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Abstract 

FEMTOSECOND LASER NANO-FABRICATION AND ITS 

BIOMEDICAL APPLICATIONS 

 

© Amirhossein Tavangar 2013 

Doctor of Philosophy in the Program of Mechanical and Industrial Engineering 

 

This dissertation aims to develop a new technique for fabrication of three-

dimensional (3-D) interwoven nanofibrous platforms using femtosecond laser ablation of 

solids in ambient conditions.  

In the first part, the mechanism of ablation of solids by multiple femtosecond laser 

pulses in ambient air is described in an explicit analytical form. The formulas for 

evaporation rates and the number of ablated particles for laser ablation by multiple pulses 

as a function of laser parameters, background gas, and material properties are predicted 

and compared to experimental results. Later, the formation mechanism of the nanofibrous 

structures during laser ablation of targets in the presence of air is discussed. The results 

indicate that femtosecond laser ablation of solids at air background yields crystalline 

nanostructures. It’s also shown that this technique allows synthesis of 3-D nanostructures 

on a wide range of materials including synthetic and natural materials.  

Later, potential practice of the proposed technique for integration of nanostructures 

on transparent platforms as well as inside microstructures toward device fabrication is 
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investigated. Presented studies show that integrated nanostructure inside microchannels 

can be fabricated in one single step using this technique.  

Finally, to address the potential use of the nanostructures for biomedical 

application, several studies are performed to evaluate the bioactivity and biocompatibility 

of the nanostructures. The fabricated nanostructures incorporate the functions of 3-D 

nano-scaled topography and modified chemical properties to improve osseointegration, 

while at the same time leaving space for delivering other functional agents. In vitro 

experiments reveal that the titania nanofibrous platforms possess an excellent bioactivity 

and can induce rapid, uniform, and controllable bone-like apatite precipitation once 

immersed in simulated body fluid (SBF). Furthermore, the influence of synthesized 

titanium platforms on the in vitro proliferation and viability of osteoblast-like MC3T3-E1 

cells and NIH 3T3 mouse embryonic fibroblasts is investigated. The results from in vitro 

studies reveal that the platforms possess excellent biocompatibility and significantly 

enhance proliferation of both cell lines compared to the untreated titanium specimen. The 

cell population increases consistently with the density of nanofibrous structures. This 

approach of nano-engineering 3-D architectures suggests considerable perspective for 

promoting material interfacial properties to develop new functional biomaterials. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Nanostructures 

Nanotechnology is considered as a key technology of current century, as it 

influences not only microelectronic technologies but also biological, medical, and chemical 

industries.  Nanotechnology is defined as the fabrication and characterization of devices 

with precision scale down to atomic or molecular level. Structures with basic structural 

units, grains, particles, fibers or other constituent components smaller than 100 nm in at 

least one dimension are considered nanostructures [1]. Nanostructures have drawn great 

attention due to the unique physical and chemical properties exhibited when the size of 

particles are in the order of sub 100 nm. Nanostructures can be in forms of nanoparticles, 

nanoclusters, nanocrystals, nanotubes, nanofibers, nanowires, nanorods, nanofilms, etc. 

Synthesized nanostructures have numerous potential applications in the fabrication of 
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nano-devices in microelectronic, biomedical, photonic fields, tissue engineering and 

filtration technologies.  

Generally, for all the applications to become practical, the major requirement is to 

develop an engineering nanofabrication approach that would allow processing of materials 

with the desired structural, mechanical, optical, magnetic, or electrical properties in almost 

atomic precision. Generally, the nanofabrication techniques are divided into two major 

categories in terms of the processes involved in creating nanoscale structures: “top-down” 

and “bottom-up” techniques. In top-down approaches, nanofabrication tools are used to 

create nanoscaled structures/functional devices with the desired shapes and 

characteristics from larger dimensions features [2]. While, in bottom-up approaches 

molecular or atomic components are manipulated and built up into more complex 

nanoscale assemblies based on multifaceted mechanisms and technologies [3]. In other 

words, this approach uses atoms or small molecules as building blocks of multi-level 

structures. This approach is particularly promising as it could lead to no-waste materials.  

1.2 Nanofabrication techniques 

To date, numerous top down and bottom-up nanofabrication technologies such as 

lithography techniques, electrospinning, phase separation, self-assembly processes, thin 

film deposition, chemical vapor deposition (CVD), and laser ablation,  are available to 

synthesize nanostructures (Figure 1.1 [4–7]). 
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Figure 1.1 (a) SEM image of poly L-lactic acid (PLLA) porous scaffold fabricated by phase-
separation technique [4]. (b) Electrospun nanofibers [5]. (c) Aligned single wall carbon 
nanotube (SWCNT) grown with water-assisted chemical vapor deposition [6]. (d) TEM image 
of monodispersed magnetic nanoparticles deposited from hexane dispersion and dried at 
room temperature [7], image modified from [1].  

Among nanostructures, nanofiber and nanotube architectures of high surface-to-

volume ratios show functional and unique properties compared to that of their bulk 

counterparts. High surface area, surface roughness, and surface-to-volume ratios of these 

structures lead to superior physiochemical properties (i.e., mechanical, electrical, optical, 

catalytic, magnetic properties, etc.) [8]. They can be used for a number of applications such 

as gas sensors, solar cells, implants surface modifications, tissue engineering, implantable 

drug delivery systems, and other medical devices [9–12]. Nanotubes have been synthesized 

by several techniques such as anodization [13], template-based synthesis [14], sol-gel [15], 

and hydrothermal synthesis [16]. Among them, anodization continues to excite interest due 

(a) (b) 

(c) (d) 
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to the simplicity of material preparation, as well as more control over the synthesis process 

in comparison with other methods.  

 Anodization technique 1.2.1

The fabrication of the titania nanotubes using anodization includes two steps. In the 

first step, which is basically a pretreatment, a Ti foil is anodized at several voltages for a 

period of time which leads to formation of a layer of nanotubes on the foil surface. Then, 

the nanotube layer is removed ultrasonically in deionized water, and the glossy underlying 

Ti is exposed. The pattern left on the foil surface after the removal of the nanotube layer is 

the key player in the further growth of well-aligned nanotubes. In the second step of the 

anodization, the pretreated Ti foil is used as the anode. After the conclusion of the two-step 

anodization, the sample is cleaned ultrasonically in ethanol and finally rinsed subsequently 

in deionized water and ethanol.  

In anodization, a multistep process is needed; material preparation is also 

comparatively complex owing to long process and high temperature [17]. Furthermore, the 

as-anodized nanotubes are amorphous and a high temperature annealing step is required 

to form the crystalline phase [18].  

 Electrospining technique 1.2.2

Electrospinning gained substantial academic attention in the 1990s, which was 

partially initiated by the activities of Reneker’s group. The schematic diagram for a typical 

electrospinning apparatus is depicted in Figure 1.2 [19]. Briefly, the basic electrospinning 



5 

 

process uses a polymeric solution driven from a syringe into a needle by a syringe pump. A 

high voltage is applied to the syringe needle, causing the surface of the drop to distort into 

the shape of a cone, which is known as the Taylor Cone. When a critical voltage is exceeded, 

a jet of solution erupts from the apex of the cone and is accelerated toward the electrically 

grounded target by the macroscopic electric field. As this jet travels through the air, the 

solvent evaporates leaving behind a polymer fiber (via electrospinning) or polymer 

nanoparticles (via electrospray) to be collected on an electrically grounded target. 

Although, electrospinning has been used to generate composite metallic nanofibers, it is 

limited mostly to polymer nanofibers. Other disadvantages of electrospinning are limited 

control over generating 3-D structures and using organic solvent. 

 

Figure 1.2 Schematic showing the electrospinning process, taken from [19]  

 Laser ablation technique 1.2.3

Ultrashort pulsed laser ablation is a promising bottom-up nanofabrication 

technique to generate porous nanofibrous structures due to its simplicity in equipment 
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configuration, high speed, and low investment. Ultrashort pulsed lasers have been 

extensively utilized over the last years, and their rapid development has opened a wide 

range of new applications in numerous areas such as surface micromachining, laser 

nanofabrication, analytic sampling, thin film deposition, microelectromechanical systems 

(MEMS) & nanoelectromechanical systems (NEMS) fabrication, and biomedical 

applications [20–28]. Ultrashort lasers are capable of generating very high peak intensity 

and rapid deposition of energy into the material. The pulse duration in the ultrashort laser 

interaction with a solid target appears to be shorter than all characteristic relaxation times 

including electron heat conduction time, electron to ion energy transfer time, and 

consequently hydrodynamic or, the expansion time [29]. Hence, target density remains 

almost constant during the laser pulse. An important advantage of material ablation with 

ultrashort laser pulses over nanosecond pulses is that there is little or no collateral damage 

in dielectric materials [30], and minimized heat affected zone (HAZ) in metals [31] because 

of the thermal effects produced in the material being processed. Furthermore, plasma 

shielding of succeeding laser beam with ablated material is prevented in ultrashort lasers 

leading to maximum absorption efficiency [32]. 

Ultrashort pulsed laser machining is a feasible tool for high resolution machining of 

different materials including metals, semiconductors, dielectrics, polymers, and biological 

tissues [25], [29], [33–35]. In addition, this process offers high precision, flexibility of 

pattern design, and non-contact machining, that makes it robust technique for various 

applications [36–41].  In addition, ultrashort laser material processing is a convenient, cost-

effective process as, unlike most of other techniques, it does not typically require clean 
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room conditions to perform perfect machining. For instance, in chemical wet etching, tiny 

dust particles could block photoresist exposure which results in corresponding pattern 

errors. In ultrashort pulsed laser machining, such particles are evaporated by absorbing 

insignificant slight amounts of energy and with no effects on the precision of the machining 

process. Additional advantages of ultrashort laser processing are single-step and flexibility 

of design.  

In studies described in this dissertation, femtosecond laser material processing is 

developed and employed to synthesize nano/micro architectures to evolve biomedical 

device fabrication and other biomedical applications. Synthesized structures include 

nanofibrous platforms, membranes, and microchannels. These synthesized structures 

require machined features in materials that are impossible or challenging to produce by 

conventional fabrication approaches due to limited applicability of fabrication and/or 

material property. For instance, synthesis of three-dimensional (3-D) nanofibrous 

structures requires a femtosecond megahertz-pulse repetition laser and it cannot achieve 

using kilohertz-pulse nanosecond lasers. In the material point of view, Natural organic 

biomaterials such as eggshells are hard, brittle, and easy to burn. Conventional lasers and 

other approaches are not capable of fabricating 3-D nanostructures on them because the 

tool itself limits the process. However, direct write femtosecond laser ablation can be 

performed to generate 3-D nanostructures on natural biomaterials in an ambient condition 

with minimal thermal effect on their surface. 
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1.3 Nanostructured materials 

 Synthetic materials 1.3.1

 Titanium (Ti) 1.3.1.1

Nanostructures have recently drawn great attention due to the exceptional physical, 

optical, and chemical properties they present compared to those of their bulk counterparts 

which can be utilized for the development of different technological applications. 

In particular, titanium dioxide (titania) nanostructures have attracted lots of 

interest due to their outstanding mechanical and thermal properties, biocompatibility, and 

corrosion resistance [42], [43]. They have been widely exploited in numerous technologies 

including implantable drug delivery systems, biosensors [44], [45] , solar cells [46], [47], 

photocatalysis [48], [49], tissue engineering [40], [50], and other medical devices [45], [51]. 

Titania nanotube films have been widely recognized as growth support substrates for bone 

and stem cells, for prevention of bacterial adhesion, and enhancing blood clotting to control 

of haemorrhage. Recent in vivo and in vitro studies have demonstrated that surfaces 

comprised of nanotube platforms exhibit additional biological effects by producing 

integration between oxide and apatite nanocrystals and also by improving the cell-material 

interaction [52–55].  

Various preparation techniques have been developed for the synthesis of titania 

nanostructures, such as anodization [56], chemical vapour synthesis [57], hydrothermal 

methods [58], so-gel [15], and template-based synthesis [14]. However, these traditional 

routes have disadvantages such as expensive precursors, long processing time, and 
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uncontrollable phase transformation during chemical routes [52], [59]. These drawbacks 

seem to be harmful to titania nanostructure practical applications. 

Laser ablation has proven to be an effective technique for synthesis of 

nanostructures of various shape and internal structure on different materials [60], [61]. 

Extensive studies have been reported on synthesis of different titania nanostructures such 

as nanoparticle, nanotube, nanofibers, nanorod and nanowires using laser ablation [15], 

[35], [52], [62]. However, Special conditions are often required to promote a particular 

type of structure to grow. For instance, the synthesis of nanotube using a low-repetition-

rate nanosecond laser needs to be performed in a furnace with high controlled temperature 

and under continuous noble gas stream as the laser plume cools down after the pulse 

below the minimal temperature required for the nanotube formation. In respect to tissue 

regeneration, 3-D porous structures would be especially more promising for scaffolding 

systems than one-dimensional nanotubes owing to their porous and interwoven structure. 

The merits of a surface comprised of interwoven ultrafine nanofibrous structures would be 

high porosity, variable pore-size distribution, high surface to volume ratio and most 

importantly, morphological similarity to extracellular matrix (ECM) [63]. The introduction 

of megahertz-repetition rate femtosecond lasers along with a better understanding of the 

physics of ultrashort laser-matter interaction have allowed the synthesis of nanostructures 

which previously couldn’t be produced by traditional long laser pulses. However, up to 

now, there have been no reports on synthesis of 3-D titania nanofibrous structure using 

femtosecond laser ablation. 
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 Silicon (Si) 1.3.1.2

Due to high chemical & thermal stability and bioinertness, silicon is an appealing 

substrate for microfluidic and biomedical devices. Previous researches suggest that 

fabricated silicon membranes are inert and relatively nontoxic [64]. In addition, good 

mechanical strength of silicon membranes facilitates their utilization in pressurized 

filtering devices at macro- and micro-scale as well as harsh environments [65]. Silicon 

nanostructures have recently attracted great attention in tissue regeneration research as 

they are biocompatible and biodegradable.  

 Silver (Ag) 1.3.1.3

Silver compounds have been widely used for both hygienic and healing purposes for 

decades [66]. Recently, silver nanostructures have become the center of attention as they 

show remarkably improved physicochemical and biological characteristics compared to 

their bulk counterparts [67]. Silver nanostructures have been used for the treatment of 

wounds and burns and also marketed as a water disinfectant and room spray [67]. 

However, their in vivo toxicity is a crucial aspect that needs to be assessed when they are 

considered for therapeutic and diagnostic purposes [68]. Up to now, few in vivo studies 

have been performed, and therefore, through studies on the cytotoxicity, antibacterial 

characteristics, bio-distribution, degradation, and possible adverse effects of silver 

nanoparticles are required. 
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 Natural materials 1.3.2

 Eggshell 1.3.2.1

Autogenous bone has been long considered the ideal grafting material in bone 

reconstructive surgery owing to its osteogenic, osteoinductive and osteoconductive 

properties [69], [70]. However, harvesting the autogenous bone requires an additional 

surgery which increases morbidity at the donor site and extends the operation period [71], 

[72]. Therefore, a variety of new bone grafting materials has substituted for autogenous 

grafts thanks to recent advances in biotechnology. Among them, natural bone substitute 

biomaterials from bovine sources and bone-like minerals (calcium carbonate) derived from 

corals or avian eggshells, have been preferred due to their biodegradability, abundance and 

lower price in comparison with synthetic biomaterials [73–77]. The coralline calcium 

carbonate (calcite), which is totally resorbable and biocompatible and shows good 

osteoconductivity, has been used as an effective bone substitute in the natural form or 

converted to hydroxyapatite (HA) in bone healing in dentistry and orthopedic [72], [78–

81].  

Avian eggshells, with a mineral composition similar to corals, has been introduced 

as a potential bone substitute in maxillodacial and craniofacial surgery as they could easily 

be acquired and contain ions of Strontium (Sr) and Fluorine (F) [72], [82], [83]. One of the 

crucial characteristics to be considered when using a bone substitute graft is its 

degradation rate due to the fact that it may have effects on the long-term results. The graft 

should undergo only minimal resorption if it is applied as an onlay graft whereas a 

resorbable one is desirable when a bone substitute is used as an interpositional graft or in a 
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peri-implant defect [82]. Eggshell, which can be manufactured under powdered or block 

form, can be used for both indications. 

Many in vitro and in vivo studies have shown that the microporous surface structure 

and biodegradability of bone substitutes play critical roles in bone healing.  It is indicated 

that cell attachment and proliferation are improved on nanostructure surface than 

microstructure one [84]. 

Of the nanoscale structures, randomly interwoven nanofibrous structures are 

particularly preferred for scaffolding systems in comparison with nanoparticles due to 

their continuous structure. There are reported studies where eggshell has been used to 

compose different Ca-precursor nanoparticles or HA nano-powder that requires the 

additional step such as sintering to synthesize porous surfaces [83], [85]. However, no 

studies on synthesizing 3-D nanofibrous structure on natural biomaterials have been 

accounted so far. Therefore, a simple method to generate 3-D nanofibrous structure from 

eggshell in a single-step would be in a great interest.  

 Rice husk and Wheat straw 1.3.2.2

Silicon is the second most abundant element in soil [86]. As a result, plants rooting 

in soil always have trace of silicon in their tissues. Particularly in the Poaceae species, 

which are also called Gramineae or true grasses, aqueous silicic acid,   (  ) , is taken up 

by the roots and transported into the plant through the transpiration stream [87]. 

Polymerization then takes place as a consequence of the increase of the concentration of 

silicic acid through transpiration. Once the polymerization process finished, silicon is 

deposited in extracellular and intercellular structures of the plant in the form of phytoliths 
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which is a porous opal (         ) [86]. This deposited phytoliths can be used as a low-

priced Si precursor to formulate nanostructured silica [88], [89]. 

Thus far, nano-silica materials have been prepared by several methods including 

vapor phase reaction, sol-gel, and thermal decomposition technique [88], [90], [91]. 

However, their high cost of preparation has limited their wide application. 

Rice husk and wheat straw belong to the Poaceae family containing high 

concentrated silica. Their ashes contain      silica by mass with minor amounts of 

metallic elements which make them most economical sources of nanoscale silica in the 

future. 

Although there have been several studies on generating nano-scaled silica 

nanoparticles, no study hase been reported on synthesizing 3-D micro/nanofibrous 

structures on rice husk and wheat straws. Therefore, a simple method to synthesize 3-D 

micro/nanofibrous structure in a single-step would be in a great interest. These structures 

could be used for the graft surface modification, or as a structural support and component. 

1.4 Research objective 

As femtosecond laser processing is a fairly new technique, there is still a lack of 

knowledge about both the laser ablation characteristics of many materials and the 

potential structures could be synthesized using this technique. Particularly, most of the 

studies reported so far on the femtosecond laser-material interaction have been performed 

in vacuum as the ablation mechanism is much more complicated at atmosphere conditions 

[92–94]. Therefore, further studies to develop knowledge of laser-material interaction are 
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required to shed light on laser ablation mechanism at ambient condition and also to 

develop novel functional nanostructures. Moreover, experimental studies are needed to 

examine the functionality of the synthesized nanostructures for different applications, in 

particular biomedical application. The presented research in this dissertation aims to cover 

abovementioned required studies. The main objectives of the dissertation can be 

highlighted as follows: 

 Theoretical and experimental analyses of femtosecond laser ablation 

mechanism and nanostructure formation in the presence of ambient air 

 Development of bio-functionalized platforms with 3-D nanostructure layer 

and study the in vitro bioassay of synthesized platforms 

1.5 Organization of the dissertation 

Chapter 2 reviews the mechanism of ultrashort laser interaction with metallic and 

semiconductor targets in vacuum and the presence of background gas. Also, it presents the 

theoretical background of ablation mechanism, evaporation rate, and surface temperature 

for single pulse ablation of materials.  

Chapter 3 describes the experimental set up, materials, and methods of 

characterization used through this dissertation. 

Chapter 4 introduces the fabrication of porous nanofibrous platforms on different 

biocompatible synthetic and natural materials including titanium, eggshell, rice husk, and 

wheat straw substrates. These platforms have a potential use as supporting 3-D structures 
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for cells implanted or seeded in a damaged tissue to help its reconstruction. This chapter 

also studies a fundamental study which experimentally and theoretically demonstrates the 

formation mechanism of web-like 3-D nanofibrous structures during femtosecond laser 

ablation of Ti target in the presence of air. 

Chapter 5 demonstrates the potential use of the presented technique for fabricating 

integrated nanostructures on transparent platforms as well as inside microstructures 

toward device fabrication. Presented studies show that integrated nanostructure inside 

microchannels can be fabricated in one single step using this technique. In addition, 

femtosecond laser induced reverse transfer (LIRT) is used for controllable site-specific 

deposition of nanostructure on transparent platforms. This method may find wide 

applications to synthesize nano-composite, fabricate porous filters, construct tissue 

scaffolds, and generate electromagnetic radiation shields for nano-devices, just to name a 

few. 

Chapter 6 presents in vitro bioassay studies on fabricated Ti platform. Bioactivity of 

the platforms is assessed using simulated body fluid (SBF). Also, the interaction of 

nanofibrous scaffolds with living cells has been examined using different in vitro assays. 

Cell-based assays such as cell adhesion, cell proliferation, and cell viability tests are carried 

out to evaluate the biocompatibility between cells and implanted platform. 

Chapter 7 summarizes the main results obtained in this dissertation and proposes 

future avenues of research. 
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CHAPTER 2 

2 PHYSICS OF ULTRASHORT LASER 

INTERACTION WITH SOLIDS 

Over the past several years the interaction of sub-picosecond ultrashort pulsed 

laser with materials has been an active area of materials science research. A sub-

picosecond laser pulse has pulse duration shorter that all major material characteristic 

relaxation time: the electron-to-ion energy transfer time, the electron heat conduction time, 

and the hydrodynamic or, the expansion time. Therefore, ultrashort pulses only excite 

electrons, leaving the lattice cold during the laser-target interaction. For this reason, the 

ultrashort laser pulse interacts with a solid target with a density constant during the laser 

pulse. In our experiments we study a wide range of intensity from peak intensity of 

        ⁄  to high intensity of         ⁄   . For instance, irradiated with pulses with peak 

intensity of        ⁄  , silicon is estimated to reach temperature of             , more 
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than the surface temperature of the sun, while still retaining the density of a solid [95]. The 

development of such high temperature and pressure in the material can lead to non-

equilibrium phase transformations as well as the formation of new materials [29], [94]. 

This chapter brings the mechanism of ultrashort laser interaction with metallic and 

semiconductor targets in both background gas and vacuum. Also, it presents the theoretical 

analyses of ablation mechanism, evaporation rate, and surface temperature for single pulse 

and multiple pulse machining. Finally, it discusses the mechanism of nanoparticle 

aggregation and nanofiber generation. 

2.1 Mechanisms of ablation by ultra-short laser pulses 

A sub-picosecond laser pulse has pulse duration shorter that all major material 

characteristic time, i.e., the electron-to-ion energy transfer time, the electron heat 

conduction time, and the hydrodynamic or, the expansion time. Therefore, ultrashort 

pulses only excite electrons, leaving the lattice cold during the laser-target interaction [29]. 

For this reason, the ultrashort laser pulse interacts with a solid target with a density 

constant during the laser pulse. 

The main process during the ultrashort pulsed laser-material interaction is 

considered to be only electron heating by the laser electromagnetic field. If the total energy 

of an electron exceeds its Fermi energy, which is a sum of the binding energy    and work 

function    , it can escape from the target. Consequently, the generated electric field of the 

charge separation will drag the ions out of the target surface. The kinetic energy of an atom 

(ion) needs to be higher than the energy of vaporization of the atom (                 ) 
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allowing it to escape the solid. Depending on laser pulse duration, transferred energy 

intensity to the target, electron-to-ion energy transfer time, and ambient environment, 

three major ablation mechanisms can be considered  [29], [96].  

First, at very high energy intensity an extreme non-equilibrium and non-thermal 

mechanism of material removal, the electrostatic ablation, can occur if the electron 

temperature surpasses the Fermi energy as mentioned earlier. The second ablation 

mechanism, the non-equilibrium ablation, can take place if electrons deliver energy in 

excess of the ions’ binding energy just before thermodynamic equilibrium can be 

established (i.e. before the time period needed for building up the high-energy tail in the 

Maxwell distribution through Coulomb collisions). Finally, thermal evaporation may occur 

through ion–ion collisions establishing full equilibrium distribution. In either indicated 

mechanism, energy in excess of binding energy requires to remove an atom (ion) [97]. 

 Ablation threshold in vacuum 2.1.1

The ablation threshold can be defined as a minimum amount of energy required to 

initiate the material removal process. The material removal process at the ablation 

threshold depends on the energy distribution in a surface thin layer which is called skin 

layer   . The skin layer, absorption length, is inversely proportional to the imaginary part of 

the refractive index,   (     ) , and can be defined as follows [98]: 

        ⁄      ⁄  (2.1)  

where,   is laser frequency and k is imaginary part of material refractive index (absorptive 

index).  
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The energy distribution is accountable for the contribution of non-equilibrium 

ablation or/and thermal evaporation. In addition, the establishment of the energy 

distribution in the skin layer is strongly influenced by the ambient condition, i.e., if the 

ablation happens in vacuum or in the presence of an ambient gas. If the absorbed energy in 

the skin layer exceeds the electron threshold energy, free electrons can escape a solid 

target during the pulse duration. As a result, a strong electric field is due to charge 

separation with the parent ions. 

 Ablation threshold for metals 2.1.1.1

As abovementioned, the minimum energy an electron needs to leave a solid target 

must be comparable to the work function. The electron also requires additional energy 

equal to an ion binding energy to pull ions out of the target. Therefore, the ablation 

threshold for metal targets proceeds if the electron energy of free electrons in the skin 

layer by the end of the laser pulse surpasses the Fermi energy. The energy condition at the 

end of the pulse can be expressed through electron temperature in the skin layer [29]: 

 
          

    
     

 
(2.2)  

Then, the laser threshold fluence for ablation of a metal target can be expressed as 

the following: 

 
   
         

     
  

(      ) 
(2.3)  

It should be noted that the number density of the electrons    assumed to be 

unchanged during the laser-metal interaction process. After insertion of Eq. 2.1 for the skin 
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layer into Eq. 2.3, the estimated formula for the ablation threshold of a metal target 

    
 reads the following form: 

 
   
     

    
    

(      )  
    
     

(      ) 
(2.4)  

where,         is incident laser fluence (   is the laser pulse duration),    is electron 

number density, and A is laser absorption coefficient of the target. The laser absorption 

coefficient can be calculated from the Fresnel formulas as follows [99]: 

 
      

  

(   )    
 (2.5)  

here,   and   are real part and imaginary part of refractive index of the target 

material, respectively. In terms of reflectivity of metals, one should note that, it is not 

enough to use Fresnel’s equation as abundance of free electron in metals may affect the 

electromagnetic waves [100]. Particularly when considering ultrashort laser-metal 

interaction, other parameters such as beam polarization, laser fluence, number of laser 

pulses, sample surface roughness, and oxide films on the surface also may influence the 

reflectivity [101–103].  

 Ablation threshold for dielectrics 2.1.1.2

The ablation mechanism for dielectric targets is considered similar to that for 

metals. However, several characteristic differences should be borne in mind when 

predicting laser ablation threshold for dielectrics. First, an extra energy is required to build 

free carriers (i.e., to transfer electrons from valence band to conductivity band to increase 

the absorbed energy density to the level required for ablation). Thus, energy equal to the 
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ionization potential    needs to be delivered to valence electrons. Second, the number 

density of free electrons is governed by the laser intensity and laser pulse during [29]. 

Nevertheless, if the intensity during the pulse goes beyond the ionization threshold then 

the first ionization is ended before the end of the laser pulse and the number density of free 

electrons is saturated at the level equal to the number density of atoms in the target. 

Considering the abovementioned modifications as well as the fact that the absorption in the 

ionized dielectric also takes place in the skin layer, the threshold fluence for ablation of 

dielectric targets    
  takes: 

 
   
     

    
    

(     )  
    
     

(     ) 
(2.6)  

Thus, as a rule of thumb, the ablation threshold for dielectric targets in the 

ultrashort laser-matter interaction regime would be higher than that for metals, supposing 

that all the atoms in the interaction zone are at least singly ionized [104].  

  Ablation thresholds in ambient gas 2.1.2

Previous studies showed that material ablation in air takes place at lower ablation 

thresholds in compare of it in the vacuum [98], [105], [106]. Experimental studies suggest 

that ablation thresholds for several metals in ambient air are less than half of those 

determined in vacuum [105]. In vacuum, the time required for the bulk-to-surface energy 

transfer in order to build the high-energy tail is longer than other characteristic relaxation 

times (e.g. the electron–ion temperature equilibration time and surface cooling time) which 

hinders thermal evaporation in vacuum [97]. While in air, on the other hand, collisions 
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between the ambient gas atoms and the surface is believed to significantly decrease the 

lifetime of the non-equilibrium regime leading to thermal evaporation [94].  

Once the laser pulse interacted with the target, the air next to its heated surface 

collides with the target surface and obtains energy required for the formation of a Maxwell 

distribution in the air in close vicinity of the target surface. In other words, the presence of 

air leads to the establishment of a high-energy tail Maxwell distribution in the surface layer 

increasing the bulk-to-surface energy transfer. Therefore, three different processes are 

assumed to be acting at the same time which control the ablation conditions at the solid-air 

boundary [94]: (I) Evolution of the Maxwell distribution at the surface due to air-solid 

collisions, (II) Evolution of the Maxwell distribution at the surface due to bulk-to-surface 

energy transfer, and (III) Cooling of the surface by heat conduction. 

Mechanism (I) is considered to be the only mechanism that results in to thermal 

evaporation as the two other process are too slow to lead to the formation of high-energy 

Maxwell tail as will be explained later [94]. Therefore the presence of air significantly 

increases thermalization rate reducing the time for building up the high-energy tail at the 

surface. In this case, the ablation rate can be determined by thermodynamic equilibrium 

equations which relate the saturated vapor density and pressure to its temperature.  

The air-solid equilibrium energy distribution is started by air molecules-solid 

collisions. Considering the gas-kinetic mean free path in air in standard conditions 

(         
     ) [107], the equilibration time     required to form a Maxwell 

distribution in air can be estimated to be            
    using                 ⁄ . The 

average thermal velocity     in air is approximately           
       at room 
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temperature [94]. According to previous studies, the bulk-to-surface energy transfer time 

at the maximum temperature for the threshold fluence conditions in air calculated to be 

                  for several metal targets (i.e. Cu, Al, and Fe) after the end of the pulse 

[97]. As the bulk-to surface energy transfer time is much longer the air-solid equilibrium 

time, it is assumed that only the air-surface collisions plays a role for thermal evaporation 

from the surface. 

Thermal evaporation would initiate sometime after the equilibration time        . 

At this equilibration time the solid-air interface temperature equilibration is completed 

and continues to fall according to the linear heat conduction law. Hence, after establishing 

the Maxwell equilibrium at the air-solid interface, the number of atoms ablated per unit 

area may be estimated by [94]: 
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Assuming the vapor-air mixture with a predominance of air plays the role of the 

saturated vapor over the ablated solid, the thermal evaporation can be taken as [97]: 
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Then Eq. 2.1 takes the following form: 
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It should be noticed that the Eq. 2.3 gives an approximate evaporation rate and a 

reliable estimate may be achieved with the numerical coefficients taken out from the 
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known experimental data at the temperature close to the experimental conditions. The 

solid-air surface equilibration temperature     in Eq. 2.9 can be calculated using linear heat 

conduction law [108]: 

                                                   
        (

  

   
)
 
 ⁄  (2.10)  

where,      is the maximum temperature at the end of the laser pulse that could be 

estimated at the experimentally determined threshold fluence in air. A simple way to 

estimate the maximum temperature, however, is to consider that the target is heated by a 

single laser pulse in a heat conduction regime where all losses due to radiation and plume 

expansion can be neglected. Therefore, the heating process can be modeled as propagation 

of a heat wave into the target according to the one-dimensional (1-D) heat conduction 

regime [108], [109]: 

   

  
  

   

   
 (2.11)  

where, 

  
  
    

 

Here   is the thermal diffusion coefficient in [    ⁄ ];    is the heat conduction 

coefficient in [ (    )⁄ ],    is specific heat [ (   )⁄ ], and    is target material density 

in [    ⁄ ].  
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To simplify the problem, one can assume that the laser pulse profile in time has a 

rectangular shape with a step-like rise and fall:     (      )  the target fills the half 

space at    , and the heat flux at the target surface has the same temporal form as the 

absorbed laser flux. Here    is the absorbed laser intensity. Then, the heat conduction Eq. 

2.5 with these boundary conditions has an exact solution [108]: 
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}     (2.12)  

The average temperature of the heated area over space after the end of the laser 

pulse reads [108]: 
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Using Eq. 2.6 and 2.7 one can obtain the average temperature as a function of the 

laser parameters and target temperature: 

 
〈 〉  (

 

 
)
  ⁄   (   )

  ⁄

  
 

 

   ⁄
 (    ) (2.14)  

  One should note that the maximum target temperature occurs at the end of the 

laser pulse, i.e.,       (    )   
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2.2 Summary 

This chapter reviewed the mechanism of ultrashort laser interaction with metallic 

and semiconductor targets in vacuum and the presence of background gas. Also, it 

presented the theoretical background of ablation mechanism, evaporation rate, and surface 

temperature for single pulse interaction with materials.  
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CHAPTER 3 

3 EXPERIMENTAL SETUP AND PROCEDURE 

This chapter describes the experimental setup, materials, and methods of 

characterization used for the studies in this dissertation. For all the experiments performed 

in this dissertation, a high power Megahertz femtosecond laser system has been utilized. 

The physiochemical characterizations of synthesized nanostructures have been 

investigated by several techniques, e.g. Scanning electron microscope (SEM), Transmission 

electron microscopy (TEM), X-Ray Diffraction (XRD), which are discussed in this chapter. 
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3.1 Fabrication system 

 Experimental Setup 3.1.1

Experiments were carried out with a direct-diode-pumped Yb-doped fiber amplified 

ultrafast laser system. The laser gives a maximum output power of 16 W with pulse 

frequency ranging from 200 kHz to 26 MHz (Clark-MXR Inc. IMPULSE Series Ultrashort 

Pulse Laser). Due to solid state operation and high spatial mode quality of fiber lasers, a Yb-

doped fiber-oscillator/fiber-amplifier functions under low noise performance. Moreover, 

parameters of the laser, such as pulse width, repetition rate and total beam power, are 

computer monitored, which enables a simple interaction with the performed experiments. 

The pulse width that the laser can produce ranges between 250 fs and 10 ps. The schematic 

drawing of the experimental setup is shown in Figure 3.1.  

 

 

Figure 3.1 Experimental setup 
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 Materials 3.1.2

Titanium nanostructures have attracted lots of interest due to their outstanding 

mechanical and thermal properties, biocompatibility, and corrosion resistance. They have 

been widely exploited in numerous technologies including implantable drug delivery 

systems, biosensors, solar cells, photocatalysis, tissue engineering, and other medical 

devices. They have been widely recognized as growth support substrates for bone and stem 

cells, for the prevention of bacterial adhesion, and enhancing blood clotting for control of 

haemorrhage. Therefore, through the studies in this dissertation, Ti was used as the main 

material of study for generation of nanofibrous structures as it mainly used for bone tissue 

regeneration. The synthesized Ti nanostructures also were evaluated using in vitro 

bioassays. For all the studies on Ti target, samples in size of 10×10×0.5 mm were cut from 

grade 2 (ASTM B265) pure Ti sheet using a diamond saw with oil lubrication. The samples 

were ground finished to 1200-grit silicate-carbon papers to remove macro-level surface 

defects and contaminations. Once ground, samples were ultrasonically cleaned in distilled 

water and dried in desiccators.  

Avian eggshells, with a mineral composition similar to corals, has been introduced 

as a potential bone substitute in maxillodacial and craniofacial surgery as they could easily 

be acquired and contain ions of Sr and F. They are totally resorbable and biocompatible and 

shows good osteoconductivity, has been used as an effective bone substitute in the natural 

form or converted to hydroxyapatite (HA) in bone healing in dentistry and. Hence, for one 
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of the studies in this dissertation, eggshell was utilized as a natural biomaterial to 

synthesize nanostructures. 

Nanostructured silicon has recently attracted great attention owing to its 

biocompatible and biodegradable properties. In addition, good mechanical strength of 

silicon membranes facilitates their application in pressurized filtering devices at macro- 

and micro-scale as well as harsh environments. In addition to the abovementioned 

advantages, Si targets, which are supplied in shape of very thin wafers, are easier to work 

with in terms of manufacturing and characterization. For this reason, Si targets were used 

for some of the studies in this dissertation where handling or/and characterization of the 

samples were limited (e.g. cross-sectional imaging is possible with Si target as they are very 

thin and easy to cut in comparison with Ti targets). The target was a polished silicon wafer 

with <100> crystal orientation and 550µm thickness. 

 Laser beam delivery 3.1.3

The experiments were conducted using two different optical setups and laser pulses 

wavelength of 515 nm and 1030 nm depending on the target material and desired 

synthesized architecture. For instance, light absorption of silicon is higher at laser pulses 

with wavelength of 515 nm. Also, optical setup with a piezo mirror scanner was used when 

higher accuracy, steering speed, and control on machining required. On the other hand, 

optical setup with a Galvo scanner was utilized for higher material ablation and 

evaporation due to larger spot area.  
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In the piezo scanner setup, a telecentric lens used to focus the laser beam 

with12.478 mm focal length. The theoretical laser minimum spot diameter (  ) is 

calculated using    
       

 
, where    is the wavelength of the laser, f is the effective focal 

length of the lens, and D denotes the laser beam diameter. Values for focal length, laser 

pulse wavelength, and beam diameter are 12.478 mm, 515 nm and 8 mm, respectively. 

Thus, the theoretical spot size diameter was calculated to be 1.02 μm. The power of the 

laser beam varied from 100 mW to 200 mW.  

In the Galvo scanner setup, the laser beam was expanded to 9 mm by a combination 

of a plano-convex (f = −100) and a plano-concave (f = 200) lenses; then the laser beam was 

rotated to circularly polarized by a quarter waveplate placed in the beam path. The 

diameter of the beam was decreased to 8 mm using an iris diaphragm just before arriving 

to galvo scanner. A telecentric lens with a focal length of 63.5 mm was employed to focus 

the normal beam on the surface of targets (see Figure 3.2). From Eq. 2.12 the theoretical 

spot size is calculated to be 10.38μm in diameter when using 1030nm pulse wavelength. 

During the experiment the spot size may be bigger due to scatter and misalignment.  
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Figure 3.2 Schematic of telecentric scanning lens. 

3.2 Surface characterization 

 Morphology characterizations 3.2.1

 Scanning Electronic Microscope (SEM) 3.2.1.1

Morphology of nanofibrous structures was characterized using SEM analyses. The 

SEM uses a focused beam of high-energy electrons to create a range of signals at the surface 

of target specimens. The generated signals from electron-target interactions give 

information about the surface external morphology as well as its chemical composition. In 

most applications, data collected over a selected area of the surface are used to produce a 

2-dimensional (2-D) image that displays spatial variations in these properties. 

A beam of accelerated electrons generated at the top of the microscope by an 

electron gun travels to a vertical path through the microscope, which is held within a 

Scanning 
Distance 

Parfocal 
Distance 

Entrance 
Pupil 

2-D Galvo 
Mirror 
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vacuum chamber. The beam goes through several electromagnetic fields and lenses, which 

focus the beam down toward the surface of a sample. Once these high energy electrons hit 

the surface of the sample, they are decelerated and a variety of signals are generated from 

the electron-sample interaction. These signals include secondary electrons, backscattered 

electrons (BSE), diffracted backscattered electrons, photons, visible light, and heat. 

Secondary electrons and backscattered electrons are generally used for imaging samples. 

Secondary electrons are mostly employed to display morphology and topography of a 

surface of samples and backscattered electrons are usually used to show contrasts in 

composition in multiphase samples (i.e. for rapid phase discrimination). X-ray is generated 

by inelastic collisions of the incident electrons with electrons in discrete shells of atoms in 

the sample. As the excited electrons return to lower energy levels, they emit X-rays which 

are of a fixed wavelength. Therefore, the emitted X-rays are characteristic for each element 

in a sample excited by the electron beam. The x-rays generated by electron interactions do 

not lead to volume loss of the sample which makes SEM analysis non-destructive to 

material to be tested [110], [111]. 

 Transmission electron microscopy (TEM)  3.2.1.2

Nanoparticle aggregation and size of a nanofiber were studied using TEM analyses. 

In order to separate the nanostructures from the substrate, samples were immersed in 

isopropanol solution and ultrasound vibration was applied. Then a drop of the nanofiber-

dispersed solution was placed on the copper meshes and allowed to dry in desiccators. 

The TEM functions on the same basic principles as the light microscope but uses 

electrons beam instead of light. TEMs use electron beams as light source and their much 
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lower wavelength (wavelength of accelerated electron is about 6pm) enables imaging at 

resolutions thousand times better than with a light microscope. In TEMs, a high energy 

electron beam is transmitted through a very thin sample to image and analyze the 

microstructure of materials in order of atomic scale resolution. The electrons are focused 

on samples using electromagnetic lenses. Then, the image is observed on a fluorescent 

screen, or recorded on film or digital camera. Although, the accelerated high energy 

electrons have a wavelength in order of 0.025 Å, the resolution of the electron microscope 

is limited by aberrations inherent in electromagnetic lenses, to about 1-2 Å [112]. 

 Chemical and phase characterizations  3.2.2

 Energy dispersive X-ray spectroscopy (EDS) analyses 3.2.2.1

EDS is an analytical technique utilized to study the elemental analysis or chemical 

characterization of a sample. It relies on the investigation of an interaction of some source 

of X-ray excitation with a sample. The fundamental principle of EDS is that each element 

has a distinctive atomic structure which allows unique set of peaks on its X-ray spectrum. 

 X-ray Diffraction (XRD) analyses 3.2.2.2

Phase analysis of the synthesized structures was performed using X-ray Diffraction 

(XRD). The x-ray source was a Cu kα rotating anode generator with parallel focused beam 

and 3-circle diffractometer with a 2D detector. The average wavelength of the x-rays was 

1.54184 Å. Phi scans with widths of 60° were done with the detector at four different swing 

angles for each sample in order to get a profile with a 2θrange of 10.5-104°. 
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X-ray diffraction works based on constructive interference of monochromatic X-

rays and a crystalline sample. The interaction of the incident rays with the sample creates 

constructive interference and diffracted X-rays. The diffracted X-rays are then detected, 

processed and counted. By scanning the sample through a range of    angles, all possible 

diffraction directions of the lattice is collected due to the random orientation of the 

powdered material. Conversion of the diffraction peaks to d-spacing allows identification of 

a mineral as each mineral has a set of identical d-spacing. Generally, the identification 

process is completed by comparison of the acquired d-spacings with standard reference 

patterns. 

 Physiochemical characterizations 3.2.3

 Atomic force microscopy (AFM) 3.2.3.1

The AFM, in contact mode, was implemented to measure the interaction forces. 

Nanoprobe single crystal silicon (N-type) cantilevers (Model CSG10 series) was purchased 

from NT-MDT Co. The radius of tip curvature was less than 10nm. Six force measurements 

were made at each location, then three locations were chosen for the force measurement 

on each sample, and an average value was taken. Force curves (tip deflection versus piezo 

position) were obtained after the force measurement. The adhesion force was calculated 

assuming the force was a linear function of the probe displacement relative to the sample 

surface aling Z-axis. Tip deflection data were converted to force (in NanoNewtons) by 

multiplying by the spring constant of the cantilevers according to Hooke’s law: F = k  ΔH, 

where ΔH is the cantilever deflection and k is the cantilever spring constant (N/m). The 

manufacturer’s value for the spring constant of the cantilever is 0.11 N/m. 
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 Contact angle measurement 3.2.3.2

The wetting properties of the nanofibrous layer were studied by dynamic contact 

angle measurements. Samples were fixed and a droplet of distilled water was applied to the 

surface. Images of each drop on the surfaces were recorded using a digital microscope. The 

contact angles were determined from the images using axisymetric drop shape analysis 

profile (ADSA-NA) methodology [113]. The mean value of the contact angles was calculated 

from five individual measurements taken at different locations on the substrates. 

 Zeta potential (ZP) 3.2.3.3

The zeta potential test (Zetasizer Nano-ZS90; Malvern Instruments, UK) was used to 

characterize the physio-chemical parameters at the solid and liquid interface. In this test 

the zeta potential characterized the surface of the wafer by measuring the stability of the 

nanostructures on the titanium surface. If the ZP is high it signifies repulsive forces and 

stability at the surface and if it is low it shows attractive forces and instability. In order to 

measure the zeta potential of the nanostructures the ablated surface was carefully 

scratched using a surgical blade to separate it from the titanium wafer. The particles were 

then collected in an eppendorf tube and mixed well with 1mL of de-ionized distilled water. 

The solution was mixed well to prevent the aggregation of the nanoparticles. The mixture 

was then transferred to a cuvette and the measurement was taken. 
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CHAPTER 4 

4 STUDY OF THE FORMATION OF 3-D 

NANOSTRUCTURE PLATFORMS 

This chapter demonstrates the fabrication of porous nanofibrous platforms on 

different biocompatible synthetic and natural materials including titanium, eggshell, rice 

husk, and straw wheat substrates. These platforms have a potential use as supporting 3-D 

structures for cells implanted or seeded in a damaged tissue to help its reconstruction. It 

also consists of a fundamental study which experimentally and theoretically demonstrates 

the formation mechanism of web-like 3-D nanofibrous structures during femtosecond laser 

ablation of Titanium (Ti) target in the presence of air. 
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4.1 Laser Processing of Synthetic Material: Study of the 

ablation mechanism of Ti1  

The introduction of megahertz-repetition rate femtosecond lasers along with a 

better understanding of the physics of ultrashort laser-matter interaction have allowed the 

synthesis of nanostructures which previously couldn’t be produced by traditional long 

laser pulses. It allows eliminating additional heating and the need for the ambient gas in 

the chamber [114]. Also, the interaction of femtosecond laser pulses with materials results 

in reduced thermal effects compared to nanosecond-pulsed lasers. Femtosecond laser 

pulses heat materials to higher pressure and temperature than do longer-pulse lasers of 

comparable fluences as the energy is delivered before significant thermal conduction 

happens in the materials [29], [108]. Therefore, a femtosecond laser pulse can heat any 

material to a solid-density plasma state with temperature and pressure above the critical 

point. This leads to generation of high density plume which leads to nanoparticle 

aggregation after plume condensation. 

This section demonstrates the mechanism of ablation of solids by multiple 

femtosecond laser pulses in ambient air in an explicit analytical form. The formulas for 

evaporation rates and the number of ablated particles for laser ablation by a single pulse as 

well as multiple pulses as a function of laser parameters, background gas, and material 

properties are predicted and compared to experimental results. The calculated dependence 

                                                        

1 Reprinted from Journal of Applied Physics, 113(2), A. Tavangar, B. Tan, and K. Venkatakrishnan, 
Study of the Formation of 3-D Titania Nanofibrous Structure by MHz Femtosecond Laser in Ambient Air, pp. 
023102-023110, Copyright (2013), with permission from  American Institute of Physics. The dissertation 
author was the primary investigator and author of this article. 
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of the evaporation rate on the pulse repetition and laser pulse dwell time is in accordance 

with the experimental data. Later, the formation mechanism of the nanofibrous structures 

during femtosecond laser ablation of targets in the presence of air is discussed. The results 

indicate that femtosecond laser ablation of solids at air background yields crystalline 

nanostructures. The formation of crystalline nanostructures is preceded by thermal 

mechanism of nucleation and growth. It also demonstrates the formation of nanofibrous 

structures by applying an existing simplified kinetic model to Ti target and ambient 

condition. 

 Ablation mechanism by a single ultrashort laser pulse in ambient 4.1.1

gas 

As mentioned in the previous chapter, material ablation in air takes place at lower 

ablation thresholds in compare of it in the vacuum. It was reported that in the presence of 

air background, collisions between the ambient gas atoms and the surface decreases the 

lifetime of the non-equilibrium regime leading to thermal evaporation. Once the laser pulse 

interacted with the target, the air next to its heated surface collides with the target surface 

and obtains energy required for the formation of a Maxwell distribution in the air in close 

vicinity of the target surface. In other words, the presence of air leads to the establishment 

of a high-energy tail Maxwell distribution in the surface layer increasing the bulk-to-

surface energy transfer. It was assumed that only the air-surface collisions plays a role for 

thermal evaporation from the surface as the bulk-to surface energy transfer time is much 

longer the air-solid equilibrium time. 
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After establishing the Maxwell equilibrium at the air-solid interface, the number of 

atoms ablated per unit area can be estimated by Eq. 2.9. Using the solid-air surface 

equilibration temperature Eq. 2.10 as a function of maximum temperature       one can 

predict the laser evaporation rate as follows: 
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(4.1)  

where,      is the maximum temperature at the end of the laser pulse that can be written 

from Eq. 2. 14 as follows: 
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The absorbed laser intensity on the target surface        can be obtained by 

having the intensity of incident pulse and laser absorption coefficient.  

The intensity of the incident laser pulse (  ) can be calculated by measuring the 

average power      as follows: 

 
   

    

          
 (4.3)  

Here,      is average power (in W), measured directly from incident laser pulse, 

     (      ) is laser repetition rate and      (in    ) is the irradiation focal spot area 

which can be obtained by calculating the theoretical laser minimum spot diameter (  ) as 

follows [109], [115]: 
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   is the wavelength of the laser, f is the effective focal length of the lens, and D 

denotes the laser beam diameter. 

Using Eq. 4.2 and Eq. 4.3, one can estimate the maximum temperature as a function 

of laser parameters: 
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Then, the evaporation rate for a single pulse can be expressed by substituting Eq. 

4.5, into Eq. 4.1 as follows: 
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The first part in the bracket depends on target material properties, while the second 

part shows the evaporation rate dependency on the parameters of laser process.  

 Ablation rate in case of multiple laser pulses 4.1.2

One single ultrashort high intensity pulse would evaporate relatively a limited 

number of atoms per pulse [116]. However, for practical and industrial application laser 

systems with high average ablation rate are required [117]. For this reason, nowadays, 

laser systems with high pulse (MHz) repetition rates are utilized to attain a high average 

ablation rate. For instance, high repetition rates up to 100 MHz would retain the atomic 
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flow into the plume at levels of           atom/s which is suitable for nanostructure 

formation/deposition and micro/nano-processing applications [97]. In addition to 

aforementioned, if the maximum intensity of a single pulse merely slightly surpasses the 

ablation threshold, then the plume produced by such a pulse contains a mixture of phases 

as a single laser pulse at a target generates a Gaussian intensity distribution across the 

focal spot. Therefore, in order to control the phase state of the evaporated plume, the 

spatial intensity distribution needs to be improved. By scanning a target by a high 

repetition rate pulses (MHz), multiple pulses hits the same spot and spatial intensity 

distribution over the target surface integrates over time. As a result, the evaporation 

conditions become almost homogeneous and all the imperfections of a single beam are 

smoothed down.  

Using MHz repletion rates, the focused laser beam can dwell at a particular spot on 

the target for times longer than the time gap between the pulses. Therefore, multiple laser 

pulses arrive at the same spot on the target surface, depends on the laser pulse dwell time 

(   ), which leads to incubation of heating and evaporation process. 

Now to define the number of evaporated atoms after multiple laser pulses, one 

should consider the number of pulses arrive at the same spot on the target in specific dwell 

time. The number of atoms evaporated per single pulse can be expressed as follows: 

                                                       [     ] (4.7)  

Then the number of atoms evaporated from the same spot after successive pulses at 

the laser beam dwell time of     reads: 
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                                                                         [     ] (4.8)  

By substituting Eq. 4.7 into Eq. 4.8, the number of evaporated atoms by successive 

pulses based on laser parameters and target material properties can be estimated as 

following: 
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One should note from Eq. 4.9 that the number of evaporated particles is a function 

of laser processing parameters, material properties, and ambient gas vapor density. The 

main factor is laser beam dwell time which linearly affects the evaporated atoms. The laser 

repetition rate influences the number of evaporated atoms by a square root.  

As the laser beam dwell time is usually higher than the time between the two 

successive laser pulses in MHz-repletion regimes, multiple pulses arrive at the same spot. 

Consequently, the atomic flow into the plume would remain at levels required to generate 

nanostructures. 

 Nanostructure growth in ambient air 4.1.3

The expanding plume of ablated material cools down adiabatically either owing to 

diffusion in the ambient air or by expansion in vacuum. Vapour condensation starts with 

nucleation, proceeds with growth of a supercritical nucleus and comes to a halt due to 

quenching. The density and temperature of evaporated atoms in the adiabatically 

expanding plume are the main factors for formation of nanostructures. The diffusion and 
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collision of evaporated atoms/ions with ambient gas atoms/ions at the high temperature 

early in the cooling process result in coalescence [61]. As the plume cools down, 

coalescence terminates and colliding particles are likely to form aggregates. The formation 

of nanostructures will go on through an aggregate-aggregate and atom-aggregate 

attachment over the period of time after the end of the laser pulse. The longer the plume 

with high density and temperature lasts the more consecutive inelastic collisions occur, 

and as a result, the larger nanostructures would form. The time plume lasts until diffuse to 

the background air depends on the combination of laser, material parameters, and ambient 

condition. However, it’s been reported that the diffusion time of the ablated material 

through the gas plays a major role in determining the cluster formation time and, thus, the 

nanostructure size [118]. Depending on the density of the evaporated atoms, different type 

of nanostructures from individual particles to 3-D nanofibrous structures can be formed 

and deposited on the substrate. Therefore, in order to synthesize 3-D nanofibrous 

structures, the continuous arrival of the laser pulses are required to keep the plume density 

at the critical point for 3-D nanostructure formation. Previous studies have confirmed that 

only MHz laser pulse repetition rates lead to formation of 3-D nanostructures [35], [114]. 

The simplified kinetic model of nanocluster formation may be applied to estimate 

the number of atoms in a nanostructure as a function of average plume parameters, based 

on the conservation of energy, momentum, and number of atoms in the generated plume 

after the end of the pulse. Accordingly, it could predict the nanostructure size and radius of 

a nanofiber [118]. This model assumes that a nanocluster is formed through the neutral-

neutral monomer inelastic sticky collisions and ignores the ion-ion, ion-neutral, and the 
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other complex dusty-plasma collision effects. The first important step toward synthesis of a 

large nanostructure is the formation of dimers.  

The use of an ambient air with atmospheric pressure has the advantages of the 

plume confinement which increases the density of the component atoms in formation 

region leading to higher probability of sticky attachment. It’s been reported that the 

diffusion plays the major role when the pressure of background gas approaches 10% of 

atmosphere pressure. Therefore, one can assume that in ambient air only diffusion-

dominated expansion of the plume exists. 

Diffusion of single titanium atoms in air of density       proceeds with diffusion 

velocity,          ⁄    (            )⁄  where         is the cross section for titanium-

air elastic collision. Note that        collision cross section is almost 10 times larger than 

that for       collisions. The diffusion coefficient in the mixture of two gases depends on 

the total cross section        which expresses as the following: 

                                            
       

 (  
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 (4.10)  

where    and    are diameters of particles in the mixture. In case of       collision, the 

total cross section               
       

 (the atomic radius                   ). 

The cross section of titanium atoms and air (Considering oxygen atom radius,      

      ) is on                
       .  Thus the formation of nanostructures mostly 

depends on the diffusion of Ti atoms in ambient air. 
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Following the model presented in [118], one can assumes that the time for a 

formation nanofiber composed of N atoms equals to diffusion time, then the radius of a 

synthesized nanofiber reads: 
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   ⁄ (             )
  ⁄ (
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 (4.11)  

Here,               ⁄  is the ablation depth,   is a dimensionless numerical 

coefficient that should be estimated from the experiments,      is the minimum 

temperature for the nanostructure formation which is equal to the temperature in the 

mixture of Ti-air atoms after equilibrium, and         is the initial plume temperature. 

Therefore, the nanofiber radius depends on the air density, the cross section of target and 

ambient gas atoms, and the number of ablated atom estimated from Eq. 4.9, in the diffusion 

dominated conditions as follows: 
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As one can see from Eq. 4.12, the main factor playing role in nanofiber size is the 

density of the ambient air, which affects the size approximately as a cubic root of the gas 

pressure. 
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 Experimental Results and discussion 4.1.4

 Morphology of nanostructures 4.1.4.1

As indicated before, the structure of the nanofibrous architecture is influenced by 

various laser parameters, such as laser fluence, laser pulse repetition, and laser pulse dwell 

time. This study investigated the influence of laser pulse repetition rate on porosity, 

density, and size of the generated nanofibers. The ablation of Ti target was performed at 

different repetition rates from 2MHz to 26 MHz at laser pulse dwell time of 1ms. Figure 4.1 

SEM images of titania nanofibrous structures generated on a Ti substrate at laser repetition 

of a) 4 MHz and b) 12 MHz. shows SEM micrographs of the nanofibrous structure 

generated on the Ti surface at pulse repetition rates of 4 and 12 MHz. A close-up view of 

the structure shows that it consisted of self-assembled closed rings and bridges in which 

nanoparticles are aggregated together. The pores are interconnected.  

 

Figure 4.1 SEM images of titania nanofibrous structures generated on a Ti substrate at laser 
repetition of a) 4 MHz and b) 12 MHz. 
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It was observed from the experiments that by increasing the laser pulse repletion 

rates from 2MHz up to 8MHz, the density of generated nanostructures increases. However, 

increasing the repletion rate beyond 8MHz leads to a decline to the abundance of generated 

nanostructures. Figure 4.2 presents the number of evaporated atoms predicted by Eq. 4.9, 

by increasing the laser pulse repetition rate the number of pulses arrive at the same spot 

for the particular laser pulse dwell time increase which leads to higher amount of ablated 

atoms. However, as the curve for absorbed laser fluence in Figure 4.2 suggests, the increase 

of laser repetition rates results in a reduction in laser pulse energy and consequently on the 

laser ablation fluence to the point that it drops below the target ablation threshold. In case 

of titanium target, the ablation threshold was measured to be 0.48      . Taking into the 

account our system average laser power          ,              
     , and 

titanium laser absorption coefficient  for titanium        , one can see that at the 

repetition rates more than 8MHz the laser fluence drops below the required fluence for 

ablation of titanium target which in accordance with our experimental results.  

From Eq. 4.6 one can predict the thermal evaporation rates in ambient air for 

different laser fluences. Different laser fluences were achieved by varying the laser 

repetition rates (see Figure 4.3) . Using Eq. 4.6 for the laser fluence of          ⁄ will result 

in the evaporation rate of               for Ti target. This value is in good agreement 

with the thermal evaporation of Fe target in air (             ) close to our experiment 

parameters reported elsewhere [94]. The higher evaporation rate for Ti may be attributed 

to the greater Ti absorption coefficient (         and          ) and its lower thermal 
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losses (            
       ⁄  and            

      ⁄ ) in compare to ones for Fe 

which lead to higher fluence absorption and lower heat transfer to the lattice. 

 

Figure 4.2 The number of ablated atoms from the Ti target at different laser pulse repletion 
rates at laser pulse dwell time of 1ms based on Eq. 4.9 depicted by the blue hollow line. The 
red solid line represents the absorbed laser fluence by the Ti target. The dashed line 
determines the laser ablation threshold of 0.42       for Ti.  

 

Figure 4.3 The average evaporation rate for a single pulse at different laser fluences predicted 
by Eq. 4.6. 
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To study the effect of laser repletion on nanofiber size, the generated nanofibers 

detached from the substrate and characterized by TEM. In TEM micrographs of a single 

nanofiber one can observe a high degree of nanoparticle aggregation (Figure 4.4). The 

average diameter of the nanofibers generated at different repetition rates is depicted in 

Figure 4.5. The average nanofiber diameter is approximately 16–20 nm for structure 

generated at pulse repletion of 12 MHz and increases as the repetition rate is reduced to 2 

MHz.  

 

Figure 4.4 TEM images of Ti nanofibers synthesized at repetition (a) 4 MHZ, (b) 8 MHz, and (c) 
12MHz (the scale bar : 100nm). 

As mentioned before, laser fluence at repletion higher than 12 MHz falls below the 

ablation threshold for Ti, hence, at repetition of 26 MHz barely nanofibrous structures can 

be seen instead nanostructures in form of nanoparticles are generated. These results 

indicate that a reduction in laser pulse repetition rate leads to an increase in the density of 

the nanofibrous structures as well as in the size of nanoparticles. This is due to the fact that 

at laser repetitions above the target ablation threshold, the increase in laser repetition 

rates will result in higher evaporation rates. The volumetric concentration of evaporated 

atoms in the plume strongly influences the number of primary nucleation sites [61]. 

(a) (b) (c) 
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Increasing the number of primary nucleation sites causes a reduction in nanofiber size. 

Moreover, an increase in the laser fluence results in increase of plume temperature and 

consequently the time required for nanoparticle sticky attachment. This results in forming 

larger nanofibers. As a results of finer and abundance nanofibers, the pore size of the 

nanostructures become smaller, as illustrated in Figure 4.6. 

 

Figure 4.5 Measured average nanofiber diameter at different laser pulse repletion rates.  

The experiments have shown that at laser fluences above the ablation threshold 

fluence of titanium, the increase in laser pulse dwell time influences the number of laser 

pulses hit the same spot on the target. Subsequently, it leads to a rise of ablation rate. The 

deposition rate of nanostructures is analogous to the ablation. The results from the 

experiments indicate that the density of synthesized nanostructures intensify by increasing 

of laser pulse dwell time. 
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Figure 4.6 Measured average pore sizes of generated structures at different laser pulse 
repletion rates.  

 

Figure 4.7 The number of ablated atoms from the Ti target at different laser dwell time and 
laser pulse repetition rate predicted by Eq. 2.17. 
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Figure 4.7 shows the predicted evaporation rates for target ablation at different 

laser pulse dwell times and laser repetitions. Laser processing of a target at laser dwell 

time of 1ms and laser repetitions of 12 MHz means that 12K pulses would arrive at the 

same spot on the target surface. The time interval between the pulses is 83 ns. Previous 

studies on the ablation of Ti in ambient air by laser intensities close to our experiment 

parameters suggested that plume expansion time lasts for more than 300nm [98], [119]. 

Therefore, one can expect the accumulation effect when laser ablating by repetition rates 

higher that 2MHz. It’s in agreement with previous study which reported that the threshold 

pulse repetition frequency for 3-D nanofibrous structure formation is around 2 MHz [114]. 

 Phase analysis of nanostructures 4.1.4.2

XRD analysis was performed in order to evaluate the crystal structure of 

nanofibrous layer. Figure 4.8 shows the XRD patterns of the nanofibrous layer generated 

on the Ti substrate. The unprocessed Ti sample was entirely composed of alpha-phase 

titanium (α-Ti), while the pattern of nanofibrous structure indicate that it consists of 

tetragonal      (rutile and anatase) and cubic TiO (hongquiite). The sharp peaks in the 

patterns can be associated with the high crystallinity of the oxide phases. Titania exists in 

two main crystallographic forms, anatase (A) and rutile (R) [120]. The XRD peaks at 2θ: 

25.28° (A101) and 2θ: 27.4 ° (R110) are often interpreted as the characteristic peaks of 

anatase and rutile crystal phases, respectively [120], [121]. The peaks at 2θ: 43.37° may be 

attributed to TiO. The mixture of anatase and rutile crystalline phases in the synthesized 

titania nanostructures can be connected to the oxygen concentration change during the 

ablation process. Previous studies have suggested that there might be a definite linking 
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between the available oxygen during the synthesis procedure and the growth of crystalline 

phases [122]. 

 

Figure 4.8 X-ray Diffraction patterns of generated titania nanofibrous layer Ti sample after 
laser irradiation. 

Figure 4.9 depicts the schematic illustration of titania nanofibrous structure using 

femtosecond laser ablation of Ti target. The high temperature plume generated by laser 

ablation is very reactive. Thus, the presence of trace amounts of reactive gases, like oxygen 

in case of ambient air, can lead to chemical reactions. The evaporated atoms, in our case Ti, 

reacts with the surrounding oxygen in the front boundary of the expanding plume, and 

consequently, Ti-O molecular monomers are formed. As the oxidation of Ti to generate      

is highly exothermic with the enthalpy of formation of              ⁄ ,      molecular 

would be formed preferably. The generated molecules, later, collide as a result of thermal 

motion. The generated      vapor flows to the outer wall of the plume where temperature 

is lower, allowing the      supersaturation which results in the nucleation. Once the 
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temperature falls to the range below the boiling or sublimation point, nanostructures start 

to form. 

 

Figure 4.9 Schematic illustration of titania nanofibrous structure using femtosecond laser 
ablation of Titanium target. 
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4.2 Laser Processing of Natural Biomaterial: Synthesis of 3-D 

calcium carbonate nanofibrous structure from eggshell1  

Natural biomaterials from bone-like minerals derived from avian eggshells have 

been considered as promising bone substitutes owing to their biodegradability, abundance, 

and lower price in comparison with synthetic biomaterials. However, cell adhesion to bulk 

biomaterials is poor and surface modifications are required to improve biomaterial-cell 

interaction. 3-D freestanding nanostructures are preferred to act as growth support 

platforms for bone and stem cells. Although there have been several studies on generating 

nanoparticles from eggshells, no research has been reported on synthesizing 3D 

nanofibrous structures. This study proposes a novel technique to synthesize 3-D calcium 

carbonate interwoven nanofibrous platforms from eggshells using high repetition 

femtosecond laser irradiation. The eggshell waste is value-engineered to calcium carbonate 

nanofibrous layer in a single step under ambient conditions. Our striking results 

demonstrate that by controlling the laser pulse repetition, nanostructures with different 

nanofiber density can be achieved. This approach presents an important step towards 

synthesizing 3-D interwoven nanofibrous platforms from natural biomaterials. The 

synthesized structures can promote biomaterial interfacial properties to improve cell-

platform surface interaction and develop new functional biomaterials for a variety of 

biomedical applications. 

                                                        

1 Reprinted from Journal of Nanobiotechnoly, 9, A. Tavangar, B. Tan, and K. Venkatakrishnan, 
Synthesis of three-dimensional calcium carbonate nanofibrous structure   from eggshell using femtosecond 
laser ablation, Copyright (2011), with permission from  BioMed Central. The dissertation author was the 
primary investigator and author of this article. 
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 Materials and experimental details 4.2.1

The avian eggshell representing 11% of the total weight of the egg consists mainly 

of calcium carbonate (94%), calcium phosphate (1%), organic matter (4%) and magnesium 

carbonate (1%) [74]. Hen’s eggs were purchased, emptied and washed thoroughly with 

distilled water to get rid of dirt and organic layer. Experiments were carried out with a 

1040 nm wavelength direct-diode-pumped Yb-doped fiber amplified ultrafast laser system. 

To investigate the effects of pulse repetition rate on morphology of generated nanofibrous 

structures, experiment were performed at laser repetition of 4, 8 and 13 MHz. The 

nanofibrous structure morphology was then characterized using SEM, EDS, and TEM 

analyses. Phase analysis of the synthesized structures was performed using XRD.  

 Results and discussion 4.2.2

The morphology of the nanofibrous structures are influenced by various laser 

parameters such as, laser fluence, laser repetition, and laser dwell time. Figure 4.10 depicts 

the nanofibrous structure generated at repetition of 4 MHz. A close-up view of the 

structures shows that they consists of self-assembled closed-rings and bridges in which 

particles are fused together, as shown in Figure 4.10.  TEM image of a single nanofiber 

demonstrates a high degree of nanoparticle aggregation with average size of 50±20 nm 

(Figure 4.11). Therefore, the bond between the particles themselves and with the eggshell 

substrate is assumed to be strong. 
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Figure 4.10 SEM images of calcium carbonate nanofibrous structure synthesized on an 
eggshell at laser repetition rate of 4 MHz. 

 

Figure 4.11 TEM images of calcium carbonate nanofibers synthesized at repetition rate of 4 
MHz at magnification of a) X50000 and b) X100000 

Further experiments were performed with different laser repetition rates at 8 and 

12 MHz (see Figure 4.12). It can be observed that the structure pore size has been 

decreased by increasing the repetition rate. This is due to the increase in density of 

synthesized nanofibers.  
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Figure 4.12 SEM images of calcium carbonate nanofibrous structure synthesized on an 
eggshell at laser repetition rates of (a) 8 MHz, and (b) 13 MHz. 

The EDS analysis was conducted in order to evaluate the composition of 

nanofibrous structure. Figure 4.13 depicts the EDS analyses which compare the elemental 

composition of nanofibrous structures with an unprocessed eggshell. Although all the 

elements presented on the unprocessed eggshell, i.e., Ca, P, Mg, C, and O, can be recognized 

on the synthesized nanofibrous structure, the percentage of oxygen and carbon has been 

decreased significantly in the nanofibers which implies the decomposition of the organic 

part due to laser irradiation. 

 

Figure 4.13 EDS analyses of (a) unprocessed eggshell, and (b) synthesized calcium carbonate 
nanofibrous structure. 

(a) (b) 
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In order to observe the possible phase changes of nanofibrous structures as a result 

of laser irradiation, the XRD pattern of unprocessed eggshell and the nanofibrous 

structures can be compared. From Figure 4.14 one can notice that the XRD patterns for 

both samples show a significant peak around 30° (2θ). This is the characteristic of 

crystalline calcite which indicates the hkl (104) [74], [123]. However, there are three peaks 

marked with asterisks (*) which are associated with calcium hydroxide [124]. Laser 

irradiation might result in calcium carbonate decomposition to calcium oxide. This calcium 

oxide later would convert to calcium hydroxide due to atmosphere exposure [74], [124]. 

Comparing Figure 4.14a and Figure 4.14b, it can be observed that the intensity of the XRD 

peaks has been decreased for nanofibrous structures due to the reduction of the calcite 

crystal sizes. 

 

Figure 4.14 X-ray Diffraction patterns of (a) unprocessed eggshell (b) nanofibrous structure 
generated on the eggshell substrate. The peaks marked with asterisk (*) correspond to 
calcium hydroxide. 
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Previous in vitro and in vivo studies have pointed out that the microporosity of the 

bone substitute surface structure as well as its biodegradability play an important role in 

bone healing. Thus, the generated nanofibrous structure with different porosity shows a 

different degree of biodegradability when implanted in the biological environment. 

Microporosity influences the bone substitute dissolution rate in biological fluids; hence a 

surface with higher porosity shows better degradability. Biodegradation of bone 

substitutes is vital to initiate the bone deposition process [125], [126]. Porous structures 

increase adsorption of proteins such as bone morphogenetic proteins and other necessary 

ones required for bone formation which consequently influences cell adhesion and the 

subsequent cell proliferation and differentiation of osteoblasts [72], [125], [126]. On the 

other hand, cell attachment and proliferation are improved for nanostructures in 

comparison with micron-structures owing to higher effective surface area of the nanofibers 

[84]. As a result, it is predicted that the calcite nanofibrous structure generated on the 

eggshell substrate could enhance the biodegradability as well as the osteoconductivity of 

the surface in comparison with nanoparticles or micron-structure.  
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4.3 Laser Processing of Natural Material: Synthesis of 3-D 

Micro/Nanostructures on Rice Husk and Wheat Straw 

Amorphous silica been proven to be biocompatible and biodegradable in living 

tissue. However, cell adhesion to bulk biomaterials is poor and surface modifications are 

required to improve biomaterial-cell interaction. In this study, high repetition femtosecond 

laser irradiation is utilized to synthesize interwoven micro/nanostructures from rice husk 

and wheat straw. The rice husk and wheat straw bio-waste is value engineered to silica 3-D 

fibrous structure in a single step under ambient conditions. The striking results from this 

study demonstrate that by controlling the laser fluence, nanostructures with different 

nano-features can be achieved 

 Results and Discussions 4.3.1

The structure of the nanofibrous layer is affected by various laser parameters such 

as laser fluence, laser pulse repetition and laser pulse dwell time. First, the influence of 

laser power on porosity and size of the synthesized nanofibers was studied.  

Figure 4.15 shows SEM images of the nanofibrous layer generated at pulse 

repetition of 26 MHz and beam power of 15W. A close up view of the layer shows that it 

consisted of self-assembled closed rings and bridges in which nanoparticles are fused 

together rather than loosely bonded. Figure 4.16 and Figure 4.17 depict the structures 

synthesized at 26 MHz laser repletion but at different power.  
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Figure 4.15 SEM micrograph of structure generated on rice husk at laser rep of 26 MHz, and 
dwell time of 0.1 ms beam power of 15W at magnification of a) X10K, b) X50K, and c) X200K. 

Keeping the repetition rate constant, by decreasing the laser power the pulse energy and 

consequently laser fluence reduces. Nanofibrous structures are results of the nanoparticle 

aggregation. Nanoparticle aggregation takes place as part of vapor condensation by the collision 

of nucleus. To generate nanofibrous structures, an immense amount of nanoparticle aggregation 

is required. Therefore, continuous arrival of the plume is needed in order to maintain the nucleus 

density at a certain level. Therefore, critical amount of pulse energy should transfer to the 

substrate in order to initiate the plume and keeps it at certain level. Hence, the formation of 

nanofibrous structure is not possible in lower laser power instead microstructure will be 

synthesized. 

 

(a) 

(b) (c) 
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Figure 4.16 SEM micrograph of structure generated on rice husk at laser rep of 26 MHz, dwell 
time of 0.1 ms and beam power of 10W at magnification of a) X20K, b) X50K, and c) X200K. 

Figure 4.18 compares the changes on composition of nanofibrous structures by altering 

the laser power using EDS analysis. Since experiments have been carried out at an ambient 

condition, the presence of oxygen is noticeable. For the unprocessed rice husk and synthesized 

structures at lower power, silicon and other inorganic elements are not detectable or barely 

detectable due to high amount of organic on the substrate. At higher laser power, the organic part 

is burnt away and the other inorganic element could be distinguished. Comparing unprocessed 

and processed structures, it’s interesting that elements such as chlorine which are not in favor has 

been removed after laser ablation. 

 

  

(a) 

(b) (c) 
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Figure 4.17 SEM micrograph of structure generated on rice husk at laser rep of 26 MHz, and 
dwell time of 0.1 ms beam power of 5W at magnification of a) X10K, b) X20K, and c) X50K. 

 

Figure 4.18 EDXs analyses of a) unprocessed rice husk and b) structures generated on rice husk at 

laser rep of 26 MHz and power 5W, c) structures generated on rice husk at laser rep of 26 MHz and 

power 10W, and d) structures generated on rice husk at laser rep of 26 MHz and power 15W. 

  
  

(a) 

(b) (c) 

(a) (b) 

(c) (d) 
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The experiments were carried on at different laser repetition and dwell time. Figure 4.19 

through Figure 4.22 illustrate the structures synthesized at different laser dwell time and power. 

Decreasing the dwell time leads to reducing laser fluence transfer to the substrates. This will 

results in a decrease in plume volume and nucleus density inside it which leads to generation of 

microstructures instead of nanofibrous structures.  

 

Figure 4.19 SEM micrographs of structure generated on Rice husk at laser rep. of 26 MHz, 
dwell time of 0.05 ms, and power of 5W at magnification of a) X1K, b) X5K, and c) X10K. 

 

 

 

(a) 

(b) (c) 
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Figure 4.20 SEM micrographs of structure generated on wheat straws at laser rep of 26 MHz, 
dwell time of 0.05 ms, and power of 5W at magnification of a) X1K, b) X5K, and c) X10K (Same 
parameters as Figure 4.19 but at different location). 

 
  

Figure 4.21 SEM micrographs of structure generated on Rice husk at laser rep. of 26 MHz, 
dwell time of 0.05 ms, and power of 10W at magnification of a) X1K, b) X5K, and c) X10K. 

(a) 

(b) (c) 

(a) 

(b) (c) 
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Figure 4.22 SEM micrographs of structure generated on wheat straws at laser rep of 26 MHz, dwell 

time of 0.05 ms, and power of 15W at magnification of a) X1K, b) X5K, and c) X10K. 

This proposed method suggest a promising step in synthesizing interwoven 3-D 

platforms from natural biomaterials to support new bone formation and achieve rapid bone 

healing as well as to improve develop new functional biomaterials for various biomedical 

applications. However, in vitro and in vivo studies (e.g., cell proliferation and cell adhesion) are 

required to confirm the claim. 

4.4 Summary 

This chapter investigated experimentally and theoretically, the formation 

mechanism of web-like 3-D nanofibrous structure by femtosecond laser ablation of 

biomaterial target at background air. The results showed that femtosecond laser ablation of 

Ti target at air background resulted in the formation of crystalline titania nanostructures. 

(a) 

(b) (c) 
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The formation of crystalline titania nanostructures was preceded through thermal 

mechanism of nucleation and growth. In addition at the presence of air, collisions between 

the gas atoms and the surface markedly reduce the lifetime of this non-equilibrium surface 

state which allows thermal evaporation to proceed before the surface cools. The 

femtosecond laser pulse interaction with titanium substrate at ambient air was explained 

using a simple and straightforward analytical model. The formulas for evaporation rates 

and the number of ablated particles for the ablation by a single pulse and multiple pulses as 

a function of laser parameters, background gas and material properties were derived and 

compared to experimental results. The calculated dependence of the evaporation rate on 

the pulse repetition and laser pulse dwell time was in accordance with the experimental 

data. Also, the formation of nanofibrous structures was demonstrated by applying an 

existing simplified kinetic model to Ti target and ambient condition. The results showed 

that laser pulse repetition could control the density, size, and pore size of engineered 

nanofibrous structure. It also described that this technique allows the synthesis of 

micro/nanofibrous structure on natural biomaterial including eggshell, rice husk, and 

wheat straw. To the best of our knowledge, this is the first time that synthesizing 3-D 

micro/nanofibrous structures generated on natural biomaterials using femtosecond laser 

have been reported.  
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CHAPTER 5 

5 DIRECT NANOSTRUCTURE INTEGRATION 

INTO OTHER STRUCTURES 

In this chapter, the potential use of the presented technique for fabricating 

integrated nanostructures on transparent platforms as well as inside microstructures is 

investigated. Presented studies show that integrated nanostructure inside microchannels 

can be fabricated in one single step using this technique. In addition, femtosecond laser 

induced reverse transfer (LIRT) is used for controllable site-specific deposition of 

nanostructure on transparent platforms. 
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5.1 Incorporation of Nanofibrous structures on Transparent 

Platform1  

This section demonstrates that Laser induced reverse transfer (LIRT) can be used 

for controllable site-specific deposition of fibrous nanostructure. The LIRT method makes 

it achievable to generate and deposit fibrous nanostructure of metallic and semiconductor 

targets on transparent acceptor in a single step process at an ambient condition. The 

deposition of fibrous nanostructure was conducted using ultrafast laser ablation of silicon 

and aluminum targets placed behind a glass acceptor. Femtosecond laser pulses pass 

through the transparent acceptor and hit the bulk donor. Consequently a mass quantity of 

nanoparticles ablates from the donor and then aggregates and forms a porous fibrous 

nanostructure on the transparent acceptor. Our experiments show that the gap between 

the target and the glass acceptor was critical in the formation and accumulation of 

nanofibers and it determines the density of the formed nanostructure. The formation 

mechanism of the nanostructures can be explained by the well-established theory of vapor 

condensation within the plume induced by ultrafast laser ablation. Experimental results 

also show that the length of the nanostructure can be controlled by the gap between the 

target and glass acceptor. Lastly, EDS analysis shows the oxygen concentration in the 

nanofibrous structure which is associated with oxidation of ablated material at ambient 

atmosphere. 

                                                        

1 Reprinted from Journal of Micromechanics and Microengineering, 20, A. Tavangar, B. Tan, and K. 
Venkatakrishnan, Deposition of fibrous nanostructure by ultrafast laser ablation, pp. 055002, Copyright 
(2010), with permission from IOP Publishing. The dissertation author was the primary investigator and 
author of this article. 
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 Laser-induced reverse transfer LIRT  5.1.1

Laser-induced forward transfer (LIFT) has been widely studied as a method for 

direct deposition in predetermined micro-patterns [127–129]. In this method, prior to the 

laser irradiation a donor thin film is deposited on a transparent support substrate. The 

ablation of the thin film generates a fast travelling plume that deposits ablated material 

onto an acceptor substrate which is placed after the donor substrate [130]. Due to the fine 

spatial resolution of a laser spot, materials can be deposited in desired patterns in micron 

and sub-micron scale [131], [132]. LIFT process can be performed in air and at room 

temperature. 

Alternatively, backward-LIFT (Laser-induced reverse transfer LIRT) can be used, 

where the donor substrate is placed after the acceptor substrate along the laser 

propagation direction. In LIFT, laser ablates the donor thin film from the bottom after 

transmitting through the transparent support substrate. This imposes limitation on the 

applicability of LIFT, since some materials are not easy to be processed into thin films. 

Unlike LIFT, LIRT ablates donor material from the front side of the donor substrate. 

Therefore, donor materials need not to be thin films; instead bulk materials can be used as 

donors [131]. On the other hand, LIRT requires transparent acceptor which restrains its 

applications. 

Recently, researchers have begun to exam the potentials of using LIFT for nano-

material deposition due to the continuous interest in nanotechnology. For example, M LA 

Rigout et al [132] used a two-step LIFT method to form chain-like silicon nano-wire 

networks.   
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This work demonstrates that LIRT can be utilized to generate and deposit metallic 

and semiconductor nanofibrous structures on a transparent acceptor under ambient 

conditions. It is found that the distance between metallic and silicon target and glass 

acceptor has significant influence on the density of fibrous nanostructure.  

 Experimental detail and fabrication process 5.1.2

Experiments were conducted with a 515 nm wavelength direct-diode-pumped Yb-

doped fiber amplified ultrafast laser system. The general laser-induced reverse transfer 

process is shown schematically in Figure 5.1. The femtosecond laser beam transmits 

through the transparent acceptor and hits the donor substrate. The plume generated from 

the donor target surface propagates reversely to the glass acceptor and ejected species 

agglomerate into nanoparticles which form interwoven nanofibers by further collision. 

 

Figure 5.1 Schematic of Laser-Induced Reverse Transfer process 

 Results and discussions 5.1.3

When the laser intensity surpasses the ablation threshold of a target, the irradiation 

creates a plasma plume that consists of three propagation fronts of different velocities. The 

first front is the fastest and it contains vaporized atoms and ions. Due to the small size of 
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atoms and ions, this front is very thin.  The second front which starts after the atomic front 

has lower velocity and mostly consists of clusters.  This front makes the majority of the 

emitted species [60], [133]. The third front has the longest delay and contains a small 

amount of molten liquid droplets in micron or submicron size. The bigger the particle size, 

the shorter it can travel. Therefore, the molten liquid droplets propagate the least distance 

in comparison with the two other fronts. As the plasma expands outward, the plume’s 

temperature and pressure start to decrease, leading to the nucleation and consequently the 

growth of nanoparticles [134], [135]. In the case of multiple-pulse irradiation, massive 

nanoparticle agglomeration takes place if the subsequent pulse arrives before the plume 

cools below the vaporization point. The agglomerates can be recognized by their chain or 

web shape.  In LIRT process, when a laser pulse is irradiated to the donor substrate, the 

plasma created on its surface propagates backward at high speed to the transparent 

acceptor placed close to it. As a result, dependent on the distance between the acceptor and 

the donor substrate, formation and emission of various particle sizes on the acceptor may 

happen.  

Previously, it was revealed that the formation of fibrous structure is possible only if 

the pulse frequency was higher than 1 MHz and the density of nanoparticles and 

consequently the generated nanofibers are maximized at 13 MHz [112]. Thus, the 

experiments in this study were conducted at a frequency of 13 MHz in order to obtain the 

highest amount of nanofibers. In this study, LIRT technique is utilized to ablate silicon or 

metallic donors and generate nanofibrous structure on the transparent acceptors placed in 

close proximity of the target.  
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First, the ablation process was performed with a silicon wafer (donor) and a glass 

acceptor in near contact. Although deposition was presented on the acceptor, no fibrous 

nanostructures were generated, instead droplets in sub-micron size were observed, as 

shown in Figure 5.2.  Extremely short spacing between the acceptor and the donor restricts 

the plume expansion and condensation process, resulting in reduction of the nuclei 

formation onset, hence, leading to formation of large particles [134], [136]. On the other 

hand, due to very small separation, molten liquid droplets are able to reach the acceptor 

surface and deposit.  

 

Figure 5.2  SEM image of Aluminum deposition formed by laser beam of 515 nm wavelength, at 
freq. of 13 MHz and machining velocity of 1000 mm/s. 

The role of substrate distance was thoroughly discussed in LIFT techniques [130], 

[137], [138]. Based on this knowledge, it was estimated that a suitable separation of 60 µm 

should be able to result in nanofiber deposition, taking into account the laser fluence and 

the target material. This spacing allows more room for plume expansion, leading to a 

longer plume propagation length. A longer plume length yields a lower concentration of 
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ablated species in the plume which results in smaller clusters [134], [136]. Figure 5.3 

presents the fibrous nanostructures obtained with the 60-µm spacing. However, a small 

amount of large droplets is still visible from a close-up of the nanostructure, as shown in 

Figure 5.3b. This suggests that under the current experimental condition, a spacing of 60 

µm is not sufficient to completely avoid molten liquid droplet deposition. Direct emission of 

liquid phase fragments from the donor surface to the acceptor still happens on a smaller 

scale due to the inadequate space.  

 

Figure 5.3 SEM image of silicon nanofibers deposited on a glass acceptor with gap of 60 µm and 
formed by laser beam of 515 nm wavelength, at frequency of 13 MHz and machining velocity of 
1000 µm/s at magnification of a) X1000 and b) X25000. 

The experiment was continued with wider gaps at 120, 180 and 240 µm in order to 

investigate the influence of the target and acceptor distance on the nanofibrous structure.  

As shown in Figure 5.4, the density and length of fibers are more than those on an acceptor 

with a gap of 60 µm. The average length of nanofibers obtained at the 60µm gap was in the 

range of 0.55 µm to 0.70 µm whereas, it was about 1.06 µm to 1.18 µm for those obtained at 

the 120 µm gap. Comparing Figure 5.3 and Figure 5.4, it was found that the large droplets 

(a) (b) 
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diminished in size and amount. Besides, as the gap between the target and the acceptor 

increased, deposited nanofibers became thinner.  

The experiment was repeated with other target materials such as aluminum, and 

graphite. It was found that, the aggregations can be deposited from metals, carbon and 

semiconductors. Alloy targets composed of these elements were also found to generate 

fibrous nanostructure by ultrafast laser irradiation. 

 

Figure 5.4 SEM image of silicon nanofibers deposited on a glass substrate with gap of 120 µm 
and formed by laser beam of 515 nm wavelength, at frequency of 13 MHz and machining 
velocity of 1000 mm/s at magnification of a) X10000 and b) X2000. 

Figure 5.5 depicts nanofibers that were generated in parallel lines. It demonstrates 

that deposition of nanofibers can be carried out at specific sites. Comparing Figure 5.5a and 

Figure 5.5b, it can be seen that the density of nanofibers increased with the increase in the 

gap between the glass acceptor and the donor.  

Figure 5.6 shows a spot ablated with a stationary laser beam. Nanofiber density is 

the maximum at the center of the spot and decreases with the increase in the radial 

distance from the center of the laser spot. At larger distances, the density of the nanofibers 

falls dramatically. This observation agrees well with previous study on spectroscopy of 

(a) (b) 
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laser-ablated silicon plasma related to nanoparticle formation [139].The spatial 

dependence shows the reduction in temperature and density with the increase in distance. 

The high plasma pressure causes a lateral plasma compression wave, leading to change in 

energy distribution on the target, which explains the density variety of deposition along the 

radial direction [139]. 

 

Figure 5.5 SEM image of Aluminum nanofibers deposited on a glass acceptor with a) gap of 60 
µm and b) gap of 180 µm formed by laser beam of 515 nm wavelength, at frequency of 13 MHz 
and machining velocity of 1000 mm/s. 

Glass acceptor 

Al Nanofibers 

Glass acceptor 

Al Nanofibers 

(a) 

(b) 
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 Figure 5.6 SEM image of three different zones of silicon nanofibers deposited on a glass 
acceptor with gap of 120 µm and formed by laser beam of 515nm wavelength, at frequency of 
13 MHz and machining velocity of 1000 mm/s. 

In order to examine the composition of nanofibrous structure, EDS analysis was 

carried out. As depicted in Figure 5.7, EDS analysis of aluminum nanofibrous structure on 

the glass acceptor showed Si, Ca and O together with aluminum. To investigate whether 

these elements belong to the glass acceptor or the nanofibrous structure, EDS analyses of 

glass acceptor with and without nanofibrous structure were compared. By comparison 

between those results, it was concluded that only oxygen concentration is higher in the 

nanofibrous structure and other elements belonged to the glass acceptor. Since the LIRT 

process is performed at atmospheric ambient, oxidation of ablated nanoparticles occurs, 

which results in the generation of metallic or silicon oxide nanofibrous structure. In order 

to confirm the nanofiber composition and precise measurement of oxygen level, EDS 
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analysis was obtained for silicon nanofibers which were directly generated on pure Si 

substrate. As shown in Figure 5.8, for Si nanofibers, the presence of O along with Si agrees 

with EDS analysis of Al.  

 

Figure 5.7 EDS analysis of aluminum oxide nanofibers deposited on a glass acceptor.  

 

 Figure 5.8 EDS analysis of a) pure Si and b)silicon oxide nanofibers deposited on a Si 
substrate. 

(a) (b) 
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5.2 Single-step Generation and Incorporation of Nanofibrous 

Membrane into Microchannels1  

This section demonstrates a new method to fabricate silicon microfluidic channels 

filled with porous nanofibrous structure utilizing a femtosecond laser. The nanofibrous 

structure can act as a membrane used for microfiltration. This method allows us to 

generate both the microfluidic channel and the fibrous nanostructure in a single step at 

ambient condition. Due to the laser irradiation, a large amount of nanoparticles ablates 

from the channel surface and then aggregates and grows into porous nanofibrous 

structures and fills the channels. EDS analysis was conducted to examine the oxygen 

concentration in the membrane structure. The results show that by controlling the laser 

parameters including pulse repetition, pulse width, and scanning speed, different 

microfluidic channels with a variety of porosity can be obtained. 

 Membranes 5.2.1

The usage of membranes in microfluidics has been growing rapidly [140]. Various 

recent studies have concentrated on the evolvement of membranes with nanometer-scale 

pores [9], [141–143]. Several methods have been developed to fabricate nanoporous 

membranes such as lithography [65], [144], [145], ion track technique [146], self-

organization [147], and sol-gel [91]. Most of these methods suffer from manufacturing 

                                                        

1 Reprinted from Journal of Micromechanics and Microengineering, 20, A. Tavangar, B. Tan, and K. 
Venkatakrishnan, Single-step fabrication of microfluidic channels filled with nanofibrous membrane using 
femtosecond laser irradiation, pp. 085016, Copyright (2010), with permission from IOP Publishing. The 
dissertation author was the primary investigator and author of this article. 
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complexity either in lithography processes or during membrane assembly to the 

microfluidic systems [141]. Despite its easy control on pore diameter and simple 

fabrication procedure, the ion track technique has limitations owing to both the inefficiency 

caused by the thick membrane and the inconvenient deployment in other microfluidics 

systems. In the sol-gel technique, the material is too costly and a ceramic support layer, 

fabricated by solid state sintering, is required [148]. Therefore, this chapter reports a new 

laser application for fabrication of nanoporous membranes inside microfluidic channels 

which provides high controllability on average pore sizes. It is interesting to note that our 

proposed method generates both the porous nanofibrous structure and the microfluidic 

channel in a single step under ambient condition. The nanoparticles are fused together 

rather than loosely bonded. Thus, it’s assumed that the bond structure of aggregation and 

the channel is strong. Also, It’s determined that the pore size and density in the membrane 

can be controlled through adjustment of the laser parameters and laser scanning 

procedure. 

 Experimental details 5.2.2

Experiments were performed with a 1040 nm wavelength direct-diode-pumped Yb-

doped fiber amplified ultrafast laser system. The target was a polished silicon wafer with 

<100> crystal orientation and 550µm thickness. The schematic diagram of the fabrication 

process is shown in Figure 5.9. 
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Figure 5.9 Fabrication set up 

 

 Results and discussions 5.2.3

 The growth mechanism of nanofibrous structure  5.2.3.1

Primary experiments were conducted to investigate laser scanning strategies for 

the creation of a microchannel filled with nanofibrous structure including laser scanning 

speed and number of passes. The close scheme of the nanofiber growth mechanism in a 

microchannel and its cross-sectional view is shown in Figure 5.10. 

Basically, emitting a laser beam at a target creates a heated region which causes 

vaporization leading to plasma that consists of electrons and ionized atoms. As the plasma 

expands outward, due to heat transfer at the contact surface between the plume and the 

ambient gas, the vapor plume starts to cool down and condensation begins at the cooler 

front of the plume cloud [149], [150]. Condensation of the vaporized atoms leads to 

nucleation and consequently the growth of nanoparticles [135]. Nanoparticle aggregation 
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takes place as a part of vapor condensation by the collision of nucleus. An immense amount 

of nanoparticle aggregation is required in order to generate nanofibrous structures. 

Therefore, continuous arrival of the plume is needed before the pulse cools below the 

vaporization point. A close view of the nanofibrous structures exhibits that the 

nanoparticles are mostly fused together instead of loosely linked. The structures are made 

of self-assembled closed ring and bridge nanofibers. Therefore the bond between the 

aggregated structure and the channels assumed to be strong.  

 

 

Figure 5.10 3-D and plane view of the microchannel and sequences of nanofiber growth inside 
the microchannel. The related SEM images corresponding to each sequence are brought on the 
bottom. The microchannels were formed by laser beam at freq. of 13 MHz with laser scanning 
speed of 1000 mm/s after a) 5 and b) 20 scanning passes. 

As mentioned above, the plumes generated by sequential laser pulses have to arrive 

at the target before the critical time. Hence, the formation of fibrous structure is not 

possible in the high speed laser machining. Therefore, as the first step, optimum laser 

machining speed must be defined. As the machining speed decreases, interaction time 

Nanoporous membrane 

Microfluidic Channel Microfluidic Channel 

Growing Nanofibers  
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between laser beam and the target increases, leading to a higher laser pulse per spot on the 

target which consequently results in a higher amount of nanofiber agglomeration. On the 

other hand, by controlling the laser scanning passes, a variety of microchannels with 

different depth and width can be achieved. 

 Effect of laser scanning parameters 5.2.4

As depicted in Figure 5.11, it was found that at low laser scanning speeds and high 

scanning passes the depth of the microfluidic channel increases and its width decreases. In 

the case of high number of laser scanning passes, more fibrous structure is generated. In 

addition to its effect on the amount of generated nanofibrous structure, laser scanning 

speed influences the microchannel shape as well. Comparing Figure 5.11a and Figure 

5.11b, at lower scanning speed (Figure 5.11a), a narrower channel was formed because of 

more dwell time on the specific spot and consequently higher energy per pulse. Conversely, 

at higher speed (Figure 5.11b), the plumes generated by sequential laser pulses could not 

arrive at a particular spot before the critical time needed to maintain the nucleus density at 

the certain level; therefore, no nanofibers were generated.  

Figure 5.12 shows the growth mechanism of nanofibrous structure for different 

laser scanning passes. Firstly, microchannels were generated at high scanning speed with 

few scanning passes. As mentioned before, at higher speed, due to low interaction time 

between the laser and the substrate, no fibrous structure was generated and only the 

microchannel was formed. Afterwards, low scanning speed was employed to grow 

nanofibers inside the channel. As the number of scanning passes increases, more fibrous 

structures grow on the microchannel walls.  
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 Figure 5.11 SEM cross sectional image of nanofibrous structure inside a microfluidic channel 
formed by laser beam at freq. of 13 MHz with laser scanning speed of a) 1000 mm/s and b) 
2000 mm/s. 

 

Figure 5.12 SEM cross sectional image of nanofibrous structure growth sequences inside the 
microfluidic channel formed by 1040 nm wavelength laser beam at freq. of 26 MHz after a) 5, 
b) 10, and c) 20 laser scanning passes. 

 Study of pore size and density of nanofibrous structure 5.2.5

SEM analyses of nanofibrous structure revealed that laser repetition rate and laser 

pulse width have an important impact on the pore size and density of the fibrous structure. 

(a) (b) 

(c) (a) (b) 
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 Effects of laser repetition rate 5.2.5.1

After finding the optimum laser scanning strategy, the effects of the laser repetition 

rate on both the shape of the channels and the porosity of the nanofibrous structure were 

determined.  

In the case of multiple-pulse irradiation, a massive nanoparticle agglomeration 

takes place if the succeeding pulse arrives before the pulse cools below the vaporization 

point. Therefore the experiments were conducted at the frequencies of 8, 13, and 26 MHz 

to obtain the most nanofibrous structure. Note that in theses experiments the time interval 

between pulses is about 125 ns, 77 ns and 38 ns for the frequencies of 8, 13, and 26 MHz, 

respectively. One of the distinguishing characteristics of these nanofibrous structures, 

unlike the random heaping of particles observed at Hz and kHz pulse frequencies, is that 

the fiber aggregation shows a certain degree of organization.  

Pore size data were extracted directly from the SEM images using image processing 

software. SEM images of these membranes (see Figure 5.13) revealed that membrane pore 

size decreases as the pulse repetition rate increases, whereas the density of pores increases 

with increasing pulse repetition rate. However pore size distribution is wider for 13 MHZ 

repetition in comparison with the two other frequencies.  This heterogeneity might be 

caused when the channels got cut for cross section imaging. Membranes have an average 

pore diameter of 492 nm, 313 nm, and 254 nm at the frequencies of 8, 13, and 26 MHz, 

respectively. The minimum pore diameter has been calculated to be approximately 90 nm 

at repetition of 26 MHz. 
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At the pulse repetition rates higher than the nanoparticle formation threshold, 

consecutive laser pulses hit the substrate before the ablated particles from the previous 

pulse cool down. As a result, nanoparticles ejected by the following laser pulses prefer to 

aggregate with particles ablated from the former laser pulses which are still at a very high 

temperature, resulting in an increase in nanofibrous structure density. Moreover, since 

laser power and laser spot size are constant, the pulse energy decreases as the pulse 

repetition increases which results in a reduction in nanoparticle size. Consequently, 

because of the smaller nanoparticle size, nanofibers become finer, leading to the lessening 

of the pore size (see Figure 5.13). 

 

Figure 5.13 SEM cross sectional image and pore diameter distribution graph of nanofibrous 
structure inside the microfluidic channel formed by laser beam of 1040 nm wavelength, at 
freq. of a) 8 MHz b) 13 MHz, and c) 26 MHz 

(a) (b) (c) 



89 

 

 Effects of laser pulse width 5.2.5.2

Afterwards, influence of the laser pulse width on the membrane pore size was 

investigated. The laser used for all the presented experiments has the ability to work with 

different pulse widths from 214 fs to 3.5 ps. 

To investigate the influence of different laser pulse widths on the porosity of the 

membrane, experiments were conducted at the repetition of 26 MHz with the same laser 

scanning speed and number of passes, but with different pulse widths of 214, 1428 and 

3500 fs (see Figure 5.14). The experiments showed that as the pulse width goes to the 

femtosecond scale, less nanofibrous structure is generated. As the pulse width decreases 

from picoseconds to femtoseconds, the interaction time between the laser pulse and the 

substrate decreases. This causes a decrease in size of the nucleus which forms the 

nanoparticles. Accordingly, the size of nanofibers decreases. As a result, the smaller 

nanofibers lead to the pore size reduction (see Figure 5.14). The average pore diameter of 

the membranes were about 378 nm, 753 nm, and 832 nm at pulse widths of 214 fs, 1428 fs, 

and 3500 fs, respectively. The smallest pore diameter was estimated to be around 160 nm 

at 3500 fs pulse width. 

Finally, in order to examine the composition of nanofibrous structures, EDS analysis 

was performed. Figure 5.15 depicts the EDS analyses comparing generated nanofibrous 

structures with an un-doped Si wafer. Since experiments were carried out at an ambient 

condition, the presence of oxygen along with silicon (Si) is noticeable for the nanofibrous 

structures.  
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Figure 5.14 SEM image and pore diameter distribution graph of nanofibrous structure inside 
the microfluidic channel formed by laser beam at freq. of 26 MHz with pulse width of a) 214 fs 
b) 1428 fs, and c) 3500 fs. 

 

Figure 5.15 Energy dispersive X-ray spectroscopy (EDS) analysis of a) pure Si  and b) silicon 
oxide nanofibers deposited on a Si substrate. 

(a) (b) (c) 

(a) (b) 
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5.3 Summary 

In this section, the deposition of metallic and semiconductor fibrous nanostructure 

on a transparent acceptor was demonstrated. It was found that the gap between the glass 

acceptor and the target plays a crucial role in the nanostructure formation and the density 

of nanofiber accumulation. Experimental results also show that size, length, density of 

aggregates and location of growth can be controlled by laser parameters under an ambient 

condition. The precise controllability of this fibrous nanostructure deposition will extend 

the application of this invention. Generation and deposition of nanofibrous structure was 

completed in a single step at an ambient condition. This method may find wide 

applications. Also, a development of a new method for fabricating silicon dioxide 

nanofibrous membranes grown inside microchannels was reported. The experiments 

showed that by controlling the laser parameters including pulse repetition, pulse width and 

scanning speed, different microfluidic channels with different porosity and pore density 

could be obtained. The EDS analyses indicated oxygen concentration in the membrane 

structure which was attributed to oxidation of ablated material at ambient atmosphere. 

Using this strategy, the microchannel and the fibrous nanostructure for a wide variety of 

materials can be generated in a single step at ambient condition. This achievement can in 

the future pave the way for extensive application of nanofilters in various membrane, 

filtration, and separation applications. 
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CHAPTER 6 

6 BIOASSAY OF MANUFACTURED PLATFORMS 

This chapter presents studies which demonstrate the in vitro analyses of the 

synthesized platform. The bioactivity of the synthesized structures is assessed using SBF 

with ion concentrations approximately equal to those of human blood plasma. Also, the 

interaction of the platforms with living cells is examined using different in vitro techniques. 

Cell-based assays such as cell adhesion, cell proliferation, and cell viability assay are 

carried out to evaluate the biocompatibility between cells and implanted scaffold. 
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6.1 Bioactivity assay of synthesized 3-D Titania Nanofibrous 

Platforms1 

The primary objective of current tissue regeneration research is to synthesize nano-

based platforms that can induce guided, controlled, and rapid healing. Titanium nanotubes 

have been extensively considered as a new biomaterial for biosensors, implants, cell 

growth, tissue engineering, and drug delivery systems. However, cell adhesion to nanotube 

is poor due to their chemical inertness as well as one-dimensional structure and surface 

modification is required to enhance nanotube-cell interaction. While there are considerable 

studies on growing titanium nanotubes, synthesizing a 3-D nano-architecture which can act 

as a growth support platform for bone and stem cells has not been reported so far. In 

previous chapters the development of the laser ablation technique to synthesize and grow 

3-D titania interwoven nanofibrous structures on titanium substrate has been reported. 

This surface architecture incorporate the functions of 3-D nano-scaled topography and 

modified chemical properties to improve osseointegration while at the same time leaving 

space for delivering other functional agents. It has been suggested that the crucial 

requirement for a synthetic biomaterial to bond to living bone is the formation of bonelike-

apatite on its surface when implanted in the living body. This in vivo apatite formation can 

be mimicked in a SBF with ion concentrations nearly equal to those of human blood plasma 

[151]. The goal of the presented work is to evaluate the bone-like apatite-inducing ability of 

                                                        

1 Reprinted from Acta Biomaterialia, 7(6), A. Tavangar, B. Tan, and K. Venkatakrishnan, Synthesis of 
bio-functionalized three-dimensional titania nanofibrous structures using femtosecond laser ablation, pp. 
2726–2732, Copyright (2011), with permission from  Elsevier. The dissertation author was the primary 
investigator and author of this article. 
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the Ti surface with different morphology using SBF. Ti surfaces with different morphology 

are synthesized by altering laser pulse repetition. The results indicate that laser pulse 

repetition can control the density and pore size of engineered nanofibrous structure. In 

vitro experiments reveal that the titania nanofibrous architecture possesses an excellent 

bioactivity and can induce rapid, uniform, and controllable bone-like apatite precipitation 

once immersed in SBF. This approach for synthesizing 3-D titania nanofibrous structures 

suggest considerable outlook for promoting Ti interfacial properties to develop new 

functional biomaterials for various biomedical applications. 

 Experimental detail 6.1.1

 Generating nanofibrous structures  6.1.1.1

Specimens were irradiated by laser beam at laser pulse repetitions of 4, 8, and 12 

MHz to generate nanofibrous structures with different density and pore size. The Ti 

samples processed at pulse repetitions of 4, 8, 12 MHz are referred to as: Ti4, Ti8, and Ti12, 

respectively. The laser pulse width, power and scanning dwell time were 214 fs, 15 W, and 

5 ms, respectively.  

 Sample SBF soaking for in vitro assessment 6.1.2

The effect of surface morphology on its apatite-inducing ability was evaluated by 

soaking the samples in SBF with ionic concentration nearly equal to the human blood 

plasma (see Table 6.1). A modified simulated body fluid (m-SBF) was prepared by 

dissolving the following reagents in sequence in distilled water: 

NaCl,   H            KCl,    H     H           H           and       . The solution 
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was buffered to pH 7.40 with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

and 1 M NaOH at      [14]. Each Ti sample was then placed in a sterilized container with 

30 ml SBF and kept in an incubator at      for 1 and 3 days. After exposure, the samples 

were removed and washed thoroughly with distilled water and dried in desiccators for 

further characterisation.  

Table 6.1 Ion concentration of m-SBF in comparison with blood plasma, taken from [152] 

Ion Ion concentration 

(mM) 

 

 Blood Plasma m-SBF 

    142.0 142.0 

   5.0 5.0 

     1.5 1.5 

     2.5 2.5 

    103.0 103.0 

H   
  27.0 10.0 

H   
   1.0 1.0 

   
   0.5 0.5 

 H 7.2-7.4 7.4 

 Result and discussion  6.1.3

 The structure of the nanofibrous layer  6.1.3.1

In this work, the effect of laser pulse repetition on porosity and size of the 

fabricated nanofibers was investigated. Figure 6.1 shows SEM images of the nanofibrous 
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layer generated on Ti4 surface at pulse repetition of 4 MHz. A close up view of the layer 

shows that it consisted of self-assembled closed rings and bridges in which nanoparticles 

are fused together.  The pores are interconnected with sizes of 900-1000 nm. Additional 

experiments were performed with different laser repetition rates at 8 and 12 MHz (Figure 

6.2 and Figure 6.3). The pore sizes range approximately from 700-800 nm for the 

nanofibrous layer generated on Ti8, while they are about 650-750 nm for those 

synthesized on the surface of Ti12.  

 

Figure 6.1 SEM images of titania nanofiberous structure synthesized on the Ti4 sample at laser 
repetition of 4 MHz at magnifications of a) X500, b) X1000, and c) X2500. 

 

Figure 6.2 SEM images of titania nanofiberous structure synthesized on the Ti8 at laser 
repetition of 12 MHz at magnifications of a) X500, b) X1000, and c) X5000. 

From TEM images of a single nanofiber, one can observe a high degree of 

nanoparticle aggregation (Figure 6.4).The nanoparticles are aggregated together in a semi-
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solid state rather than loosely agglomerated. Therefore, the bond between the particles 

themselves and with the Ti substrate is assumed to be strong. The diameter of the 

nanofibers is approximately 16-20 nm for Ti12 and it increases as the repetition reduces to 

4MHZ. These results indicate that a reduction in laser pulse repetition leads to an increase 

in the density of the nanofibrous structures as well as in the size of nanoparticles. That is 

due to the fact that with the constant laser power and laser spot size, pulse energy drops off 

with an increase in pulse repetition rate which results in a reduction in material ablation 

and nanoparticle size.    

 

Figure 6.3 SEM images of titania nanofiberous structure synthesized on the Ti12 at laser 
repetition of 12 MHz at magnifications of a) X500, b) X1000, and c) X5000. 

 

Figure 6.4 TEM images of Ti nanofibers synthesized at repetition of a) 12 MHz and b) 8 MHZ. 
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In order to evaluate the crystal structure of nanofibrous layer XRD analysis was 

conducted. Figure 6.5 compares the XRD patterns of a Ti unprocessed sample and the 

nanofibrous layer generated on the Ti4 surface. The unprocessed Ti sample is entirely 

composed of alpha-phase titanium (α-Ti), while the pattern of nanofibrous structure 

indicate that it consists of tetragonal      (rutile and anatase) and cubic TiO (hongquiite). 

The sharp peaks in the patterns can be associated with the high crystallinity of the oxide 

phases. Titania exists in two main crystallographic forms, anatase (A) and rutile (R) [120]. 

The XRD peaks at 2θ: 25.28° (A101) and 2θ: 27.4 ° (R110) are often interpreted as the 

characteristic peaks of anatase and rutile crystal phases, respectively [120], [121]. The 

peaks at 2θ: 43.37° may be attributed to TiO. It has been reported that titanium oxide on 

the implant surface would greatly improve the apatite precipitation [153]. 

 

Figure 6.5 XRD patterns of a) an unprocessed Ti sample and b) the titania nanofibrous layer 
generated on the Ti4 sample after laser irradiation. 

 The apatite-inducing ability of different surface morphologies 6.1.3.2

SEM micrographs of the apatite-inducing ability of different surfaces are shown in 

Figure 6.6 through Figure 6.9. The unprocessed Ti sample did not induce any apatite 
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deposition after 3 days of soaking in SBF, whereas Ti4, Ti8, and Ti12 showed high apatite-

inducing ability even after 1 day of immersion in SBF.  

 

Figure 6.6 SEM images of surface morphology of an unprocessed Ti sample after a day soaking 
in SBF and b) SEM image of theTi4 morphology which compares the different apatite-inducing 
abilities of (1) the unprocessed area, and (2) the nanofibrous layer after soaking for 3 days. 

 

Figure 6.7 SEM images of the Ti12 surface morphology after soaking in SBF for a) 1day and b) 
3days. 

As illustrated in Figure 6.7a, for Ti12, although the apatite spheroids were too small 

to be detected, the whole nanofibrous surface was covered with apatite precipitation after 

1 day of soaking. However, after 3 days of immersion, the precipitation layer became thick, 

and scattered apatite globules with a diameter of 22 µm were observed on the Ti12 surface. 

On the other hand, a thick precipitation layer made of apatite spheroids with a diameter of 
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2 µm deposited on the surfaces of the Ti4 and Ti8 samples even after 1 day of immersion in 

SBF (see Figure 6.8a and Figure 6.9). It can be observed that all the pores have been filled 

by apatite precipitation. However, the precipitation layer is not uniform for Ti8 in 

comparison with Ti4. After soaking for 3 days, all surfaces were covered by dense 

homogeneous apatite layers composed of numerous apatite spheroids with a diameter of 5 

µm. Several apatite spheroids as large as 25 µm in diameter can be observed on both the 

Ti4 and the Ti8 surfaces after 3days of immersion. The uniform apatite precipitation on the 

nanofibrous structure signifies that the reproducibility of apatite crystallization on the 

nanofibers is very high.  

  

Figure 6.8 SEM images of the Ti8 surface morphology after soaking in SBF for a) 1day and b) 
3days. 

 

Figure 6.9 SEM images of Ti4 surface morphology after soaking in SBF for a) 1day and b) 
3days. 
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The EDS analysis of the composition of the apatite layer deposited after 1 day of 

immersion in SBF for the Ti4 indicates the presence of titanium, calcium, phosphorous, and 

oxygen, as shown in Figure 6.10a. The molar Ca/P ratio was 1.31, which is attributed to 

that of octacalcium phosphate (       H (   )   H  ). OCP is considered to be 

necessary precursor in the crystallization of bone-like apatite [154], [155]. As depicted in 

Figure 6.10b, the EDS analysis of the Ti4 sample after immersion in SBF for 3 days shows 

rich phases of calcium and phosphorous with traces of magnesium. It is interesting that the 

titanium phase is barely detectable by EDS due to the fact that the deposited apatite layer is 

thick and compact. The molar Ca/P ratio for the precipitated apatite layer after 3days of 

immersion in SBF was measured to be approximately 1.63, which corresponds to 

hydroxyapatite (HA:   H (   )  ( H)). Hydroxyapatite which has a composition similar 

to the mineral phase of bone is by far the most abundant inorganic phase in the human 

body [156]. It has been demonstrated that bone-like hydroxyapatite possesses good 

osteoconductibity and has a high affinity to living bone cells [155], [157]. 

 

Figure 6.10 EDS analysis of Ti4 after soaking in SBF for a) 1day and b) 3days 



102 

 

 

Figure 6.11 XRD analysis of Ti4 after soaking in SBF for a) 1day and b) 3days 

Figure 6.11 contrasts XRD patterns of Ti4 after soaking in SBF for 1 day and 3 days. 

The broad peak at 2θ: 32.6° is attributed to the overlapping of (211), (112), (300), and 

(202) crystal planes, and the peak at 2θ: 25.9° is assigned to the (002) diffraction peak of 

HA. It can be seen that the apatite layer has been thick enough to be detected even after 1 

day of immersion in SBF (Figure 6.11a). However, the peak at 2θ: 25.9° was not detected 

for the deposited layer after 1 day of soaking. The intensity of the peaks was increased for 

apatite layer precipitated after 3days as shown in (Figure 6.11b). It can be observed that 

the intensity of the peak attributed to HA diffraction plane at 2θ: 32.6 for the sample 

soaked for 3 days, has been dramatically increased and the peak became sharper which 

corresponds to larger crystal size. 

In biological environments, the surface energy of the surfaces plays a crucial role in 

the mediation of solute adsorption and cell adhesion. The biological interactions between 

the biomaterial surface and a biological medium are closely associated with wettability 

[52], [62]. The wettability of unprocessed Ti substrates, Ti4, Ti8, and Ti12, has been studied 

by sessile drop contact angle measurement of a distilled water droplet. CA microscopic 
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images and CA measurements of an unprocessed Ti sample as well as the Ti4, Ti8, and Ti12 

are depicted in Figure 6.12 and Figure 6.13, respectively.  

 

Figure 6.12 Microscopic images of a distilled water droplet on a) an unprocessed Ti and b) 
nanofibrous layer on the Ti8. 

Contact angles <4°, on titania nanofibrous layer on the Ti4 implies its 

superhydrophilic properties in contrast to those of unprocessed Ti surface (66.7±1). The 

almost complete spreading of water droplets on the surface covered with the nanofibrous 

layer is observed during the CA measurement for all the samples. 

 

Figure 6.13 Sessile drop water contact angle measurement for an unprocessed Ti substrate, 
and the titania nanofibrous layer on the Ti4, Ti8, and Ti12. 
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The abovementioned results of this study showed that generated titania 

nanofibrous layer on the Ti surface using laser irradiation greatly enhanced the wettability 

of the surface that consequently increased the apatite-inducing ability of it. Furthermore, 

the results indicated that the density and porosity of the nanofibrous layer affected the 

apatite-inducing ability of the surface. Due to high temperatures and atmospheric oxygen, 

nanofibers become oxidized and covered by a few nanometer-thick titanium oxide layers. 

The XRD results showed that the oxide layer consisted of      (rutile and anatase) and 

cubic TiO (hongquiite). Several studies have demonstrated that both rutile and anatase 

enhance the apatite-inducing ability which consequently improves bioactivity and 

osteointegeration of Ti surfaces [158–160].  

The results of this study indicated that apatite nucleation and deposition happened 

even after a day. The results also demonstrated that the surface with a higher amount of 

nanofibrous structures resulted in more apatite deposition. The mechanism for rapid 

apatite deposition on the nanofibrous layers can be attributed to the 3-D structure of the 

layers as well as their surface chemistry. Nanofibrous structures with high specific surface 

areas enhance the wettability of the surface when soaking in SBF. The wettability improves 

the reaction of water molecules present in the SBF with the titanium oxides on the 

nanofiber surface leading to surface hydroxylation. The hydroxylated titanium oxide is 

supposed to be insoluble and results in the formation of Ti−OH group on the surface, which 

is believed to promote apatite nucleation [161–163]. Ti−OH layer reaction with aqueous 

solution changes the surface charge. At a lower pH (<4), the formation of [    H]  from 

basic Ti−OH results in positive surface charge, while at higher pH (>9) acidic Ti−OH gives 



105 

 

off a proton and yields [    H]  leading to negative surface energy. At pH levels between 

4 and 9, both basic and acidic hydroxides coexist on the surface [164]. Since the isoelectric 

point (IEP) of titanium oxide is 5-6, at neutral pH, in our case SBF (7.4), the surface is 

slightly negative due to the deporotonation of acidic hydroxides. A negatively charged 

surface attracts      cations and forms calcium hydroxide. Subsequently, phosphate ions 

(   
  ) present in the SBF react with the calcium hydroxide layer that consequently results 

in apatite nuclei formation [165]. Since SBF is a supersaturated solution of Ca and P ions, 

bone-like apatite spheroids grow spontaneously on apatite nuclei sites. The Bone-like 

apatite layer acts as a temple for cell migration, integration, and differentiation at the 

biomaterial-tissue interface, which in turn improves bioactivity and osseointegration of Ti 

surfaces. In the current work, nanofibrous structures, owing to their highly effective 

surface area, promoted enormous nuclei sites which led to a decrease in the deposition 

time as well as an increase in the amount of apatite deposition. Conversely, the low surface 

energy and rare amount of hydroxide on the surface of the unprocessed Ti substrate 

impeded its apatite-inducing ability. Hence, no apatite deposition was seen on the 

unprocessed Ti, even after 3 days. A nanofibrous layer with a rapid apatite-inducing 

capability is expected to advance bone formation when implanted in a living body. 
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6.2 The Influence of Titania Nanofibrous Platforms on Cell 

Behavior 

The current challenge in bone tissue engineering is to design a platform that can 

provide appropriate pore surface to encourage desired cellular activities and to guide 3-D 

tissue regeneration. The main strategy of tissue regeneration research is the synthesis of 

specific platforms on which relevant cells, attach, grow and proliferate. Particularly for 

bone tissue engineering, biomaterials should combine the properties of both 

biocompatibility and bioactivity. The achievement of stable direct contact between bone 

and implant surface is a critical requirement for the development of optimal platform. The 

two most important key factors when designing such architectures are surface wettability 

and surface topography [166]. Previous studies have reported that surface characteristics 

of scaffolds have a direct control on tissue response by affecting protein adsorption as well 

as tuning cell proliferation and differentiation [5], [167], [168]. It is believed that cells are 

very sensitive to the surface nanotopography and distinguish surface topographical 

changes, which consequently can induce alterations in the cytoskeleton, cell shape and 

differentiation [169–171]. In addition to the cellular effect, surface nanotopography can 

serve as a platform to regulate the initiation and growth of hydroxyapatite crystals, the key 

building block of bone tissue [172]. Compared with traditional in vitro cell culture 

materials, three-dimensional nanofibrous scaffolds provide a superior environment for 

promoting cell functions by mimicking the natural regeneration micro-/nano-

environments and the architecture of the ECM.  
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The current study investigates the influence of synthesized Ti platforms on the in 

vitro proliferation and viability of osteoblast-like MC3T3-E1 cells and NIH 3T3 mouse 

embryonic fibroblasts. Ti surfaces with different morphology are synthesized by altering 

laser fluence. The results point out that the density of engineered nanofibrous architecture 

can be tuned by laser fluence. The crystallinity, surface adhesion, and surface energy of the 

nanofibrous structures are discussed. The results from in vitro studies reveal that the 

titania nanofibrous architecture possesses excellent biocompatibility and significantly 

enhances proliferation of both cell lines compared to the untreated titanium specimen. The 

cell numbers on the substrates change consistently with the density of nanofibrous 

structures. This approach of nanoengineering 3-D architectures suggests considerable 

perspective for promoting Ti interfacial properties to develop new functional biomaterials. 

 Experimental details 6.2.1

 Sample preparation 6.2.1.1

The freestanding nanofibrous structures have been synthesized on Ti specimens 

using single point femtosecond laser irradiation under ambient condition. Specimens in 

size of 10×10×0.5 mm were cut from grade 2 (ASTM B265) pure Ti sheet using a diamond 

saw with oil lubrication. The samples were then ground finished to 1200-grit silicate-

carbon papers to eliminate macro-level surface defects and contaminations.  

 Laser processing and synthesis of nanofibrous structures  6.2.1.2

Specimens were irradiated by laser beam at laser repetition of 8 MHz and different 

laser dwell time of 2ms and 10ms to synthesize nanofibrous structures with different 
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abundance. The specimens irradiated at 2ms and 10ms are indicated as Ti2 and Ti10, 

respectively, through this study. The specimens had a lased surface area of 64    .  

 Surface characterization 6.2.1.3

6.2.1.3.1 SEM analysis of cells on structures 

The morphology of nanofibrous structures was characterized using a SEM. The cell-

nanofiber structures were first rinsed in Dulbecco's Phosphate-Buffered Saline (DPBS) and 

fixed in 2.5% glutaraldehyde. Afterwards, samples were dehydrated in a series of 

increasing concentrations of ethanol from 70% to 100%. The samples were then sputter-

coated with gold using a sputter coater and observed under a scanning electron microscope 

(Hitachi) at 5 kV. The elemental contents on the surface of the structures were examined by 

EDS analyses (Hitachi XEDS system). 

 Cell culture and assays 6.2.1.4

All products were purchased from Sigma-Aldrich unless otherwise mentioned. 

NIH3T3 mouse embryonic fibroblasts and osteoblast-like MC3T3-E1 cells purchased from 

ATCC, USA, were used in this study. Cryopreserved cell suspensions were stored in a -

150°C freezer until use. Prior to cell culture they were thawed in a water bath at 37°C. NIH3 

T3 cells were suspended in Dulbecco's Modified Eagle Medium (DMEM) supplemented 

with antibiotic and fetal bovine serum. The cell suspensions were added to 75     culture 

flasks and incubatedat 37 °C under a 5%     atmosphere. The cell suspensions were 

subcultured when they reached 70–90% confluence. The cells were transferred to tubes 

and centrifuged at 930 rpm for 8 mins, forming a cell pellet that was resuspended in the 
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appropriate culture medium. Concentrations of       cells were suspended in 13 ml of 

the appropriate culture medium. The cell suspensions were added to75    culture flasks 

and incubated at 37 °C under a 5%    atmosphere.The first medium change took place 

between 24 and 36 hours after initial culture; subsequent medium changes occurred every 

other day. The cells were seeded on an as-received grade 2 titanium foils (control) and 

titania synthesized nanofibrous structures, two different structure density (all substrates 

1   ), in a 24-well plate. Prior to the seeding, all substrates were sterilized and 

conditioned. The substrates were subjected to 2 hours UV exposure. The cells were seeded 

at an initial density of      cells. The substrates were incubated at 37 °C under a 5% 

   atmosphere and examined for proliferation and cytotoxicity assays after 48h culture. 

In vitro proliferation of the cells was performed using 3-(4,5-Dimethylthiazol-2-Yl)-

2,5-Diphenyltetrazolium Bromide (MTT) assay. MTT is a water soluble yellow tetrazolium 

salt which can be absorbed by metabolically active cells and converted into formazan dyes, 

giving a purple color. Prior to the measuring MTT activity, cell media was added to 

2.54mg/ml of MTT in dulbecco's phosphate buffered saline (DPBS), and incubated for 4 

hours. After incubation, the clear liquid was aspirated and dimethyl sulfoxide (DMSO) was 

added to dissolve formazan crystals. Absorbance was measured at 540 nm. Colorimetric 

analysis and comparison to a standard curve of known viable cell number can be employed 

to determine viable cell number for each condition. 
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 Statistical analysis 6.2.1.5

Data were presented using the means ± standard deviations (   ). Statistical 

analysis was performed using Student’s t-test for differences among groups. A value of 

       was considered to be statistically significant. 

 Results and discussion 6.2.2

 Characteristics of the synthesized surfaces 6.2.2.1

The structure of the nanofibrous layer is influenced by various laser parameters 

such as laser fluence, laser pulse repetition, and laser pulse dwell time. In our previous 

study, the effect of laser pulse repetition on porosity and size of the synthesized nanofibers 

was investigated [35]. In this study, the nanostructures were synthesized at different laser 

dwell time. Figure 6.14 depicts SEM images of the nanofibrous structures synthesized on 

Ti2 and Ti10 platforms at laser dwell time of 2ms and 10ms, respectively. The nanofiber 

density has increased significantly as the laser dwell time increased to 10ms in compared 

with 2ms. 

 

Figure 6.14 SEM images of titania nanofibrous structure of a) Ti2 sample at laser repetition of 
8 MHz and dwell time of 2ms and b) Ti10 sample at laser repetition of 8 MHz and dwell time of 
10ms. 
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As the laser dwell time increases, the focal spot of the laser beam stays on the same 

spot on the substrate for many consecutive pulses which results in an increase in the total 

laser energy flux transferred to the spot. As Eq. 4.9 predicts, the higher transferred laser 

energy flux, for the optimum evaporation regime, results in an increase in the number of 

evaporated particles. As Eq. 4.9 suggests, with increase of laser dwell time the number of 

evaporated particles in the laser plume intensifies which for the titanium target at 

wavelength of 1030 nm, one can obtain a good agreement with the experimental results.  

The crystal structure of nanofibrous structures was evaluated using XRD. The XRD 

patterns of the control sample and the nanofibrous structures confirmed that the control 

sample was entirely composed of alpha-phase titanium (α-Ti), whereas the nanofibrous 

structure was consisted of tetragonal      (rutile and anatase) and cubic TiO (hongquiite). 

In biological environments, the surface energy of the surfaces plays a key role in the 

mediation of protein adsorption and cell adhesion. The biological interactions between the 

biomaterial surface and a biological medium are closely associated with wettability [10], 

[62]. The wettability of control, Ti2, and Ti10 samples has been studied by sessile drop 

contact angle measurement of a distilled water droplet. CA measurements of the control 

sample as well as the Ti2and Ti10 are depicted in Figure 6.15. Contact angles <3°, on titania 

nanofibrous structure on the Ti10 indicates its superhydrophilic properties in contrast to 

those of control Ti surface (68±1). The complete spreading of water droplets on the surface 

with the nanofibrous structure is observed during the CA measurement for both samples. 

This indicates a similar tendency as previously reported our previous study [35] in which 
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titanium substrates were laser treated in a similar way as in the present study but different 

laser parameters. 

 

 Figure 6.15 Sessile drop water contact angle measurement for the control sample, and the 
titania nanofibrous structures on the Ti2 and Ti10. 

The electric charge of a material surface is considered to be one of the main physical 

factors involved in the biological evolution of the tissue around a scaffold. A biomaterial’s 

ZP shows its electric surface properties. Higher ZP values indicate repulsive forces and 

stability at the surface. Zeta potential measurements were implemented to identify the 

difference in electro-kinetic interactions at the interface between aqueous electrolyte and 

material surfaces. Figure 6.16 illustrates the zeta potential values for Ti2, Ti10, and control 

samples. All samples showed the negative values for zeta potential.  
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 Figure 6.16 Zeta potential values for the control sample and the titania nanofibrous structures 
on the Ti2 and Ti10. 

Force versus distance curves were acquired in order to reveal the interaction 

between the surface of the sample and the tip of the AFM. These curves permit the 

determination of the adhesion force between the tip and the sample surface. It is equal to 

the necessary force to elastically deform the cantilever during the jump off contact. Figure 

6.17 represents force curves obtained for the surfaces of Ti2, Ti10, and control samples. 

The areas under the force-height curves (adhesion energy) were measured to 

be115, 69, and 18 for Ti10, Ti2, and control samples, respectively (Figure 6.18). 

 

 

 Figure 6.17 Force-distance curves taken at for the (a) control sample and the titania 
nanofibrous structures on the (b) Ti2 and (c) Ti10. 
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 Figure 6.18 Adhesion energy calculated from the area under the force-height curves for the 
control sample and the titania nanofibrous structures on the Ti2 and Ti10. 

The chemical bonds, such as hydrogen bonds, formed between metal oxide surfaces 

and outer cell membrane significantly is contributed to the adhesion. The number of 

hydrogen bonds that can form during the adhesion is clearly related to the contact area 

between the two surfaces as well as their composition and reactive site densities. The 

adhesion energy can be measured from the area under force-height curve. Therefore, 

higher the area under the force-height curve is the higher the adhesion energy will be 

which leads to greater number of hydrogen bonds. The results from Figure 6.9 suggests 

that as the density of nanofibrous structures on the surface increase the adhesion energy of 

the surfaces escalates which results in greater number of hydrogen bonds. The adhesion 

between surfaces is directly linked to the real area of contact. Since the nanofibrous 

structures have a much higher contact area than microstructures, as the density of 

nanostructures on a surface increase the adhesion energy goes up. 
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 Figure 6.19 MTT assay of MC3T3-E1 cells (solid red) and NIH3T3 cells (stripe blue) seeded 
and incubated for 48 hrs on Ti2, Ti10, and control samples. 

Figure 6.19 illustrates the results from MTT assay of MC3T3-E1 cells and NIH3T3 

cells seeded and incubated for 48 hrs on Ti2, Ti10, and control substrates. The fibroblast 

cell number adhering to Ti substrates with nanostructures was significantly higher than 

that to the untreated counterpart, and increased with increasing the density of nanofibrous 

structures. The MC3T3-E1 cell population on the Ti10 substrate was considerably higher 

than that on the control sample, and increased with increasing the density of nanofibrous 

structures. The cell increase of more than 500% on the sample with high density 

nanofibrous structure was observed in compared with the control sample. 

The effects of the Ti nanofibrous structures on the cell adhesion behaviour can be 

explained in terms of specific surface area of the nanofibrous structures, because the 

specific surface area increases with nanofibrous features at a direct proportion. Recent in 

vivo and in vitro studies have demonstrated that surfaces comprised of platforms with 

nano-features exhibit additional biological effects by producing integration between oxide 

and apatite nanocrystals and also by improving the cell-material interaction [10], [53], 
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[54]. Other than topographical properties, laser ablation of the Ti surface resulted in 

formation of titanium oxides (rutile and anatase phases) that enhanced the apatite 

deposition and adhesion rate on Ti substrate [158–160].  

 

Figure 6.20 Representative SEM images of MC3T3-E1 cells after 1 day on the control substrate 
and titania nanofibrous structure. Images show a higher degree of MC3T3-E1 activation and 
matrix formation on titania nanofibrous structure. The close-up image on the right indicates 
MC3T3-E1 cell extension on the surface of titania nanofibrous structure. Arrows show cells 
spreading on the nanofibrous structures. Note that the substrates were coated with a 10 nm 
layer of gold and imaged at 5 keV. Experiments were replicated on at least three different 
samples. 
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Figure 6.21 Representative SEM images of NIH3T3 cells after 1 day on (a) the titania 
nanofibrous structure and (b) the control substrate. Images show a higher degree of cell 
activation and matrix formation on titania nanofibrous structure. Arrows show cells spreading 
on the nanofibrous structures. Note that the substrates were coated with a 10 nm layer of gold 
and imaged at 15 keV. Experiments were replicated on at least three different samples. 

The components present in the ECM are often derived from cell interactions with 

their environment, potentially resulting in cellular aggregation and activation, which can be 

visualized using SEM imaging. NIH3T3 and MC3T3-E1 cell morphology and interaction 

with the nanofibrous architecture was investigated after 1 and 2 days culture (Figure 6.20 

and Figure 6.21). These results appear to support the presence of extracellular 

components, as indicated by the matrix-like formation deposited across all of the 

substrates in varying amounts. The greatest degree of extracellular, matrix-like 
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components is evident in the images of MC3T3-E1 cells after 3 days culture on nanofibrous 

structure, as shown in Figure 6.20.  

The results presented here indicate that the nanofibrous architecture provides a 

favorable template for the growth and maintenance of both MC3T3-E1 and NIH3T3 cells.  

 Discussion 6.2.3

The interaction of cells with any material is a very complex process which is 

determined not only by the topography alone, but also by the surface chemistry. 

In our previous study, it was shown that synthesized nanofibrous structures 

dramatically enhance the bioactivity of the titanium surfaces. Furthermore, the results 

indicate that the density and porosity of the nanofibrous layer affect the apatite-inducing 

ability of the surface. Nanofibrous structures with high specific surface areas enhance the 

wettability of the surface when soaking in SBF. The wettability improves the reaction of 

water molecules present in the SBF with the titanium oxides on the nanofiber surface 

leading to surface hydroxylation. The hydroxylated titanium oxide is supposed to be 

insoluble and results in the formation of Ti−OH group on the surface, which is believed to 

promote apatite nucleation [161–163]. Ti−OH layer reaction with aqueous solution 

changes the surface charge. At a lower pH (<4), the formation of [    H]  from basic 

Ti−OH results in positive surface charge, while at higher pH (>9) acidic Ti−OH gives off a 

proton and yields [    H]  leading to negative surface energy. At pH levels between 4 

and 9, both basic and acidic hydroxides coexist on the surface [164]. Since the isoelectric 

point (IEP) of titanium oxide is 5-6, at neutral pH, in this case, SBF (7.4), the surface is 
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slightly negative due to the deporotonation of acidic hydroxides. A negatively charged 

surface attracts      cations and forms calcium hydroxide. Subsequently, phosphate ions 

(   
  ) present in the SBF react with the calcium hydroxide layer that consequently results 

in apatite nuclei formation [165]. Since SBF is a supersaturated solution of Ca and P ions, 

bone-like apatite spheroids grow spontaneously on apatite nuclei sites (Figure 6.22). The 

Bone-like apatite layer acts as a platform for cell migration, integration, and differentiation 

at the biomaterial-tissue interface, which in turn improves bioactivity and osseointegration 

of Ti surfaces. 

 

 Figure 6.22 Schematic illustrations demonstrating the mechanism of apatite formation on 
nanofibers surface. a) The nanofibers surface is slightly negative due to the deporotonation of 
acidic hydroxides. b) A negatively charged surface attracts      cations and forms calcium 
hydroxide. C) Phosphate ions (   

  ) present in the SBF react with the calcium hydroxide layer 
that results in apatite nuclei formation. d) Since SBF is a supersaturated solution of Ca and P 
ions, bone-like apatite spheroids grow spontaneously on apatite nuclei sites. 
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The present study evaluated the cell compatibility of such 3-D freestanding 

nanofibrous structures using osteoblast-like MC3T3-E1 cells and NIH 3T3 mouse 

embryonic fibroblasts (ATCC) as a cell model. The fibroblast cell number adhering to the 

lased Ti substrate with nanostructures was significantly higher than that to the untreated 

counterpart after 48 h, and increased with increasing the density of nanofibrous structures. 

Woo et al. [173] claimed that scaffolds with nano-fibrous pore walls are able to adsorb 

fourfold more protein than scaffolds with solid pore walls. The adsorbed proteins are then 

thought to mediate the cells’ interactions with the scaffolds (Figure 6.23). It’s been also 

reported that greater amounts of proteins were presented on the nano-scale      network 

than on a polished Ti surface [174] Therefore, the surface chemistry of titania nanofibrous 

structure appeared to enhance the adhesion of nanoscale proteins such as those found in 

cell culture media or animal body fluids. This also partially explained the superior in vitro 

and in vivo growth of fibroblasts on the titania nanofibrous layer compared to the control 

specimen. 

In regards to topography, the surface energy of the nanofibrous structures was 

higher than that of the control sample in the present study. The surface with high surface 

energy enhanced the in vitro proliferation of the osteoblast-like cells significantly as the 

cell numbers on the nanofibrous structures were remarkably larger than that on the 

control sample. It has been reported that in vitro cell responses to the culture surfaces are 

usually mediated by proteins absorbed from serum-supplemented culture media [44]. In 

the present study, 10% fetal bovine serum was contained in the culture media. The 

globular protein, bovine serum albumin (BSA), is a major component of fetal bovine serum. 
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It’s been shown that the BSA adsorption was directly related to the surface energy, with an 

excellent linear correlation with the polar component of the surfaces: the higher the polar 

component, the higher the albumin adsorption [175], [176]. Since proteins mediate 

adhesion of anchorage-dependent cells, and thus influence subsequent cellular functions 

(such as cell proliferation, deposition of calcium-containing mineral deposits, etc.), the 

mechanism(s) of protein interactions with titania nanostructures need to be further 

investigated and elucidated. 

 

 Figure 6.23 Comparison of the cell interaction and adhesion to the surface of a) control 
sample, b) surface with lower nanofiber density, and c) surface with lower nanofiber density. 
Upon immersion in culture media, proteins are adsorbed to the titania nanofibrous structures. 
By increasing the density of nanofibers and consequently increasing the surface area, more 
protein would be adsorbed to the nanostructures. These proteins would then act as potential 
adhesion sites for the cells. 
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6.3 Summary 

In this study, the synthesis of titania nanofibrous structures on Ti substrates using a 

high repetition femtosecond laser was introduced. It was shown that a thick, homogenous 

hydroxyapatite layer was deposited on the Ti surface with titania nanofibrous layers after 3 

days of immersion in SBF. The results indicated that the surface morphology as well as 

surface physiochemical properties (surface reactivity and wettability) of the nanofibrous 

layers significantly influenced their apatite-inducing capability. It was demonstrated that 

laser ablation of the Ti surface resulted in formation of rutile and anatase phases that 

enhanced the apatite deposition and adhesion rate on Ti substrate. A surface with a denser 

nanofiber layer showed a higher apatite-inducing ability. Also, the effect of synthesized 

titania architectures on the in vitro proliferation and viability of osteoblast-like MC3T3-E1 

and NIH 3T3 mouse embryonic fibroblasts was assessed. The results from In vitro studies 

revealed that the titania nanofibrous architecture possesses an excellent biocompatibility 

and significantly enhances proliferation of the osteoblast cells compared to the untreated 

titanium specimen. The cell numbers on the substrates changed consistently with the 

density of nanofibrous structures. It is expected that synthesized 3-D titania nanofibrous 

layers will improve the properties of titanium and advance the development of new 

biomedical devices for diverse biomedical applications such as tissue scaffolds, orthopedic 

and dental implants, to control clotting, and to provide a platform to prevent bacterial 

adhesion. 
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CHAPTER 7 

7 SUMMARY AND FUTURE RESEARCH 

7.1 Summary 

In this dissertation, a diverse range of scientific and engineering concepts was 

investigated which included: physics of laser ablation, phase transformations, material 

characterization, tissue regeneration, and biology. 

The main objective of this dissertation was to introduce a new technique for direct 

fabrication of three-dimensional (3-D) interwoven nanofibrous platforms using 

femtosecond laser ablation of solids in ambient conditions. 

The mechanism of ablation of solids by multiple femtosecond laser pulses in 

ambient air was described in an explicit analytical form. It was indicated that at the 

presence of air, collisions between the gas atoms and the surface markedly reduce the 

lifetime of this non-equilibrium surface state which allows thermal evaporation to proceed 
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before the surface cools. The formulas for evaporation rates and the number of ablated 

particles for laser ablation by a single pulse as well as multiple pulses as a function of laser 

parameters, background gas, and material properties were predicted and compared to 

experimental results of Ti ablation. The calculated dependence of the evaporation rate on 

the pulse repetition and laser pulse dwell time was in accordance with the experimental 

data. Later, the formation mechanism of the nanofibrous structures during femtosecond 

laser ablation of targets in the presence of air is discussed. The results from ablation of Ti, 

Si, and eggshell targets indicated that femtosecond laser ablation of solids at air 

background yields crystalline nanostructures. The formation of crystalline nanostructures 

is preceded through thermal mechanism of nucleation and growth. It also described that 

this technique allowed the synthesis of micro/nanofibrous structure on both synthetic 

materials such as Ti and Si as well as natural biomaterial including eggshell, rice husk, and 

wheat straw. 

Potential usage of the presented technique for incorporation of nanostructures on 

transparent platforms as well as inside microstructures toward device fabrication was 

demonstrated. Femtosecond laser irradiated silicon nanofibrous structures were 

incorporated into microchannels in one step. Presented studies showed that integrated 

nanostructure inside microchannels can be fabricated in one single step using this 

technique. The experiments showed that by controlling the laser parameters including 

pulse repetition, pulse width and scanning speed, different microfluidic channels with 

different porosity and pore density could be obtained. 
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A new method, Laser induced reverse transfer (LIRT), was demonstrated for the 

deposition of metallic and semiconductor fibrous nanostructure on a transparent acceptor. 

It was found that the gap between the transparent acceptor and the target played an 

essential role in the nanostructure formation and the density of nanofiber accumulation. 

Experimental results also showed that size, length, density of aggregates and location of 

growth could be controlled by laser parameters. The generation and deposition of 

nanofibrous structure was completed in a single step at an ambient condition. 

The 3-D titania nanostructures were incorporated into platforms used for tissue 

regeneration. Then, several in vitro studies were performed to evaluate the bioactivity and 

biocompatibility of the nanostructures. The fabricated structures incorporated the 

functions of 3-D nano-scaled topography and modified chemical properties to improve 

osseointegration. In vitro bioassays revealed that the titania nanofibrous platform 

possessed an excellent bioactivity and could induce rapid, uniform, and controllable bone-

like apatite precipitation once immersed in simulated body fluid (SBF). The results 

indicated that the surface morphology as well as surface physiochemical properties 

(surface reactivity and wettability) of the nanofibrous layers significantly influenced their 

apatite-inducing capability. It was demonstrated that laser ablation of the Ti surface 

resulted in formation of rutile and anatase phases that enhanced the apatite deposition and 

adhesion rate on Ti platform. A surface with a denser nanofiber layer showed a higher 

apatite-inducing ability. 

Furthermore, the influence of fabricated Ti platforms on the in vitro proliferation 

and viability of osteoblast-like MC3T3-E1 cells and NIH 3T3 mouse embryonic fibroblasts 
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was investigated. The results from in vitro studies pointed out that the titania nanofibrous 

platforms had outstanding biocompatibility and significantly enhanced proliferation of 

both cell lines compared to the untreated titanium platform. The cell numbers on the 

substrates change consistently with the density of nanofibrous structures.  

The main contribution of this dissertation can be highlighted as follows: 

A new technique for direct fabrication of three-dimensional (3-D) interwoven 

nanofibrous platforms using MHz femtosecond laser processing of solids in ambient 

conditions was demonstrated; unlike conventional techniques which requires multi-step 

process and complicated setup and procedure to generate nanostructures, the proposed 

technique allows a versatile, clean, singe-step process to fabricate 3-D web-like 

nanostructures on a wide range materials in ambient environment. This technique offers 

the fabrication of 3-D interwoven nanostructures while other conventional techniques only 

support the generation of 1-D or 2-D nanostructures. 

The mechanism of ablation of solids by multiple femtosecond laser pulses in 

ambient air was described in an explicit analytical form; the formulas for evaporation 

rates and the number of ablated particles for laser ablation by a single pulse as well as 

multiple pulses as a function of laser parameters, background gas, and material properties 

were predicted and compared to experimental results of ablation Ti targets. 

A new method based on femtosecond laser processing was demonstrated to 

incorporate nanofibrous structures into microstructures in one single step; the 

integrated membranes (nanostructure) inside microchannels were fabricated in one single 

step in ambient air using this method. 
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A new method, LIRT, was proposed for controllable site-specific deposition of 

nanofibrous structure; the LIRT method made it possible to synthesis and deposit 

nanofibrous structure of metallic and semiconductor targets on transparent acceptor in a 

single step process at an ambient condition. 

A new method was demonstrated for the incorporation of 3-D titania 

nanostructures into platforms used for tissue regeneration; the fabricated platforms 

incorporated the functions of 3-D nano-scaled topography and modified chemical 

properties to improve osseointegration. Several in vitro studies were performed to 

evaluate the bioactivity and biocompatibility of the nanostructures. In vitro bioactivity 

assay revealed that the titania nanofibrous platform possessed an excellent bioactivity and 

could induce rapid, uniform, and controllable bone-like apatite precipitation once 

immersed in SBF. Furthermore, the influence of fabricated Ti platforms on the in vitro 

proliferation and viability of different cell lines was investigated. The results from in vitro 

studies pointed out that the titania nanofibrous platforms had outstanding biocompatibility 

compared to the conventional titanium platform. 

7.2 Recommended future work 

Although, good progress was made through studying the properties of new 

materials, still there are many unanswered questions and exciting avenues of research to 

explore with femtosecond laser ablation of both synthetic and natural materials. These 

avenues cross many fields including tissue engineering, biological sensors, solar cells and 

more. Those that are relevant to this dissertation are brought here. 
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Further research on the mechanism of ablation of Ti and Si can be done at various 

laser pulse wavelengths. Also, the physics of ablation of solids can be performed at 

different background gas to investigate the influence of ambient gas on material ablation 

and the synthesized nanostructures.  

Research can be performed to further understand the mechanism of ablation of 

natural material in air background. 

Work needs to be done to evaluate the degradation properties of both synthetic and 

natural material when implanted in biological environment 

Studies can be performed to examine the bioactivity and biocompatibility of 

generated nanostructures on natural materials studied over the course of this dissertation. 

Much research needs to be done on the influence of 3-D web-like nanostructures on 

Osteoblast differentiation as well as protein adsorption.  
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Biomaterialia, vol. 7, no. 6, pp. 2726–2732, Jun. 2011. 
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Micromechanics and Microengineering, vol. 20, p. 085016, 2010. 
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1. A. Tavangar, B. Tan, K. Venkatakrishnan, “Bioactivation of Titanium Surfaces by 

Femtosecond laser Processing,” Nanotech 2011; 3: 229 - 232. 
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inside microchannels using Femtosecond Laser Micromachining,” Nanotech 2011; 2: 246 - 

248. 
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- 259. 

A.3 Submitted to refereed journals 

1. A. Tavangar, B. Tan, and K. Venkatakrishnan, “The Influence of Engineered Titania 3-D 

Nanofibrous Platforms on Cell Behavior,” Journal of Biomedical Nanotechnology. 
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APPENDIX B 

B. Recipe for preparing simulated body fluid 

(SBF) and procedure of bioactivity test 

B.1 Preparation of modified simulated body fluid (m-SBF) 

B.1.1 Reagents for m-SBF 

The following reagents in addition to ion-exchanged distilled water are used for the 

preparation of m-SBF: 

(1) Sodium chloride (NaCl), 

(2) Sodium hydrogen carbonate (NaHCO3), 

(3) Sodium carbonate (Na2CO3),  

(4)Potassium chloride (KCl), 

(4) di-potassium hydrogen phosphate trihydrate (K2HPO4.3H2O), 

(5) Magnesium chloride hexahydrate (MgCl2.6H2O), 

(6) Sodium hydroxide (NaOH), 
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(7) 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid (HEPES), 

(8) Calcium chloride (CaCl2), 

(9) Sodium sulfate (Na2SO4). 

B.1.2. Ion concentrations of m-SBF 

The ion concentrations of m-SBF are shown in Table 6.1. 

B.1.3. Preparation procedure of m-SBF 

As SBF is a supersaturated solution, special care should be taken during its 

preparation in order to avoid the precipitation of apatite in the solution. It should be borne 

in mind that the solution is retained transparent throughout the preparation and no 

precipitation on the surface of the bottle is observed. If any precipitation happens during or 

after the SBF preparation, the solution must be discarded and the procedure should be 

restarted from the beginning [151]. 

Table B.1 lists the reagents, their amounts and purity as well as the order of 

dissolution for preparing 1000 mL of the m-SBF. First, 700 mL of ion-exchanged distilled 

water is poured into a 1000-mL plastic beaker (polypropylene beaker recommended), 

heated, and stirred at 36.5°C [177].  

The reagents need to be dissolved in the water in the order listed in Table B.1, after 

each reagent is entirely dissolved. 2-(4-(2-hydroxyethyl)-1-piperazinyl)ethanesulfonic acid 

(HEPES) is the buffer agent. HEPES is to be earlier dissolved in 100 mL of 0.2M NaOH 

aqueous solution. The final pH of the solution is later attuned to 7.40 at 36.5°C by carefully 

adding 1.0M NaOH aqueous. The solution is then transferred to a 1000-mL volumetric 
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Pyrex glass flask and chilled to 20°C before being diluted to a total volume of 1000 mL by 

adding ion-exchanged distilled water. 

Table B.1 Order, amounts, and purities of reagents for preparing 1000 ml of m-SBF, adopted from 
[177] 

Order Reagents Amount Purity (%) 

1 NaCl 5.403 g >99.5 

2        0.504 g >99.5 

3        0.426 g >99.5 

4 KCl 0.225 g >99.5 

5            0.230 g >99.0 

6            0.311 g >98.0 

7 0.2M NaOH 100     N/A 

8 HEPES 17.892 g >99.9 

9       0.293 g >95.0 

10        0.072 g >99.0 

11 1.0M NaOH 15 mL N/A 

       is already dissolved in 100 mL of 0.2M NaOH. 

B.1.4. Preservation of SBF 

Prepared SBF should be kept at 5-10 °C in a refrigerator and may be used within 30 

days after preparation. 

B.2. Procedure of apatite-forming ability test 

The volume of SBF used for bioactivity testing dense materials can be calculated 

using          ⁄  , where      is the volume of SBF (ml), and     is the surface area of 

the specimen (   ). 
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For porous materials, however, the volume of SBF should be greater than the 

calculated     . The calculated volume of SBF is then poured into a plastic container. 

Afterwards, the SBF should be placed in an incubator and heated gradually to 37 °C. Then, 

the specimen is recommended to be positioned upright in the SBF solution. The specimen 

should be entirely submerged in the solution. One should note that once the specimen 

taken out of SBF and dried should not be soaked again [151]. 
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APPENDIX C 

C. Cell culture and assays 

C.1 Cell culture 

All products were purchased from Sigma-Aldrich unless otherwise mentioned. 

NIH3T3 mouse embryonic fibroblasts and osteoblast-like MC3T3-E1 cells purchased from 

ATCC, USA, were used in this study. Cryopreserved cell suspensions were stored in a -

150°C freezer until use. Prior to cell culture they were thawed in a water bath at 37°C. NIH3 

T3 cells were suspended in Dulbecco's Modified Eagle Medium (DMEM) supplemented 

with antibiotic and fetal bovine serum. The cell suspensions were added to 75     culture 

flasks and incubatedat 37 °C under a 5%     atmosphere. The cell suspensions were 

subcultured when they reached 70–90% confluence. The cells were transferred to tubes 

and centrifuged at 930 rpm for 8 mins, forming a cell pellet that was resuspended in the 

appropriate culture medium. Concentrations of       cells were suspended in 13 ml of 

the appropriate culture medium. The cell suspensions were added to75    culture flasks 
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and incubated at 37 °C under a 5%    atmosphere.The first medium change took place 

between 24 and 36 hours after initial culture; subsequent medium changes occurred every 

other day. The cells were seeded on an as-received grade 2 titanium foils (control) and 

titania synthesized nanofibrous structures, two different structure density (all substrates 

1   ), in a 24-well plate. Prior to the seeding, all substrates were sterilized and 

conditioned. The substrates were subjected to 2 hours UV exposure. The cells were seeded 

at an initial density of      cells. The substrates were incubated at 37 °C under a 5% 

   atmosphere and examined for proliferation and cytotoxicity assays after 48h culture. 

C.2 Cell proliferation 

In vitro proliferation of the cells was performed using 3-(4,5-Dimethylthiazol-2-Yl)-

2,5-Diphenyltetrazolium Bromide (MTT) assay. MTT is a water soluble yellow tetrazolium 

salt which can be absorbed by metabolically active cells and converted into formazan dyes, 

giving a purple color. Prior to the measuring MTT activity, cell media was added to 

2.54mg/ml of MTT in dulbecco's phosphate buffered saline (DPBS), and incubated for 4 

hours. After incubation, the clear liquid was aspirated and dimethyl sulfoxide (DMSO) was 

added to dissolve formazan crystals. Absorbance was measured at 540 nm. Colorimetric 

analysis and comparison to a standard curve of known viable cell number can be employed 

to determine viable cell number for each condition. 
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