2.2.4.3.2.Cell Adhesion  

Adhesion to specimens has a remarkable effect on the proliferation and differentiation of 

cells. To investigate cell adhesion on synthesized NFTi coatings, 104 human epithelial cells 

from the HT-29 cell line were seeded on samples that were sterilized with 70% alcohol in 

cell cultures and incubated with 5% CO2 in 37 ºC for 72 h. After incubation, the samples 

were washed with PBS to remove non-adherent and dead cells. Samples with adherent cells 

were fixed with 2.5 vol.% fixative glutaraldehyde solutions and incubated for 1 hour. The 

specimens were washed twice with PBS to remove the glutaraldehyde that remained, and 

subsequently samples were rinsed with 30%, 50%, 70%, 90% and 100% absolute ethanol 

for 15 minutes and taken to the SEM lab for further investigation.  

2.2.4.3.3. Ccell culture medium pH and colour 

For this research, the PH and colour test was conducted for 1, 3, 5 and 7 days via immersion 

of NFTi coated samples in a cell culture medium in static condition without any laminar 

flowing force; the PH in the cell culture medium was measured after solution removal from 

the medium with immersed samples with 827pHlab Metrohm meter. 
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2.3. Theoretical method 

The simulation of the ablation process for different ranges of laser powers and pulse 

repetitions (two main laser parameters) was conducted using an analytical model in 

MATLAB R2015b software (9.6.0.1072779). In this research, the variable ranges of 

frequency and power were chosen according to the laser system functionality, from 600 to 

1200 kHz and from 5 to 12 W, respectively. In the theoretical model, the 3D radial 

temperature gradient can be estimated by Equation (1), in which titanium diffusivity is 

shown as k; where r and z are the radius of laser spot and the depth of the laser heat affected 

zone respectively, and K is titanium thermal conductivity [58]. 

 

Here, Imax is the peak intensity, and W is the beam’s (1/e) field radius. Also, p(t) is related 

to the pulse shape and we assume we have square-shaped pulses. Additionally, the ablation 

depth, h(r), as a function of a radial position from the centre of the focused laser beam spot, 

can be anticipated by Equation (2) [58] 

  

In Equation (2), ∆TB is equal to Tboiling − Troom temperature and β has the constant 

value of 0.5 for considered pulse duration, R is titanium Fresnel energy reflectivity, γ is a 

fraction of pulse energy absorbed by titanium, and W is the beam’s field radius.  



 

27 

3. Chapter Three: Effect of laser power on titanium nanofibres 

produced on glass 

3.1. Introduction 

In this chapter and the following ones the effects of laser power and other parameters on 

produced titanium nanofibres were investigated. 

3.2. Experimental Results 

3.2.1. Characterization on NFTi on glass 

In the HILIRT method, high laser energy can be aimed at a very small point in a very short 

time without changing a material’s bulk properties; also, the laser's intensity, which is 

known as laser power, can be high enough to remove small particles from the surface [15, 

17, 18, 41]. These particles can generate a nanofibrous path on the surface of the material 

and can be deposited on the provided substrate. 

3.2.1.1. Scanning electron microscopy (SEM) images of NFTi on glass substrate with 

different laser powers from 5 to 12 W 

As illustrated in Figure 3.1., by increasing laser power from 5 to 12 W, the amount of NFTi 

increased. It is also clear that a laser power of 5 W is not enough laser intensity for 

removing particles and ablating materials, since the surface of the microscope glass that 

went through laser deposition with a laser power of 5 W was similar to bare glass, with 

only a small amount of NFTi. This means that when a laser power of 5 W was focused over 

a glass surface, it raised the temperature, but not high enough to produce sufficient material 

ablation and remove atoms and particles from the bulk surface; therefore, the Ti atoms 

could not be emitted from the Ti sheet, and small amounts of nanofibres could be formed 

via rapid cooling process (Figure 3.1.A). Also, since by increasing laser power the shape 
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of deposited materials changed from agglomerated to nanostructure. As shown in Figure 

3.1 and as reported before [15, 41], the surface roughness in microscale has not been 

changed significantly. 

 

 

 

3.2.1.2. NFTi diameter by increasing laser power from 5 to 12 W using ImageJ and 

upper SEM images 

By looking at the image in Figure 3.2, it is clear that the deposited titanium on the glass 

substrates have different diameters. By increasing laser power from 5 to 12 W the shape of 

the deposited titanium also changed from agglomerated nanoparticles to fibres, which 

means that by increasing laser power the nanofibre diameter decreased due to more fibre 

and fewer nanoparticles generated. 

(a) (b) (c) 

(d) (e) (f) 

    1 µm 

 
    1 µm 

 

    1 µm 

µm 

    10 µm 
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    10 µm 

 

Figure 3.1: SEM images of deposited NFTi on glass substrate with (a, d) power of 5 W, (b, e) 

Power of 9 W, (c, f) Power of 12 W. 



 

29 

 

Figure 3.2: Chart of NFTi diameters by increasing laser power from 5 W to 12 W using ImageJ 

software. 

3.2.1.3. X-Ray diffraction (XRD) of NFTi on glass substrate with different laser 

powers from 5 to 12 W 

The XRD in Figure 3.3. shows that titanium reflected severe peaks on samples created by 

laser powers of 5, 9 and 12 W. It is clear from the XRD graphs that by increasing laser 

power from 5 to 12 W, the amount of titanium in the hexagonal close packed (hcp) also 

increased. Generally, increasing laser power results in injecting pulses with higher intensity 

on the centre of the ablation, which leads to a rise in the plume temperature and 

consequently more particle ablation and fibre generation. 
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Figure 3.3: XRD pattern of NFTi on glass substrate with different laser power from 5 W to 12 W. 

3.2.1.4. Raman spectrum of NFTi on glass substrate with different laser powers from 

5 to 12 W 

The Raman spectrum of samples produced with different laser powers shows that titanium 

oxide reflected severe peaks on sample 12 W in comparison with samples produced  with 

power 5 and 9 W. It is clear that increasing laser power results in injecting pulses with 

higher intensity on the centre of the ablation, which leads to a rise in the plume temperature 

and consequently more particle ablation and fibre generation. Also, due to the fact that the 

samples’ generation was done in a room atmosphere without any oxygen vacuum, more 

fibre generation leads to more titanium oxide production, which can be seen in Figure 3.4. 
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Figure 3.4: Raman spectrum of NFTi on glass substrate with different laser power from 5 W to 12 

W. 

3.3. Theoretical results 

3.3.1. The 3D radical temperature gradient profiles by increasing laser power from 5 

to 12 W 

As per Equation (1) in the previous chapter, the radical temperature gradient has a direct 

relation to the Imax which is directly dependent on the average laser power. This means 

that by increasing the laser power, the temperature gradient goes up and a larger heat 

affected zone (HAZ) forms, as shown in Figure 3.5. 
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Figure 3.5: The 3D radical tempreture gradient profiles with laser power of (a) 5 W, (b) 9 W, (c) 

12 W. 

3.3.2. Ablation depth profiles as a function of radius and laser scanning speed for 

single pulsed laser by increasing laser power from 5 to 12 W 

As displayed in Figure 3.6, by increasing the laser power and decreasing the scanning 

speed, the ablation depth increases. To further clarify, incrementing laser power while other 

laser parameters are constant causes the amount of the energy delivered to the Ti substrate 

to increase. This results in the generation of a larger HAZ and greater ablation volume on 

the Ti surface, which is in agreement with the results presented in Figure 3.1. The laser 

scanning speed has a similar behaviour, as at lower scanning speeds (higher number of 

pulses) more energy would be transferred to the substrate, which results in a deeper ablation 

profile and thicker nanofibrous layer. 

(a) (b) (c) 
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Figure 3.6: Ablation depth profiles as a function of radius. (b) Ablation depth profiles as a 

function of laser scanning speed for single pulsed laser by increasing laser power from 5 W to 12 

W. 

3.3.3. Effect of laser power on titanium nanofibres produced on glass after immersion 

in SBF 

3.3.4. Characterization on NFTi on glass after 2 and 4 days immersion in SBF 

Here, we can analyze the effect of laser power on the titanium deposited layer on glass 

samples after immersing them in simulated body fluid (SBF) for 2 and 4 days to simulate 

the body environment for samples and anticipate the samples’ behaviour in body by in vitro 

tests. 

 Scanning electron microscopy (SEM) images of NFTi on glass substrate with 

different laser powers from 5 to 12 W after 2 and 4 days immersion in SBF 

The ability to form the HA-like layer with a calcium-to-phosphorous ratio of 1.63 and other 

compositions of these two elements is known as biocompatibility. In order to analyze the 

specimens’ biocompatibility, samples should be immersed in SBF. All the specimens 
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produced with different laser powers were immersed in SBF for 2 and 4 days, and the SEM 

results show the hydroxyapatite-like layer, which is a good indication of the samples’ 

biocompatibility. Additionally, increasing laser power creates better and more consistent 

layers of hydroxyapatite, which can be the result of more NFTi on the samples. To illustrate 

further, samples with more NFTi have greater area to volume ratio of suitable places for 

calcium and phosphorous to nucleate and grow on, which means that they have more 

biocompatible surfaces, as indicated in Figures 3.7. 

 

Figure 3.7: SEM images of NFTi on glass substrate with different laser power from (a) 5 W, (b) 9 

W, (c) 12 W after 4 days immersion in SBF. 

 X-Ray diffraction (XRD) and Raman spectrum of NFTi on glass substrate 

with different laser powers from 5 to 12 W after 4 days immersion in SBF 

In samples that were immersed in SBF solution for 4 days, according to the previous 

reported results for similar structures there are primary peaks related to HA-like 

composition, which can be the result of a good amount of NFTi on the samples and proper 

places for calcium and phosphorous to grow on, as shown in Figure 3.8. (a). The 

hydroxyapatite and other calcium-to-phosphorus composition peaks relating to Raman 

(Figure 3.8. (b)) and XRD patterns of samples which were produced by higher powers have 
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higher intensities compared to the samples produced by a laser power of 5 W. This can also 

be due to little or no generation of NFTi on the specimens produced by a laser power of 5 

W, and less suitable places where calcium and phosphorous elements can start nucleating 

and growing [20,21]. 

 

Figure 3.8: (a) XRD pattern, (b) Raman Spectrum of NFTi on glass substrate with different laser 

powers from 5 W to 12 W after 4 Days immersion in SBF. 

 MTT results of samples produced with different laser powers before and after   

immersion in SBF 

Indirect MTT assay of the produced samples is shown in Figure 3.9. Generally, samples 

with different NFTi coatings did not show high toxicity after three days. Cell viability was 

constant at 100% over the period due to no toxic ion release into the test solution and no 

significant effect on its life properties. The solution extracted from the sample produced 

with a laser power of 5 W showed insignificant toxicity after immersion for 2 and 4 days 

in the medium. This can be representative of insufficient or less NFTi generation on the 

glass and no protective or compatible titanium and HA-like layers on top of the glass 

substrate to prevent toxic ion release, such as silicon ions, from the glass substrate [20,21]. 

(a) (b) 
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Figure 3.9: MTT results of samples produced with different laser powers before and after 

immersion in SBF 

 SEM images of cells attached on the surface of samples produced with 

different laser powers 

SEM images of cell morphology and cell adhesion on samples with different laser powers 

are shown in Figure 3.10. Attached cells on samples produced with a laser power of 5 W 

can be seen in Figure 3.10. in comparison with samples synthesized with higher laser 

powers. Additionally, when laser power is increased, cell filopodia have more attachments 

on the NFTi layers, which is known as their extracellular matrix (ECM). 
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Figure 3.10: SEM  images of cells attached on the surface of samples produced with laser power 

(a) 5 W, (b) 9 W, (c) 12 W. 

3.4. Summary 

Samples prepared 

with constant laser 

frequency, constant 

laser pulse duration 

and changeable laser 

power 

Samples prepared 

with laser frequency 

= 1200 KHz, pulse 

duration = 150 ps, 

Power = 5 W 

Samples prepared 

with laser frequency 

= 1200 KHz, pulse 

duration = 150 ps, 

Power = 9 W 

Samples prepared 

with laser frequency 

= 1200 KHz, pulse 

duration = 150 ps, 

Power = 12 W 

NFTi amount Less more High 

Biocompatibility Less more High 
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4. Chapter four: Effect of laser Frequency on titanium 

nanofibres produced on glass 

4.1. Introduction 

In this chapter we describe the effect of laser frequency on produced titanium nanofibres. 

4.2. Experimental Results 

 Characterization of NFTi on glass 

 Scanning electron microscopy (SEM) images of NFTi on glass substrate with 

different laser frequencies from 600 to 1200 kHz 

The effect of laser frequency is shown in Figure 4.1. By increasing laser frequency from 

600 to 1200 kHz, the amount of NFTi also increased. This can be due to the fact that 

increasing the laser frequency means decreasing pulse intervals, which leads to a shorter 

time between consecutive pulses and more transmitted intensity into the substrate, and 

therefore more heat accumulation and higher average temperature [15, 17, 18, 41]. 

Enhancing the spot temperature causes a denser plume and generates more ablated atoms, 

thus leading to more consecutive inelastic collisions, which results in the deposition of a 

titanium nanostructure on glass substrates [15]. 
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Figure 4.1: SEM images of NFTi on glass substrate with different laser frequencies of (a, d) 600 

KHz, (b, e) 800 KHz, (c, f) 1200 KHz. 

 Reduced NFTi diameter by increasing laser frequency from 600 to 1200 kHz 

using ImageJ and upper SEM images 

By increasing laser frequency from 600 to 1200 kHz, the amount of NFTi also increased. 

This can be due to the shorter time between consecutive pulses and more transmitted 

intensity into the substrate, and more ablated atoms, thus leading to more titanium 

nanostructure on glass substrates with shape changing from nanoparticles and 

agglomerated particle to nanofibres with reduced diameter [15, 18]. Figure 4.2 shows the 

average titanium fibre diameter deduction by enhancing laser frequency. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 4.2: Chart of NFTi diameter by increasing laser frequency from 600 KHz to 1200 KHz 

using ImageJ software. 

 X-Ray diffraction (XRD) of NFTi on glass substrate with different laser 

frequencies from 600 to 1200 kHz 

The XRD results in Figure 4.3. show severe peaks on titanium samples created by laser 

frequencies of 600, 800 and 1200 kHz. Generally, increasing laser frequency means a 

decrease in the laser pulse interval, which brings about a rise in plume temperature and 

consequently more particle ablations and more titanium fibre generation in the hcp phase.  
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Figure 4.3: XRD pattern of NFTi on glass substrate with laser frequency from 600 KHz to 1200 

KHz. 

 Raman spectrum of NFTi on glass substrate with different laser frequencies 

from 600 to 1200 kHz 

The Raman spectrum of samples produced with different laser frequencies shows the 

titanium oxide peak has severe reflection on samples produced with a laser frequency of 

1200 kHz compared to samples produced with frequencies of 800 and 600 kHz. It is 

obvious that increasing laser frequency results in shorter time between consecutive pulses 

and more transmitted intensity into the substrate, and more ablated titanium nanostructure 

on glass substrates and consequently fibre generation. Also, the condition was the same as 

the condition in which the laser power was changed and sample generation was done at 

room atmosphere without any oxygen vacuum. Performing the sample preparation in the 

normal room environment leads to more titanium oxide production, which is illustrated in 

the Raman spectrum in Figure 4.4. 
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Figure 4.4: Raman spectrum of NFTi on glass substrate with different laser frequency from 600 

KHz to 1200 KHz. 

4.3. Theoretical results 

 The 3D radical temperature gradient profiles by increasing laser frequency 

from 600 to 1200 kHz 

In the HILIRT method, the effect of pulse repetition needs to be considered along with the 

number of delivered laser pulses. Generally, at a higher pulse repetition rate and a constant 

average laser power, the energy of each pulse is less, which leads to a lower maximum 

temperature for the HAZ, as demonstrated in Figure 4.5. However, for multi-pulse 

processes, the average surface temperature increases by increasing the pulse repetition [15, 

18, 19]. Increasing the laser repetition rate results in decreased pulse intervals (shorter time 
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between consecutive pulses) and a higher number of laser pulses per unit time (delivering 

more laser intensity into the substrate) [15-18]. 

 

Figure 4.5: The 3D radical temperature gradient profiles for laser frequency of (a) 600 KHz, (b) 

800 KHz, (c) 1200 KHz. 

 Ablation depth profiles as a function of radius and laser scanning speed for 

single pulsed laser by increasing laser frequency from 600 to 1200 kHz 

As stated in the above paragraph, at higher laser repetition rates and shorter pulse intervals, 

denser laser plumes are formed as the average surface temperature is higher [15,18]; this 

causes smaller laser ablation volume and more fibres, as shown in Figures 4.5 and 4.6.  

(a

) 
(b

) 
(c

) 
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Figure 4.6: (a) Ablation depth profile as a function of radius, (b) Ablation depth profiles as a 

function of laser scanning speed for single pulsed laser by increasing laser frequency from 600 

KHz to 1200 KHz. 

 Effect of laser frequency on titanium nanofibres produced on glass after 

immersion in simulated body fluid 

 Characterization on NFTi on glass after 2 and 4 days immersion in SBF 

 Scanning electron microscopy (SEM) images of NFTi on glass substrate with 

different laser frequencies from 600 to 1200 kHz after 2 and 4 days 

immersion in SBF 

As described in the frequency parameter section above, we can analyze the effect of laser 

frequency on the titanium deposited layer on glass samples after putting them in SBF for 2 

and 4 days to simulate the body environment and anticipate the behaviour of the samples 

in the body by in vitro tests. 

 

(a) (b) (c) 
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Figure 4.7: SEM images of NFTi on glass substrate with different laserr frequency from (a) 600 

KHz, (b) 800 KHz, (c) 1200 KHz after 4 days immerson in SBF. 

Samples produced with different laser frequencies were immersed in SBF for 2 and 4 days, 

and the SEM results show the HA-like layer, which is a good indication of the samples’ 

biocompatibility. Additionally, increasing laser frequency similar as increasing laser 

power, creates better and more consistent layers of HA-like layer which can be the result 

of more NFTi on the samples. To explain more, samples with more generated NFTi have 

greater area to volume ratio of biocompatible areas for calcium and phosphorous to 

nucleate and grow on, as indicated in Figures 4.7. 
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 X-Ray diffraction (XRD) and Raman spectrum of NFTi on glass substrate 

with different laser frequencies from 600 to 1200 kHz after 4 days immersion 

in SBF 

 

Figure 4.8. (a) XRD pattern, (b) Raman spectrum of NFTi on glass substrate with different laser 

frequency from 600 KHz to 1200 KHz after 4 days immersion in SBF. 

In samples immersed in SBF solution there are several peaks related to HA-like layers 

which are the result of a good amount of NFTi on the samples and good places for calcium 

and phosphorous to develop. As illustrated in Figure 4.8, the hydroxyapatite and other 

calcium to and phosphorous to phosphorus composition peaks relating to Raman and XRD 

patterns of samples produced by higher laser frequencies have higher intensities compared 

to the sample produced by a laser frequency of 600 kHz. This can be due to little or 

insufficient generation of NFTi on the sample produced by the laser frequency of 600 kHz, 

and less desirable places for calcium and phosphorous elements to start growing. Also, 

similar to laser power, the sample produced with the highest laser frequency has a drastic 

upper shift in the Raman spectrum which can be due to the thicker NFTi coating generation.  

(a) (b) 
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 MTT results of samples produced with different laser frequencies before and 

after immersion in SBF 

Indirect MTT assay of the produced samples is shown in Figure 4.9. Generally, indirect 

MTT assay of the produced samples is shown in Figure 26. Generally, samples with 

different NFTi coatings did not show high toxicity after three days. Cell viability was 

constant at 100% over the period due to no toxic ion release into the test solution and no 

significant effect on its life properties. There is no difference between the cell viability of 

the different laser frequencies (almost 100% viability), and this can be indicative of a 

sufficient or high amount of NFTi on the glass and compatible titanium and HA-like layers 

on top of the glass substrate to prevent toxic ions in the medium. 

 

Figure 4.8: MTT results of samples produced with different laser frequency before and after 2 and 

4 days immersion in SBF. 
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 SEM images of cells attached on the surface of samples produced with 

different laser frequencies 

SEM images of cell morphology and cell adhesion on samples with different laser powers 

are shown in Figure 3.10. Attached cells on samples produced with a laser frequency of 

600 kHz can be seen in Figure 4.10(e), in comparison with samples synthesized with higher 

laser frequencies. The SEM results illustrate that cells adhered better on NFTi surface than 

on bare glass and they adhered better and seemed healthier at higher frequency samples. 

This shows the biocompatibility of NFTi on the coating produced with higher frequencies 

and the preference of cells to be fitted on an NFTi coating rather than bare glass (Figure 

4.10(a,  b)). Additionally, cell filopodia have more attachments on the NFTi layers, which 

is known as their extra cellular matrix (ECM), with increasing laser frequency. Cell bodies 

show less degradation and disappearance during the fixing process, which means that 

increasing laser frequency brings about more NFTi generation and thicker NFTi layers on 

the glass substrate, with higher surface-to-volume ratio and more compatible and available 

places as ECM for cell filopodia to connect and adhere to [21]. 
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Figure 4.9: SEM images of cells attached on the surface of samples produced with (a) 800 KHz 

on NFTi-coated glass, (b) 800 KHz on bareglss, (c) 1200 KHz, (d) 800 KHz, (e) 600 KHz. 

4.4. Summary 
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5. Chapter five: Effect of laser power on titanium nanofibres 

produced on glass 

5.1. Introduction 

The aim of this chapter is to explain the effect of laser pulse duration on the deposited Ti 

structures on bioactive glass using high intensity laser induced reverse transfer (HILIRT), 

which is proposed as a new method for the enhancement of biocompatibility of glass and 

transparent materials for the deposition of Ti nanofibrous structures. 

5.2. Experimental Results 

Titanium nanofibres with different porosity and biocompatibility are synthesized at various 

pulse durations with the HILIRT method. Features and biocompatibility of these deposited 

Ti coatings before and after 4 days immersion in SBF were compared. 

 Characterization of NFTi on glass substrate 

 SEM images of NFTi on glass substrate with different laser pulse durations 

from 150 ps to 30 ns 

By increasing laser pulse duration (τ), the ablated titanium particle structure to be deposited 

on the glass substrate changes from a nanofibrous structure to agglomerated structures as 

shown with different magnification in Figure 5.1 (a) to 5.1 (c) and 5.1 (e) to 5.1 (g). In the 

other words, evaporation occurs from the metal liquid, generating precise agglomerated 

particles of metal on the substrate, which is not ideal for nanofibre generation. The 

electrons of the solid target absorb laser energy, while a high temperature laser pulse 

interacts with that target and the electrons’ energy is conducted to the lattice very rapidly. 

In the ultrashort pulsed laser system, energy is conducted to the substrate electrons more 
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quickly than the transition of energy from those electrons to the lattice of the material, and 

accordingly, the ultrashort process is a precise method of machining with the least thermal 

waste. 

 

Figure 5.1: SEM images of NFTi on glass substrate produced with laser pulse duration of (a, d) 

150 ps, (b, e) 5 ns, (c,f) 30 ns. 

 X-Ray diffraction (XRD) of NFTi on glass substrate with different laser pulse 

durations from 150 ps to 30 ns 

As displayed in Figure 5.2, the titanium (alpha) and titanium oxide phases reflected very 

severe peaks on samples created by a laser pulse duration of 150 ps, and weak peaks on 

samples generated with 5 ns and 30 ns pulse durations, which is the result of less titanium 

generation on the samples. Decreasing pulse duration means laser radiation with more 

intensity and local heating, which cause local metal fragmentation. This was seen more in 

samples generated by 150 ps in comparison with samples generated by 30 ns. 
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Figure 5.2: XRD pattern of NFTi on glass substrate with laser pulse duration from 150 ps to 30 

ns. 

 Raman spectrum of NFTi on glass substrate with different laser pulse 

durations from 150 ps to 30 ns 

This section describes the Raman spectrums at room temperature for analyzing the 

chemical composition of samples generated by different laser pulse durations. 
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Figure 5.3: Raman spectrum of NFTi on glass substrate with different laser pulse durations from 

150 ps to 30 ns. 

The micro-Raman results in Figure 5.3 agree with the EDX and XRD results as peaks of 

both TiO2 phases (rutile and anatase) slightly increase by decreasing the pulse duration. 

Although the electrons of the solid target absorb laser energy, while a high temperature 

laser pulse interacts with that target and electrons, energy is quickly conducted to the lattice 

[41]. 
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5.3. Theoretical results 

 3D radical temperature gradient profiles for increasing laser pulse duration 

from 150 ps to 30 ns 

As described in Chapter 3 (Equation 1), the temperature gradient can be roughly estimated 

by the equation above in which r is the radius of the laser spotted area and z is the depth of 

the laser affected area.     

 In this equation p(t) can be assumed with the value of 1 for a theoretical square-shaped 

pulse at the centre point of the HAZ. Therefore, the temperature profile at the centre and 

surface of ablation can be seen in Figure 5.4 at different pulse durations; the calculated 

temperature profile in Figure 5.4 indicates that a shorter laser pulse duration results in 

deeper and higher temperatures in the HAZ [41, 60].   

 

Figure 5.4: (a) Ablation depth profile as a function of radius, (b) Ablation depth profiles as a 

function of laser scanning speed for single pulsed laser by increasing laser pulse duration from 

150 ps to 30 ns. 
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The temperature gradients as a function of r and z for pulse durations of 150 ps, 5 ns, and 

30 ns are shown in Figure 5.5 (a) to (c). The computed results clearly show the temperature 

of the irradiated zone is significantly higher for the shorter pulse duration of 150 ps in 

comparison with 5 ns and 30 ns. 

 

Figure 5.5: The 3D radical tempreture gradient profiles with laser pulse duration of (a) 150 ps, (b) 

5 ns, (c) 30 ns 

 Ablation depth profiles as a function of radius for single pulsed laser by 

increasing laser pulse duration from 150 ps to 30 ns 

The ablation depth as a function of r for 3 different pulse durations is illustrated in Figure 

5.6. As shown in the graph, the ablated zone for the shortest pulse duration of 150 ps is 

shallower, as we have more heat accumulation and a smaller HAZ. The theoretical results 

presented so far are in agreement with the experimental results, as the shorter pulse duration 

results at higher ablation temperature lead to generation of a denser plasma plume at a 

higher temperature; thus, more NFTi structures were formed on the glass substrate in this 

process. 

(a) (b) (c) 
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Figure 5.6: Ablation depth profiles as a function of radius for single pulsed laser by increasing 

laser pulse duration from 150 ps to 30 ns. 

 Effect of laser pulse duration on titanium nanofibres produced on glass after 

immersion in SBF 

5.4. Characterization on NFTi on glass after 2, and 4 days immersion in SBF 

 Scanning electron microscopy (SEM) images of NFTi on glass substrate with 

different laser pulse durations from 150 ps to 30 ns after 2 and 4 days 

immersion in SBF 

As expected, by increasing laser pulse duration, less HA and other calcium and phosphor 

compositions were deposited on the Ti coated samples [18]. This can be the result of less 

nanofibre generation on Ti coated glass substrate at a higher laser pulse duration. 
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Decreasing the laser pulse duration means creating more biocompatible Ti nanofibres 

which absorb more HA-like content on the samples as shown in Figure 5.7 (c,f) and (a,d)) 

[26].  

 

Figure 5.7: SEM images of NFTi coatings produced on glass substrate with different laser pulse 

duration of (a) 150 ps, (b) 5 ns, (c) 30 ns after 4 days immersion in SBF. 

 X-Ray diffraction (XRD) and Raman spectrum of NFTi on glass substrate with 

different laser pulse durations from 150 ps to 30 ns after 2 and 4 days 

immersion in SBF 

The elevation of HA-like layer peaks in XRD patterns of the corresponding samples in 

Figure 5.8 (a,c) and other relevant compositions of calcium and phosphate in the Raman 

spectrum in Figure 5.8 (b,d) agree with the XRD results. Decreasing laser pulse duration 

and eventually creating more NFTi with higher SVR would provide more sites for 

nucleation and growth of different calcium and phosphate minerals such as hydroxyapatite, 

and Octa calcium phosphate (OCP) with calcium-to-phosphate weight percentage ratios of 

1.67 and 1.33 respectively [60]. Consequently, more biocompatibility and less rejection 

after implanting in the body is possible for the samples prepared at lower pulse duration 

[10]. 

(a) (b) (c) 
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Figure 5.8: (a) XRD pattern, (b) Raman spectrum of NFTi on glass substrate with different laser 

pulse duration after 2 days immersion in SBF, (c) XRD pattern, (d) Raman spectrum of NFTi on 

glass substrate with different laser pulse duration after 2 days immersion.  

 MTS results of samples produced with different laser pulse durations before 

and after immersion in SBF 

The cytotoxicity of TiO2 coatings were determined by the MTS assay of the BMSC (Figure 

5.9 (a)). Four hours after cell seeding, MTS assay was used to show the amount of cell 

attachment on the different samples. Sample S1 had the highest OD compared to the other 

samples. The uncoated sample shows the lowest absorbance, the OD of the control-TCP 

was significantly lower than S2, and no significant difference was observed between the 

control-TCP and S3. 
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To assess the cell viability, MTS assay was used on days 2, 4, and 6. The colour absorbance 

quantity for all samples increased continuously with the culture time relative to the number 

of primary cells adhering, demonstrating a normal growth trend and worthy 

cytocompatibility. It is clear that all treated samples were better than the untreated glass 

and TCP.  

 

Figure 5.9: MTS result of samples produced with different laser pulse duration before and after 

immersion in SBF. 

 Fluorescent microscope images of cells attached on the surface of samples 

produced with different laser frequencies 

Cell adhesion properties of TiO2 coatings were determined by the F-actin staining assay 

of the samples with BMSC (Figure 5.10(a)). The primary adhesion of 4 hours after cell 

seeding is shown in Figure 5.10 (b), where the hBMSC cultures on glass sample show a 
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round shape, and almost no spreading presents on the surface. In contrast, the complete 

spreading of hBMSC cultures on the S1 sample is observed. 

The trend of the metabolic activity of BMSC on the samples was similar to 4 hours, which 

could be due to the results of primary cell attachment, not the toxicity of the surface. The 

adhesion and proliferation of BMSC on NFTi coated glass significantly increased when 

laser pulse duration decreased, indicating that the NFTi prepared by the shortest laser pulse 

duration (150 ps) receives more suitable substrate for cell culture. Moreover the F-actin 

filament immunofluorescent staining shows the higher cell spreading and cell attachments 

of S1 compared to the uncoated sample. The higher cell adhesion to the TiO2 coated 

surface is due to topography, roughness, porosity, wettability, surface energy, and protein 

adsorption/absorption. These data illustrated the higher biocompatibility interaction 

between cell and the coated surface, even in comparison with the standard surface of cell 

culture (TCP). 
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Figure 5.10: Fluorescent microscope images of cell attached on the surface of (a) sample 

produced with 150 ps lase pulse duration, (b) bare glass. 

5.1.Summary 
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6. Chapter Six 

6.1. Result summary 

Our research work was done in three different procedures. The conclusions we arrived at 

were that the HILIRT laser procedure was a superior method of surface modification 

without changing bulk properties or the chemical properties of the surface. 

In the first results chapter we focused on changing the laser power without changing the 

other parameters, and the results showed that by changing laser power, the amount of 

titanium nanofibres increased; also the SVR of the nanofibres increased, which generates 

more HA-like laser production and more biocompatibility of the samples after immersing 

them in SBF. The more biocompatibility we have, the more viable the sample is, and the 

less toxicity we have. To put it briefly, the more nanofibres we have, the more cell adhesion 

on samples we have, and the more compatible implants we have for use in biomedical end 

tissue engineering. 

In the second results chapter we focused on the laser frequency parameter and did not 

change the others. The results for this parameter are similar to the laser power results. In 

other words, by increasing laser frequency we have more generation of titanium nanofibres, 

and more suitable places for cell adhesion elements to nucleate and grow on. It means that 

by increasing laser frequency we have better biocompatibility, better MTT results, which 

shows the vitality percentage of the cell, and better cell adhesion. 

In the third result chapter we came through the most tests possible, and was the most 

important part of this research. In this chapter we changed laser pulse duration without 

changing laser power, frequency or other parameters. The results for increasing laser pulse 
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duration were opposite to the results for increasing laser power and frequency. By 

increasing laser pulse duration, the amount of titanium nanofibres decreased, and the shape 

of fibres changed to agglomerated particles. These results show that by increasing laser 

pulse duration, the samples’ biocompatibility, which is the ability to produce HA-like 

layers after immersion in SBF, decreased, because there were fewer suitable places for cell 

adhesion agent elements to nucleate and grow on the specimens. Consequently, by 

increasing laser pulse duration, the toxicity of samples increased after contacting with cells 

and the number of healthy cells on the specimens increased,  

These results all show that when using HILIRT method for the surface modification of 

implants, the laser pulse duration should not be high, and in contrast the laser power and 

frequency amount should be as high as possible. 

6.2. Future Work 

The work done in this study suggests many ideas for future research. For instance, the 

HILIRT method can be done exactly on bioactive glass, which is more and more 

biocompatible with body and took researchers attention.  

Also, as we know that implants and scaffolds in body have specific lifespans, obtaining 

corrosion results can help us understand the length of their stay in the body without 

hazardous problems. 

In this research we used only titanium sheets to produce titanium nanofibres which are 

really biocompatible with body; we can also use other kinds of materials to increase this 

biocompatibility and to add other properties such as antibacterial properties to implants. 
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Producing a specific pattern on implants to trigger cells for attachment is a novel idea for 

biomedical applications, because it creates more suitable patterns for specific body tissues 

such as nerve tissues to be generated and healed better. 

In this research the titanium nanofibres were just deposited on the glass, without any 

adhesion materials; however we can evaluate some biocompatible body glue to increase 

adhesion of nanofibres on samples and obtain better endurance. 

Additionally, the procedure of NFTi formation can be simulated and modelled by a good 

theoretical model to predict other laser parameters effects on nanofiber generation and cell 

behaviors. 

As everyone knows, all biomedical research related to human should always be done first 

on animals and afterwards on humans, so we can have in-vivo tests additionally to the in 

vitro test on the lab-on-the-chip. 
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