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ABSTRACT 

The main objective of this dissertation is the synthesis and study of modified 

surface systems for the development of bioactive platforms and their use in specific 

biotechnological and biomedical applications. This work has led to various 

biological template development projects; all in attempts to provide new surfaces 

and probes in nanotechnology. These projects focus mainly on protein modified 

surface platforms, liposome based spherical platforms, and carbon nanotubes 

based magnetic platforms. The planar platforms include gold, silicon and aluminum 

oxide surfaces. Spherical surfaces such as liposomes and nanoparticles were also 

studied, and finally, surface modification was extended to carbon nanotubes and 

magnetic nanoparticles. 

In this dissertation, the planar surface work focuses on demonstrating the 

behavior of proteins at interfaces in terms of conformation, stability and activity 

(e.g., of avidin, trypsin and antibodies) using fluorescence microscopy. Different 

ligands were attached chemically on the surfaces to incorporate hydrophobic 

hydrophilic and charged characteristics. A chelating agent (iminodiacetic acid, 

IDA), an affinity ligand (biotin), and reactive groups (amino and carboxylic groups) 

were covalently incorporated onto the surfaces. Proteins including myoglobin, 

cytochrome C, avidin, trypsin and immunoglobulin G (IgG) were used in this study. 

The results show that proteins and ligands were successfully attached to different 
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surfaces. Protein adsorption studies illustrate activity decrease by using 

fluorescence intensity.  After attachment on hydrophobic functionalized surfaces.  

Along the same line, experiments were conducted on the comparison of 

silicon dioxide and gold-coated surfaces with immobilized enzymes, small 

molecules, and polymers for potential use as biosensors. Silicon dioxide wafers 

were prepared via silanization with 3-aminopropyl triethoxysilane (APTES) 

followed by glutaraldehyde activation and, finally, protein and/or small ligand 

attachment. Gold-coated surfaces were utilized for immobilizations using 16-

mercaptohexadecanoic acid (MHA) which forms self-assembled monolayers 

(SAMs) on gold surfaces followed by covalently attachment of proteins. The activity 

of trypsin immobilized onto these surfaces was also measured. The silicon dioxide 

wafers when modified first with NH2-PEG-NH2 allowed for trypsin a relatively higher 

activity with about 11% greater activity than when attached on gold surfaces and 

84% higher activity than on bare silicon surfaces. Furthermore, the bimolecular 

silicon dioxide surfaces were shown to be much more stable than the gold 

surfaces. The silicon dioxide surfaces with an immobilized reversible inhibitor, p-

aminobenzamidine (PAB), show to very effectively bind proteins from solution 

compared to gold surfaces.  

Liposome were studied because their versatility and vast implications in bio-

sensing and drug-delivery potential.  In this work, liposomes were prepared with 

the phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesterol. The amino 
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groups of DMPE were then modified with ligands that included iminodiacetic acid 

(IDA), and PEG. These functionalized liposomes were used to prepare dispersed 

gold “nano-dots” on their surface. These novel functional liposomes, with chelating 

ligands and polymers can be used to bind biomolecules and active compounds 

(nanoparticles of gold, quantum dots, drugs) with long stability. The results show 

that we can successfully manufacture functional liposomes and form gold 

nanoshells on their external surface. These two types of systems can be used as 

drug delivery, and as imaging systems. Their characterization and potential use in 

biomedical applications as contrast agents seems quite promising once complexity 

and stability of these gold nanoshells is elucidated.  

The modification and preparation of functional-carbon nanotubes was 

investigated with the chemical hetero-junction analysis between magnetic 

nanoparticles coated poly-acrylic acid (PAA) and multi-wall carbon nanotubes 

(MWCNTs). Magnetic nanoparticles were covalently attached to open-ended 

nanotubes. Initial evidence suggests that short functionalized multi-wall nanotubes 

can be continuously connected at their terminal ends for build-up of relatively large 

nanostructures based on serial configurations. It is shown that magnetic carbon 

nanotubes systems exhibit defined arrangements due to the influence of magnetic 

fields. Indeed, linear arrays of carbon nanotubes inter-connected through magnetic 

nanoparticles were prone to be manipulated in the presence of a magnet device. 

A potential application of these magnetic nanostructures was shown by 

successfully manipulating agarose beads in buffer solution as a model system. 
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These results suggest that the use of continuously connected magnetic 

nanostructures with non-modified sidewall surfaces will find potential applications 

in the areas of bio-sensing, force transduction and cancer screening-manipulation 

among others. 
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CHAPTER 1 - INTRODUCTION 

In this work we describe and present different methods of incorporating 

ligands to substrates in order to form novel structures that have potential 

applications in diverse biomedical fields. We describe work with proteins, 

enzymes, ligands, and bio-functional groups and their incorporation on planar 

surfaces to form new device platforms providing possibilities to monitor structural 

changes in biomolecules; we have described new nanoparticle hybrid materials, 

liposome-coated gold nanoparticles that might have potential use as contrast 

agents and drug delivery systems; we also describe novel magnetic carbon 

nanotubes formation with the potential applications in nano-manipulation.  

SURFACE MODIFICATION 

Surface modification is a research area of fundamental interest to 

immobilize bio-molecules including DNA and proteins on functional platforms. 

Silicon oxide surfaces and gold surfaces have been modified with specific ligands, 

enzymes and DNA for the development of new bio-sensing devices, diagnostics 

and delivery systems used in almost every field of biotechnology, genomics and 

proteomics. Protein/DNA microarrays, biosensors, rely on surface modification to 

graft proteins, DNA and antibodies onto various surfaces. Surface modification is 

also used extensively in nano-particle science. Biosensors, protein/DNA 

microarrays, affinity chromatography, and many bio-analytical methods require 
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high density of functional bio-molecules. Proteins, including antibodies, enzymes 

and cells have been immobilized onto solid supports for these applications.  

Immobilization of proteins and other bio-molecules (e.g. DNA) to solid 

surfaces is critical in the development of solid phase based bio-analytical 

techniques, biosensors, and biocompatible materials (Tanford 1970, Herskovits, 

Behrens et al. 1977, Andrade 1985, Guzman, Kilpatrick et al. 1988, Guzman, 

Torres et al. 1988, Mendes, Li et al. 1996, Goradia, Cooney et al. 2005). A lot of 

important and intricate researcher has used surface modifications as a foundation 

to accomplish effective systems. For instance, Cai et al. have used PEG-silane to 

modify silicon surfaces to form a base system for generating patterned proteins 

(Cai and Newby 2008). Chang-Ying Xue and Kun-Lin Yang have developed a 

method to chemically modify inert organic monolayers with oxygen plasma for 

biosensor applications (Xue and Yang 2007). Oxygen plasma was used to modify 

inert hydrocarbon self-assembled monolayers of octadecyl-trichlorosilane (OTS-

SAMs) and render active surfaces for protein immobilization. Anderson, et al. has 

proposed to use 3-amino propyl methyl diethoxysilane as a base functionalization 

of silica to form uniform PEG surfaces for biological detection. (Anderson, 

Dattelbaum et al. 2008). To construct solid-supported supramolecular 

architectures, Wen, et al. produced ordered mono- and multi-layers by the 

controlled self-assembly of hydrolyzable organosilane molecular precursors (Wen, 

Maoz et al. 2008). This is especially attractive considering the robust structure and 

the thermal and chemical stability of the modified surfaces.  
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Proteins with large size and chemically heterogeneous nature are highly 

surface active molecules. It is very easy for proteins to adsorb on any material 

(Edmiston, Lee et al. 1997, Edmiston, Lee et al. 1997, Wood, Edmiston et al. 

1997). Protein molecules are known to interact strongly with a wide variety of solid 

surfaces through hydrophobic, hydrophilic, electrostatic, and hydrogen bond 

interactions. Moller and coworker (Groll, Amirgoulova et al. 2004) have tried to 

address this issue based on fluorescence energy transfer in a dye tagged 

ribonuclease immobilized on non-fouling surfaces. Issues involved in protein film 

characteristics include protein adsorption, orientation and conformational changes. 

One of the issues, molecular orientation, has been studied with total internal 

reflection fluorescence geometry by Saavedra and coworkers using hydrated 

cytochrome c as a model system (Edmiston, Lee et al. 1997, Edmiston, Lee et al. 

1997, Wood, Cheng et al. 1997, Wood, Edmiston et al. 1997, Wood, Edmiston et 

al. 1997). Other issues such as conformation changes on fused silica surfaces with 

cytochrome c utilizing its soret band adsorption was demonstrated using single-

pass total internal reflection absorption technique by Chang and coworkers 

(Cheng, Lin et al. 2003).  

Adsorption and attachment of proteins on various surfaces is relevant in 

some other uprising research areas, such as in biosensor and protein microarray 

development. The concept of self-assembled monolayers (SAMs) formations on a 

planar surface are some of the best currently available methods to accomplish the 

functionalization and patterning of surfaces required by many applications in 
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biomaterials science. Jin and coworker illustrated biosensor building based on 

imaging ellipsometry on covalent immobilization of proteins (Wang and Jin 2004). 

Zhu and coworkers focused their work on high density poly (ethylene glycol) layer 

formation on the Si surfaces, and immobilized oligonucleotides and proteins on the 

PEG surface (Zhu, Jun et al. 2001, Cha, Boiadjiev et al. 2002, Cha, Guo et al. 

2004, Jun, Cha et al. 2004).  

Many biologically important signal transduction processes occur at the level 

of cell membranes via specialized membrane receptors. Vogel and coworkers 

used planar waveguides incorporating an embossed grating for measuring protein 

binding to bio-mimetic membranes which are formed by covalent attachment of 

functionalized lipid bi-layers (Heysel, Vogel et al. 1995).  

It is well recognized that the functional characteristics of organic molecules 

deposited in a thin film on a solid substrate are strongly dependent on properties 

such as molecular orientation, conformation, packing density, and defect density, 

as well as the physical and chemical properties of the substrate surface. 

Development of a systematic understanding of these relationships is considered 

to be a prerequisite to the rational and effective utilization of thin organic films in 

molecular device technologies.  

SELF-ASSEMBLING OF MOLECULES 

As mentioned before, to adsorb or attach proteins on various surfaces 

overlap with some other uprising research areas, such as biosensor and protein 
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microarray technologies. The system of self-assembled monolayers (SAMs) 

constructed on the planar surface are the best that is currently available to 

accomplish the functionalization and patterning of surfaces required by many 

applications in biomaterials science, including what mentioned above, biosensor 

and microarray technology. Jin and coworker illustrated biosensor building based 

on imaging ellipsometry on covalent immobilization of proteins (Wang and Jin 

2004). Zhu and coworker focused on high density poly (ethylene glycol) layer 

formation on the Si surfaces, and immobilized oligonucleotides, protein on the PEG 

surface, also patterned protein molecules on solid surface. (Zhu, Jun et al. 2001, 

Cha, Boiadjiev et al. 2002, Cha, Guo et al. 2004, Jun, Cha et al. 2004)  

PROTEIN BEHAVIOR AT INTERFACES 

It is important to know how proteins behave at interfaces. This issue is 

particularly important considering the recent research interests in protein 

microarray, bio-mems and biological sensors. Major issues of the behavior of 

proteins on surfaces is the activity changes when interacting on surfaces.  

Protein activity changes after attachment on the surface is caused mainly 

by two major reasons (Bukau and Horwich 1998, Hartl and Hayer-Hartl 2002): (1) 

intermolecular interactions leading to peptide aggregates; (2) intra-molecular 

interactions leading to the binding of domains which are further apart in the native 

state and because the lack of mobility, the intermolecular interaction is replaced 

by protein-surface interaction when a protein molecule is attached to a solid 
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surface. Protein molecules are known to interact strongly with a wide variety of 

solid surfaces through hydrophobic, hydrophilic, electrostatic, and hydrogen bond 

interactions. Moller and coworkers (Groll, Amirgoulova et al. 2004) have tried to 

explain this issue using fluorescence energy transfer in a dye tagged ribonuclease 

immobilized on non-fouling surfaces.  

Immobilization of proteins and other bio-molecules (e.g., DNA, IgGs) to solid 

surfaces is critical in the development of solid phase based bio-analytical 

techniques, biosensors, and biocompatible materials (Tanford 1970, Herskovits, 

Behrens et al. 1977, Andrade 1985, Guzman, Kilpatrick et al. 1988, Guzman, 

Torres et al. 1988, Mendes, Li et al. 1996, Goradia, Cooney et al. 2005). It is well 

recognized that the functional characteristics of organic molecules deposited in a 

thin film on a solid substrate are strongly dependent on properties such as 

molecular orientation, conformation, packing density, and defect density, as well 

as the physical and chemical properties of the substrate surface. Development of 

a systematic understanding of these relationships is considered to be a 

prerequisite to the rational and effective utilization of thin organic films in molecular 

device technologies. The primary focus of this research section is the modification 

of surfaces with proteins in different ways and study their behavior upon 

attachment.  

Proteins with large size and of chemically heterogeneous nature are highly 

surface active molecules. Issues involved in protein film characteristics include 

protein absorption, orientation and conformation changes. Molecular orientation 
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has been studied with total internal reflection fluorescence geometry by Saavedra 

and coworkers using hydrated cytochrome c as a model system (Edmiston, Lee et 

al. 1997, Edmiston, Lee et al. 1997, Wood, Cheng et al. 1997, Wood, Edmiston et 

al. 1997, Wood, Edmiston et al. 1997). Other issues such as conformation change 

on fused silica surfaces with cytochrome c utilizing its soret band adsorption was 

demonstrated using single-pass total internal reflection absorption technique by 

Chang and coworkers(Cheng, Lin et al. 2003).  

GOLD NANOPARTICLES, NANOSHELLS AND LIPOSOME TECHNOLOGY 

A liposome is a vesicle, made out of the same material as a cell membrane. 

Membranes are usually made of phospholipids, which are molecules characterized 

by a hydrophobic tail and a hydrophilic head.  

Since its discovery by A.D. Bangham in the early 1960s (Bangham and 

Horne 1964) liposomes were originally used as a model system for the study of 

biological membranes and membrane proteins, based on their simplicity and 

similarity to biological membranes. Currently, liposomes have attracted a great 

deal of attention as valuable drug delivery systems, in which a wide variety of 

pharmaceutical substances have been entrapped or encapsulated. Another 

direction of liposome research has been focused on the surface modification of 

liposomes (Whiteman, Subr et al. 2001, Lestini, Sagnella et al. 2002). After 

modified with different functional groups, liposomes are granted with distinct 

functions and have been used in specific fields, such as target drug delivery 
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packages, biosensor applications, contrast agents, and protein binding studies 

(Grant, Karlik et al. 1989, Powers, Blumenstock et al. 1989, Stelzle, Weissmuller 

et al. 1993, Shnek, Pack et al. 1994, Backer, Aloise et al. 2002).  

Another important aspect of my research involves the surface modification 

of biological nanoparticles or liposomes and their use as contrast agents with gold 

nanoparticles. Gold nanoparticles (AuNPs) have been known for long period of 

time, and recently their potential application in medicine has gained special 

attention (Gutierrez, Powell et al. 1999, Hainfeld and Powell 2000, Lowe 2000, 

Csaki, Moller et al. 2002, Perez-Luna and Aslan 2003, Whitesides 2003, Daniel 

and Astruc 2004, Hainfeld, Slatkin et al. 2004). The nano-particles of gold display 

very high chemical reactivity (Cui, Zhang et al. 2005, Kell, Donkers et al. 2005, 

Pengo, Polizzi et al. 2005, Potapenko, Horn et al. 2005, Woehrle, Brown et al. 

2005, Xue, Arumugam et al. 2005). AuNPs combined with a plenty of bio-functional 

ligands provide the opportunities to produce a wide spectrum of targeted AuNPs. 

Targeted AuNPs are produced by the interaction of highly reactive AuNPs with 

chemical functionalities present on simple biomolecules or on specific molecules 

of biological interest. AuNPs continue to play pivotal roles in the design and 

development of nano-scale devices and tumor specific nano-sensors. AuNPs have 

also inspired a major interest in the utility for in vivo imaging agents. Most of the 

recent work is centered on the development of hybrid AuNPs starting from metal 

nanoparticles. Tumor-targeting nanoparticles are formed by coating AuNPs with 



25 

 

tumor cell specific ligands including monoclonal antibodies, peptides, and various 

receptor-specific substrates.  

Metal based nanoshells are a new type of nanoparticles composed of a 

dielectric core such as silica coated with an ultrathin metallic layer, typically gold 

(Wang, Park et al. 2008). Gold nanoshells possess physical properties similar to 

gold nanoparticles, in particular, a strong optical absorption due to the collective 

electronic response of the metal to light. The optical absorption of gold 

nanoparticles yields a brilliant red color. In contrast, the optical response of gold 

nanoshells depends dramatically on the relative size of the nanoparticles core and 

the thickness of the gold shell. By varying the relative core and shell thicknesses, 

the color of gold nanoshells can be varied across a broad range of the optical 

spectrum that spans the visible and the near infrared spectral regions(Brongersma 

2003). Gold nanoshells can be made to either preferentially absorb or scatter light 

by varying the size of the particle relative to the wavelength of the light at their 

optical resonance. The extremely “tunability” of the optical resonance is a property 

unique to nanoshells: in no other molecular or nanoparticles structure can the 

resonance of the optical absorption properties be so systematically “designed.” 

Until now, most gold nanoshells are prepared using hard templates such as 

nano-sized silica particles, or other metal nanoparticles. There is a significant 

clinical need for novel methods for detection and treatment of cancer that could 

offer improved sensitivity, specificity, and cost-effectiveness. In recent years, a 

number of groups have demonstrated that photonics-based technologies are 
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valuable in addressing this need. Barton and coworker described the process of 

making gold nanoshells, and use them in the early detection of cancer research 

(Barton, Halas et al. 2004, Lin, Loo et al. 2004, Loo C 2004, Agrawal, Huang et al. 

2006). West and coworkers demonstrated the application of nanoshell-mediated 

near-infrared thermal therapy of tumors under magnetic resonance guidance with 

silica-gold nanoshells (Hirsch, Stafford et al. 2003). Kasili and coworkers described 

the use of liposome-encapsulated silica based gold nanoshells for photothermal 

treatment of human carcinoma cells (Kasili and Vo-Dinh 2005). Optical 

technologies promise high resolution, noninvasive functional imaging of tissue. 

Sokolov recently demonstrated the use of gold colloid particles conjugated to 

antibodies to the epidermal growth factor receptor (EGFR) as scattering contrast 

agents for bio-molecular optical imaging of cervical cancer cells and tissue 

specimens (Rikhter, Gringauz et al.). In addition, optical imaging applications of 

nano-crystal bio-conjugates have been described by multiple groups including 

Bruchez et al., Chan et al.(Bruchez, Moronne et al. 1998, Chan and Nie 1998, 

Akerman, Chan et al. 2002)  

Liposomes can also be used as a soft template to construct interesting 

nanostructures (Pileni 2003). It is been reported that liposomes can be used as a 

nano-scale template for deposition of silica, to create a hollow silica nano-shell (D. 

H. W. Hubert 2000, D. H. W. Hubert 2000). Schmidt has reported liposome 

directed growth of calcium phosphate nanoshell structures(H.T. Schmidt 2002). 

Following the same methodology liposomes can be used as soft templates to 
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produce different tunable gold nanoshells, such nanoshells are easier to digest, 

and are in principle more benign to human body. In this research we are 

incorporating alternative methods to manufacture nanoshells and to form a more 

effective and benign base system for biomedical imaging.  

I describe in this research a novel method to manufacture gold nanoshells 

using liposomes as soft templates to build gold nanoshells for potential use in 

imaging, as therapeutic agents, and as drug delivery carrier structures. In this 

research project, we have incorporated liposomes, which are biocompatible 

materials as a biological template for gold reduction to form size-shell tunable 

novel structures. I concentrated my work on extensive classification of nano gold 

shells with analytical methods such as laser light scattering to characterize the size 

of liposome nanoshells. Further functionalization of nanoshells surfaces will be 

performed in order to incorporate targeted gold nanoshells. 

The self-assembly of organized nanoscopic structures has been the subject 

of vast interest in both colloidal and material science. In this work we present a 

novel fabrication method to form nano-spheres using liposomes as a soft template. 

This method based on vesicle template is unique among the existing nano-sphere 

forming methods since it utilizes a biocompatible material, liposomes, which are 

also often used in drug delivery. Nanospheres possess highly favorable optical and 

chemical properties for biomedical imaging and therapeutic applications. In our 

synthetic approach, IDA (iminodiacetic acid)-grafted liposomes is prepared, 

followed by polyethylene glycol attachment to the liposomes with 3-5% surface 
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coverage to improve liposome stability. The IDA –grafted liposomes are used to 

chelate metal ions (in the present case, gold), where the immobilized gold ions 

function in turn as nucleation sites for sub sequential gold film reduction. According 

to this concept, we can vary the relative dimensions of the liposomes (core) and 

the gold nanosphere (shell), and as a consequence, the optical resonance of these 

nanostructures can be precisely and systematically varied over a broad region. 

Apart from the spectral tunability, nanosperes offer in principle, several advantages 

over conventional incorporation of organic dyes by including improved optical 

properties and reduced susceptibility to chemical/thermal denaturation. Most 

important of all, this approach allows the use of the same conjugation protocols to 

bind biomolecules to gold colloids and gold surfaces and thus opens the 

opportunity for the formation of more sophisticated structures.   

MAGNETIC NANOPARTICLES AND CARBON NANOTUBES 

Modification of surfaces with specific ligands on carbon nanotubes was also 

explored to produce special and unique structures for biotechnological 

applications. 

Carbon nanotubes (CNTs) are still promising materials in the areas of 

electronics, sensors, bio-manipulation and medicine due to their unique 

mechanical, electrical and chemical properties (Javey, Guo et al. 2003, Joshi, 

Merchant et al. 2005). A large amount of research on the chemistry of carbon 

nanotubes has focused on modifying their structure in order to introduce a specific 
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surface functionalization (Ruoff, Qian et al. 2003, Bottini, Cerignoli et al. 2006, 

Zeng, Huang et al. 2007). Indeed, by functionalizing their surface structures, 

specific chemical groups or particles can be covalently attached to the nanotubes 

in order to address them into specific applications. Certainly, the attachment of 

magnetic nanoparticles on CNTs will result in high technological applications for 

drugs delivery, immunobinding, targeting bacteria or promoting certain degree of 

alignment as reinforcement or sensing phases. Recently, magnetic nanoparticles 

have been attached on the surface of CNTs through electrostatic attraction for 

bioengineering purposes (Yu, Munge et al. 2006). The aforementioned study 

showed that these magnetic nanotubes are able to manipulate sheep red blood 

cells when subjected to magnetic fields. A previous study on the chemical 

modification of CNTs, has shown that a non-covalently bonding between magnetic 

nanoparticles and CNTs can be achieved by using pyrene (Gao, Li et al. 2006). It 

seems that the use of organophilic compounds such as pyrene enhance the 

solubility of the CNTs in organic solvents. An alternative approach for developing 

magnetic-nanotubes consisted on filling the internal cavity of the nanotubes with 

magnetic nanoparticles, which appear to result in high responsive paramagnetic 

nano-needles (Georgakilas, Tzitzios et al. 2005).  

Although significant studies have been done in attaching magnetic 

nanoparticles on CNTs, the investigations have concentrated on attaching the 

nanoparticles on the sidewalls of the nanotubes. Such sidewall functionalization 

might have adverse consequence on the electrical and mechanical properties of 
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the nanotubes, since it can promote either structural defects or electrical 

disruptions (Korneva, Ye et al. 2005, Park, Zhao et al. 2006). Thus, introduction of 

magnetic nanoparticles at the end of the CNTs suggests a more attractive 

technological development. Indeed, previous studies on open ended CNTs have 

shown that activated nanoparticles can be covalently bonded to the oxidized 

terminals of the nanotubes using carbodiimide agent (Liu, Shen et al. 2000, 

Ravindran, Chaudhary et al. 2003) the introduction of magnetic nanoparticles at 

the terminals ends of the CNTs will result in an available sidewall surface area for 

further sensing and detection applications. To date has is not been reported the 

covalent bonding of magnetic nanoparticles onto the open-ended nanotubes. 

Therefore, the present research work investigated the hetero-junction of Multi-Wall 

CNTs and magnetic nanoparticles coated with poly-acrylic acid. We have shown 

that the proposed approach might result in self-assembling of linear structures for 

upcoming nano-scale applications. 

DISSERTATION DESCRIPTION 

The chapters in this dissertation are practically independent of each other, 

except Chapter 1 that describes a general introduction of the research topics 

covered in this work. In chapter 2, I present studies of proteins at interfaces for 

development of smart platforms with surface modification on a planar surface using 

silicon dioxide wafers, glass, and aluminum oxide slides. We incorporated, 

chelating agents (IDA), proteins and enzymes (avidin, trypsin, myoglobin, 
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cytochrome c, etc.), antibodies, (IgG), and specific ligands (biotin, PEG, DMPE, 

dodecylamine, poly-lysine, etc.) and characterized their binding for complementary 

molecules. This research will be used to develop new platforms for protein 

microarrays and in a particular case for development of new platforms for novel 

systems of surface protein concentration measurements. Here I modified the 

surfaces bearing hydrophobic, hydrophilic, and charged moeities for protein 

conjugation. I used fluorescent, AFM and XPS analysis for these structures. 

Studies of protein interactions at interfaces with these platforms when are 

described in detail in chapter 2. 

In chapter 3, I present the work where silicon dioxide and gold surfaces 

were functionalized to conjugate enzymes and proteins and to measure their 

activity upon immobilization as a function of time. The modification of silicon 

dioxide wafers was accomplished through silanization with 3-aminopropyl 

triethoxysilane (APTES), and then followed by activation with glutaraldehyde. This 

provides a template for proteins and ligand immobilization. On the modified silicon 

dioxide, bis(3-aminopropyl) polyethylene glycol (1500) (NH2-PEG-NH2) polymer 

was also incorporated to enhance ligand activity. On gold surfaces, 16-

mercaptohexadecanoic acid (MHA) was utilized to form self-assembled 

monolayers (SAMs). Then EDAC was added to covalently attach proteins. Trypsin 

was used as a model enzyme in this study. The activity of trypsin was quantitatively 

characterized using UV/VIS spectrophotometry.  Enzyme activity on silicon dioxide 

surfaces with incorporation of polyethylene glycol was also measured. The 
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immobilization efficiency onto the materials was evaluated in terms of the amount 

of enzyme attached to the surface and from the biological activity remaining after 

the immobilization step. These results indicated that specific immobilized enzyme 

systems can be achieved with these solid support materials.  

In chapter 4, I introduced a novel method to manufacture gold nanoshells 

using liposomes as soft templates. In this research project, we have incorporated 

liposomes which are biocompatible materials often used in drug delivery, as a 

biological template for gold reduction to form size-shell tunable novel structures. 

Following the synthetic approach created in this lab, I have described how 

liposomes were manufactured, and how the functional IDA (iminodiacetic acid)-

grafted liposomes were prepared. I also described the formation of hybrid IDA-

PEG-Liposomes to increase the stability of liposomes. TEM (transmission electron 

microscopy) was used as a main method to characterize the resulting nanoshell 

structures. Further functionalization of these new nanoshells surfaces could be 

performed with laser light scattering. These nanoshells could also be 

functionalized in order to develop targeted gold nanoshells. 

In chapter 5, I describe a novel hybrid structure with functionalized magnetic 

nanoparticles and carbon nanotubes that has possible nano-manipulation ability. 

In this work we incorporated magnetic nanoparticles and carbon nanotubes in one 

structure to explore the applications of the combination of these two extensively 

researched materials. Carbon nanotubes were functionalized by coating poly-

acrylic acid on the surface. Magnetic nanoparticles were covalently attached to the 
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functionalized carbon nanotubes in the presence of DDC dichlohexylcarbodiimide. 

Here it is shown that this system has the possibility of controlled manipulation in 

the presence of a controlled magnetic field and could be possibly used as a nano-

micro sized object manipulator.  

In chapter 6, I present a summary of the all the work presented in this 

dissertation and propose potential future work that could complement the research 

finding in the laboratory. 
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CHAPTER 2 -SURFACE FUNCTIONALIZATION, PROTEIN 
ADSORPTION AND CHARACTERIZATION FOR 

BIOSENSING APPLICATIONS 

 

ABSTRACT 

The main objective of the work presented in this chapter is the 

functionalization of planar silicon and aluminum oxide surfaces with different 

chemical groups and to induce different interactions between proteins and such 

surfaces. The aim is to characterize the behavior of these proteins at the water-

solid interface as determined by their specific interaction with complementary 

binding ligand molecules.  Among the incorporated functional groups we included 

the chelating agent iminodiacetic acid (IDA), charged, hydrophobic and hydrophilic 

moieties, as well as amino and glutaraldehyde groups to bind covalently proteins 

at the interfaces. The initial experiments aimed at producing SAM of APTES on 

glass slides were prepared by exposing substrate to 1% (v/v) APTES in anhydrous 

Acetone. Then the APTES the monolayer was further functionalized to provide 

more binding possibilities with glutaraldehyde. IDA terminated surfaces were also 

made with this modification scheme, and ion affinity with protein and copper was 

used to show property of such surface. Hydrophobic surfaces were prepared with 

the phospholipid DMPE, charged surface with PLL, and hydrophilic surfaces with 

PEG. Fluorescence-tagged proteins were used to verify the attachment on the 

surfaces. Further studies were done to illustrate protein activity on hydrophobic 
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surfaces through avidin-biotin and antigen-antibody systems. A novel chelate 

probe for proteins and cells was also developed and tested on model cell systems.  

INTRODUCTION 

Ability to pattern functional proteins/ligands at the nanoscale has great 

importance and a broad range of applications from lab-on-a-chip systems to 

cell/protein biology. It has drawn tremendous attention for its implication. in the 

past, new methodologies and new research area such as microprinting have been 

widely explored. Different solid surfaces have been modified to immobilize 

biomolecules.  Such modification have been studied on gold surfaces with 

alkanethiol modification (Jordon, Frey et al. 1994, Terrill, Postlethwaite et al. 1995), 

in polymer membranes (Nakanishi, Muguruma et al. 1996), in Langmuir-blodgett 

films (Pathirana, Barbaree et al. 2000), on silicon dioxide surfaces(Vandenberg, 

Bertilsson et al. 1991, Pasternack, Rivillon Amy et al. 2008, Rimola, Costa et al. 

2013) and on metal alloys(Agnieszka, Akiko et al. 2012). These modification 

schemes are crucial in the development of solid-phase bioanalytical techniques, 

biosensors and biocompatible materials (Whitesides et al., 2001; Whitesides and 

Gorman, 1995). The present immobilization methods in this work based on the 

planar surfaces modification offer simple ways to provide reproducible, ultra-thin, 

and well-ordered layers suitable for further modification with proteins and 

antibodies. 
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The self-assembly method with silane-based compounds can be and has 

been used with a wide range of substrates. Silane-based compounds, which are 

well known to form stable monolayers on hydroxyl-bearing surfaces such as 

hydrated silicon dioxide (Ulman 1996, Piner, Zhu et al. 1999). Alkylsilane 

monolayers can be prepared from solution (Geer, Stenger et al. 1994, Tsukruk, 

Luzinov et al. 1999) or from vapor phase (Kiselev, Korolev et al. 1960, Hair and 

Hertl 1969, Gamble, Hugenschmidt et al. 1993, Duchet, Chabert et al. 1997, 

Hoffmann, Stelzle et al. 1997, Sugimura and Nakagiri 1997, Fadeev and McCarthy 

1999, Hozumi, Ushiyama et al. 1999, Fadeev and McCarthy 2000, Kong, Kawai et 

al. 2001), starting from mono- or trifunctional chloro- or alkoxy-silanes, with 

densely packed films being attainable under appropriate conditions. In addition, 

chemical post-modification of grafted silane monolayers allows to obtain a large 

range of chemical functionalities (Balachander and Sukenik 1990, Jin, Vezenov et 

al. 1994, Effenberg and Heid 1996, Appelhans, Ferse et al. 2000). 

An important requirement of biomolecule immobilization is the retention of 

high bioactivity on the modified surfaces. Physical interactions or chemical binding 

can be used to attach biomolecules to the surfaces. Physical adsorption is 

regarded as a mild method that preserves protein activity. However, physical 

adsorption can be reversible and not quite strong for many purposes; moreover, it 

does not provide as high a surface loading of protein as covalent coupling. Lower 

surface loading implies a decreased initial sensitivity compared to covalent 

immobilization; desorption would further reduce the sensitivity over time. The 
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chemical covalent binding provides a stronger linkage between the biomolecules 

and substrate that can provides long-term usage and stability. A reactive terminal 

group can also be chemically modified after deposition of the initial modified 

surface to obtain a more diverse set of surface chemistries than can be formed 

with available precursor molecules. The terminal groups used most frequently to 

start functionalization are amino groups, carboxyl groups, NHS groups, and 

aldehydes and so on.  

One of the major opportunities in this research is the limitation of 

quantitative case studies for protein activities at interfaces. This limitation hinders 

these techniques to be widely adapted to biosensor application. Current methods 

are attempting to establish stable modified surface and establish a viable method 

to quantify the protein activity on the surfaces. In this work, we present a generic 

approach of using surface modification techniques to create a heterogeneous 

surface with controlled surface hydrophobicity to physically immobilize proteins at 

designed sites.  

In this work, the immobilization of biomolecules on silicon dioxide and 

aluminum oxide surfaces with different ligands by covalent bonds was studied 

using fluorescent microscopy and X-ray photoelectron spectroscopy (XPS). The 

modification chemical used in this work were APTES, and glutaraldehyde. We 

have showed the versatility of such modification scheme. We have also explored 

chlorination of the oxide surfaces as an alternative modification scheme. Different 

fluorescent-tagged proteins (FITC-avidin, and rhodamine-avidin) were immobilized 
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to both modified surfaces and verified by fluorescent microscopy. Hydrophobic 

adsorption of avidin and antibodies were studied and characterized using 

fluorescent intensity in terms of binding activities for their corresponding affinity 

ligands. We also manufactured a fluorescent probe for cell/protein detection, 

utilizing chelation between proteins and copper-IDA complexes.  

MATERIALS AND METHODS 

Materials and reagents 

Glass slide, Cover slips, Slide trays Glass from Fisher Scientific (Pittsburgh, 

PA), triethylamine, dimethyl sulfoxide (DMSO), thionyl chloride (SOCl2), acetone, 

isopropyl alcohol (IPA), anhydrous toluene, N, N-Dimethylformamide (DMF), and 

ethanol from Sigma (Milwaukee, WI). Sulfuric acid (95%), and 30 % hydrogen 

peroxide from the Fisher (Fairlawn, NJ); Ultrapure water (18Mcm) was obtained 

from the Micro/nano Fabrication Center, University of Arizona (Tucson, AZ). 

Ultrapure water (18Mcm) is produced by a Milli-Q system. 

The following reagents used in this study were reconstituted to the 

concentrations indicated in the text with PBS unless individually specified: 

fluorescein-labeled streptavidin (FITC-streptavidin); were purchased from sigma. 

Rhodamine-avidin, bovine serum albumin (BSA), rabbit immunoglobulin G (IgG) 

from Jackson ImmunoResearch Laboratories (West Grove, PA. were used without 

further purification.  
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(3-Aminopropyl) triethoxysilane (APTES) and glutaraldehyde (as 

bifunctional reactive linkers), dodecylamine, poly-L-lysine solution and NHS-PEG 

were purchased from sigma, 1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine 

(DMPE) was purchased from Avanti polar lipids, Inc. phosphate buffered saline 

(PBS, pH = 7.2-7.4) was made in house with titration.  

Glass surface preparation and treatment 

Glass slides was immersed in a piranha solution. The piranha solution was 

made in house with 7:3 (sulfuric acid: hydrogen peroxide) solution; the glass slides 

or coverslip were immersed for at least 16 hours. Afterwards, the slides were 

washed with an excessive amount of ultrapure water to remove the piranha 

solution completely. The glass slides were then rinsed with 95% of ethanol and 

dried under N2 gas. This preparation method results in a very clean and hydrophilic 

surface.  

Silanization of silicon oxide surface with APTES 

1% (v/v) (3-Aminopropyl) triethoxysilane APTES solution was made in 

acetone. The glass slides were immersed in 1% (v/v) APTES solution for 15/30 

minutes under vigorous magnetic stirring. Subsequently, the glass slides were 

washed in acetone for 5 minutes and rinsed gently again with acetone using a 

squeeze bottle. Glass slides were dried in a baking oven at 80 °C for 12-16 hours. 

After the baking step, rinsed with 95% ethanol (purchased from Sigma) and dried 

with N2 gas. This step provides amino group activation on the silicon oxide surface. 
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To prevent hydrophobic absorption of proteins on these surfaces, after the grafting 

of functional ligands on to APTES surfaces BSA was used to cover the remaining 

sites on the surfaces. 

Functional group attachment on silanized substrates 

To form hydrophilic surfaces, APTES slides were incubated with 1 mg/ml 

NHS-PEG (purchased from Sigma) dissolved in a dimethylformamide (DMF) 

solution overnight. Here, glutaraldehyde is used as a bi-functional reactive linker. 

APTES glass slides were immersed in a 2% (v/v) solution of glutaraldehyde in 

1PBS (pH of 7.4) for 2 hours. The glass slides were washed with excess ultrapure 

water and then with 1PBS buffer (to follow immobilization of protein in PBS 

buffer). After activation of the glass slides with glutaraldehyde, these were 

immersed in respective solutions for the different hydrophilic, hydrophobic and 

charged surface functionalities considered in this work.  

The following solutions were used: 1mg/ml 1,2-Dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE) in dimethylformamide (DMF), 1mg/ml 

dodecylamine in DMF 10%, Polylysine (PLL) solution in PBS buffer.  

After overnight incubation, the glass slides were washed with DMF and 

dried with a N2 stream, and washed with DI water and dried again with a N2 stream. 

Figure 2-1 shows schematically some of the above mentioned modification 

schemes.  
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Figure 2-1 General scheme of functionalization of silicon oxides with 
different moieties in this study 

Aluminum oxide glass slides modification 

SiO2 surface and Al2O3 surface are very different in nature. The silicon 

dioxide surface has a isoelectric point of 1.5-3 (Kosmulski 2001), as aluminum 

oxide has a isoelectric point of nearly 9 (Sadek, Helmy et al. 1970, McCafferty 

1995). At pH near 7, silicon dioxide surfaces are negatively charged and aluminum 

oxide surfaces are positively charged as shown in Figure 2-2. Aluminum oxide is 

also subject to corrosion in both low pH and high pH environment. High pH 

detergent cleaning process was changed after modification of the aluminum 

surfaces due to the destruction of layers.  
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Figure 2-2 charge difference at pH 7 between Bare SiO2 surface and Al2O3 
surface 

The protocols previously established on silicon dioxide surface to form 

hydrophilic, hydrophobic and charged surfaces were modified to prepare 

aluminum oxide surfaces.  Thus, following the same methodology, after a typical 

cleaning process with soap solution, DI water and methanol, the surface was 

silanized with 1.5% of APTES in 3 ml of H2O and 190 ml of ethanol for 1 hour with 

agitation(Steinle, Mitchell et al. 2002), and 4 ml of acetic acid was used to maintain 

the pH of 6 to prevent Al2O3 surfaces from damage. The APTES surfaces were 

then activated with a 2% glutaraldehyde solution in 1x PBS buffer. To recap, these 

processes provide us with two types of functionalized surfaces, amino terminated 

surface, and aldehyde terminated surface.  
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Chlorination of glass surface as an alternative attachment method 

Surfaces of silicon dioxide (standard microscopic glass slides) and aluminum 

dioxide (ALD Aluminum oxide film on microscopic glass slides) were modified with 

1% SOCl2 in THF (tetrahydrofuran) with 0.1% of DMF (dimethyl-formamide) for 4 

hours after extensive cleaning with piranha solution and DI H2O. This process 

provides a very reactive chlorine terminated surface that can be used to conjugate 

with proteins and any amino terminated residue. 

 Reaction with protein amino groups on the chlorinated glass surface results 

in an effective and direct covalent attachment of proteins on the platform surface. 

Other ligands that were covalently attached included the chelator IDA, the avidin 

specific ligand, biotin, and an antibody, an anti-IgG. Figure 2-3 shows the 

modification path using direct chlorination.  

 

Figure 2-3 chlorination as a surface modification path 
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Protein immobilization and surface coverage schemes 

Several proteins modified and unmodified with fluorescent tags were used 

to characterize the activity of functionalized surfaces. Plain avidin and FITC tagged 

avidin were conjugated on APTES-glutaraldehyde and chlorinated surfaces. The 

plain avidin was characterized upon immobilization with biotin-FITC as well. 

APTES surfaces were also modified with a chelating agent, IDA, upon reaction of 

the amino group of APTES with bromo acidic acid. The IDA-modified surface upon 

loading of copper ions was tested to bind avidin-FITC. 

Protein adsorption and activity binding characterization studies 

Studies of protein behavior on hydrophobic surfaces with DMPE were 

carried out with the adsorption of avidin and antibodies. Their resulting activity was 

determined by results of specific binding with complementary fluorescent tagged 

ligands, with biotin-FITC for avidin and an anti-Rabbit-IgG-FITC for an adsorbed 

rabbit-IgG.  

Characterization methods 

To characterize the modified and unmodified surfaces, water contact angle 

was used and measured via the static sessile drop method using a goniometer 

(AST Products INC.) under ambient conditions (∼36% humidity and 25 °C). This 

goniometer is equipped with VCA-Optima software. Measurements were made 10 

s after dropping 10 µl of deionized water using a micro-syringe onto the sample 
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surface. For each sample, multiple measurements were used to obtain averages 

and standard deviations. 

Characterization of the proteins modified surfaces was performed using a 

fluorescence microscope (NIKON, E80I) equipped with a filter set for CY3 filter, a 

CCD camera (DP70 Microscope Digital Camera) and image analysis software. 

Fluorescence intensity were measured and analyzed with ImageJ software 

Equipped with the above mentioned fluorescence microscope.  

XPS analysis to characterize the modified surfaces was performed with a 

Kratos Axis 165 Ultra spectrometer. The spectra were accumulated at a takeoff 

angle of 70o relative to the surface at the pressure around 1X -8 Torr. Lens mode is 

hybrid, pass energy is 80 meV, anode is mono mode (Al) (300W), step is 1000.0 

meV, Dwell time is 100 ms, and sweeps and acquisition time is 330s.  

RESULTS AND DISCUSSION 

Covalent protein attachment on planar surfaces 

Avidin-FITC on the APTES-glutaraldehyde surfaces of silicon dioxide and 

aluminum dioxide was used to show the existence of such conjugation on the 

surfaces. This functionalized substrate was immediately reacted with avidin-FITC 

by adding droplets of the protein conjugate on the silicon dioxide surface, and 

subsequently washed with PBS buffer. The reactivity of APTES (-glutaraldehyde) 

films was estimated by fluorescence measurements after Avidin-FITC conjugation 

(λexcitation = 494 nm and λemission = 521 nm). After reaction, the substrates with avidin-
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FITC were carefully rinsed in PBS (PH=7.4) 3 times for 30 seconds each in a petri 

dish prior to fluorescence measurements. The results are very clear and show very 

effectively the avidin-FITC attachment on the substrates. A distinctive separation 

of fluorescent intensity can be observed in Figure 2-4 between the avidin-FITC 

conjugated and without avidin-FITC conjugated side. Figure 2.6 shows the results 

without the modification of surfaces as a control, where no proteins were 

conjugated on the surface of the silicon dioxide surfaces. The same procedure was 

performed on the aluminum oxide surfaces, and yielded comparable results, as 

shown in Figure 2-5. There is distinctive green fluorescence in the sample 

measurement form the modified and unmodified attached protein.  

 

Figure 2-4. Fluorescent picture of avidin-FITC conjugate on the surface of 
modified silicon dioxide surface. The surface was modified with APTES and 
glutaraldehyde 
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Figure 2-5. Avidin-FITC covalently attached on aluminum oxide surface 
through silanation and aldehyde reaction. 

 

Control experiments were done on cleaned slides without any APTES 

modification. Avidin-FITC samples on both surfaces were directly added and 

incubated for the same time periods and washed before fluorescent imaging. 

Figure 2.6 shows that in fact there is no visible or detected fluorescence on the 

glass slides surface. 
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Figure 2-6. Control image of the same substrate without the modification of 
the surfaces, and conjugation with avidin-FITC, after rinse of slides, no 
fluorescence was detected. 

Fluorescence intensity was also mapped and we can observe the clear 

fluorescence difference along the yellow line in Figure 2.7. While the background 

intensity hovers around 130, the conjugated area is around 160.  

  

Figure 2-7. Fluorescence intensity across the yellow line on image 

Covalent attached avidin interaction with biotin-FITC 

Avidin without fluorescence tag was also attached to the aldehyde modified 

surface, and its immobilization was verified through its strong affinity with biotin. 
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Avidin is a tetrameric protein that has strong affinity towards the small ligand biotin, 

one unit of avidin binds 4 molecules of biotin when fully active. After covalent 

binding of avidin to the surface, the substrate was rinsed with PBS buffer (PH=7.4) 

to remove the remaining non covalently immobilized avidin. Biotin-FITC was then 

incubated on the surface and the fluorescence of the avidin-biotin-FITC complex 

measured by fluorescence microscopy. A sample of the fluorescent image of the 

incubation of avidin-biotin-FITC is presented in Figure 2-8.  Here it is clearly 

observed that the surface contains avidin upon immobilization through the 

aldehyde bearing surface. As control, the biotin-FITC was incubated with no avidin 

attached and no fluorescence was apparent. 

 

Figure 2-8. Fluorescent image of Avidin-biotin-FITC complex 
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Attachment of proteins on chlorine modified surfaces 

Chlorine terminated surfaces of silicon dioxide and aluminum dioxide are 

quite reactive and the method showed to be very effective in the covalently 

immobilization of proteins.  

Figures 2-9 and 2-10 show the fluorescent images when avidin-FITC and 

avidin-Rhodamine respectively, were conjugated on the surface of silicon dioxide 

surfaces. Similarly control studies on the bare no-chlorine surface no fluorescence 

was observed. The fluorescence intensity in both cases is comparable to the case 

where avidin was conjugated on the APTES-glutaraldehyde surfaces. 

 

 

Figure 2-9. Fluorescent image of spot of avidin-FITC on the chlorinate 
surfaces. The rim separates the protein-conjugated side and non-conjugated 
side. 
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Figure 2-10. Fluorescent image of spot of avidin-rhodamine on the chlorinate 
surfaces. The rim separates the protein conjugated side and non-conjugated 
side 

 

Protein binding upon interaction with chelated APTES silicon surfaces  

APTES silicon slides bear a primary amino group NH2 as a terminated 

anchor. This amine was reacted with bromoacetic acid in a buffed PBS solution at 

approximately pH 7.4. The attached acetic acid acts as a chelating agent which 

when complexed with a Cu+2 ion forms a chelator that has affinity for the histidine 

side chain of proteins. In this case with the avidin-FITC complex. 

The tagged avidin was conjugated with the chelating copper loaded surface 

and after a washing step the fluorescence was measured. Figure 2.11 shows a 

background fluorescence, which could indicate that the binding of the avidin-FITC 

to the chelated surface was successful. The brighter dots and lines of green are 
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more likely to be particles of dust or smudges on the slide/ cover slip. After washing 

the slides with EDTA, the copper is removed by this stronger chelating agent and 

the protein dissociates immediately afterwards. This is shown in Figure 2-12, 

where there is no fluorescence on the surface of silicon dioxide, which suggests 

that the avidin-FITC was effectively disassociated from the chelator in the absence 

of copper, and thus we can conclude that IDA complex was formed on the surface 

and the reason for binding. 

 

Figure 2-11 With chelator (IDA and Cu 2+) on the silicon dioxide surface, 
avidin-FITC was chelated on the surface 



53 

 

 

Figure 2-12 After washed with EDTA, same location on the silicon dioxide 
slides show no fluorescence 

 

The formation of a chelator onto silicon slides seems to have worked 

successfully. The presence of fluorescence in the final product would indicate that 

the preceding reactions with APTES and bromoacetic acid were successful and 

surface chemistry along these lines could be useful in the synthesis of protein 

arrays. This experiment was repeated to confirm the results obtained from the 

florescence microscope. Since the slides were washed with EDTA they still contain 

the covalently bound IDA compound. Similar results were obtained upon 

incubation with copper ions and the structures showed again the fluorescence 

upon incubation with avidin-FITC. 
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Novel biomolecular probe for adsorption of proteins at interfaces 

Parallel to the studies of protein interactions with FITC and the chelating 

agent IDA a novel probe which has affinity for histine groups on proteins was 

developed to enable instant detection of protein existence on surfaces or solutions. 

The probe consists in the hybrid iminodiacetic acid (IDA)-FITC. The complex was 

formed to function as a fluorescent chelating dye to detect proteins when loaded 

with copper, where mild acid can cause disassociation of this probe from the 

proteins enabling reversible tagging on proteins. Fluorescent measurement was 

used to elucidate the application of this structure.  

The synthesis was carried out as depicted schematically in Figure 2-13. 

Excessive iminodiacetic acid in 1xPBS was used to react with the reactive group 

NHS-FITC. This results in two compounds in solution, unreacted iminodiacetic acid 

and IDA-FITC. Size exclusion chromatography was then used to separate IDA-

FITC from the solution.   

 

Figure 2-13 Synthetic scheme to produce the probe IDA-FITC 
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As shown in Figure 2-14, at 32 mins of elution, IDA-FITC comes out the 

column. Iminodiacetic acid (IDA) gets separated at 90 mins. The IDA FITC fraction 

is collected and diluted to 1 mg/ml in 1xPBS buffer.  

 

Figure 2-14 Size exclusion chromatography curve to show the separation 
peaks of IDA and IDA-FITC at absorbance 280nm. 

 

We tried few experiments to demonstrate the utility and versatility of this 

novel fluorescence prob. First, we used glass slides with chlorine functionalized 

surfaces with immobilized avidin to test the functionality of IDA-FITC probe. After 

incubation of the probe and copper solution on the surface of the slide, the surface 

was washed with PBS buffer 3 times for 30 seconds each before examination 

under fluorescence microscopy. Fluorescence microscopy results is shown in 

Figure 2-15, there is very visible fluorescence after washing the surface with buffer, 

that shows that IDA-FITC is successfully attached on the protein slide surface. This 
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demonstrated that this novel probe has the potential to be used as a fast protein 

detection probe.  

  

Figure 2-15 IDA-FITC fluorescent picture after chelating and wash with buffer 

 

The novel protein tag has been tested on a practical application. A1-5 is a 

rat fibroblast cell line transfected with the temperature-sensitive murine p53val135 

gene (Martinez, Georgoff et al. 1991). Here we try to stain the cell with our 

reversible tag instead of conventional method of immunofluorescence.  

A1-5 cultured cell membrane was washed with triton-x100 to expose 

proteins in the cell, and IDA-FITC-copper complex was used to tag these cell 

proteins. As results shown in Figure 2-16, we can see the sections where the 

proteins exposed are fluorescent compare to other regions. We can clearly identify 

the cells. This result is very comparable with the conventional method of using 
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immunofluorescence with PAb421 and PAb246. This new probe we have 

proposed here has the advantage of being reversible after cells are tagged.  

 

Figure 2-16 IDA-FITC-copper bio-probe was used to tag A1-5 cells. The cell 
region is very clearly identified.  

 

To quantify the sensitivity of this probe, another comparison was made with 

different proteins conjugated slides. Three non-fluorescent tagged proteins were 

used in this comparison, cytochrome C, hemoglobin, and myoglobin slides were 

similarly preapred, and IDA-FITC-copper complex was used to tag the protein 

slides. The fluorescent intensity of FITC tag after buffer washing was recorded 5 

times, and averaged. Then these slides were rinsed with EDTA solution 3 times 

for 30 second each before fluorescence was measured immediately.  The results 

are shown in Figure 2-17. There is a measurable change in the average 

fluorescent intensity after washing the slides with mild acid solution, because that 

disassociates copper from the IDA-Copper from the protein surface.  
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Figure 2-17 Average fluorescence intensity results measured on different 
protein surfaces chelated with copper and IDA-FITC probe. The slides were 
then washed with EDTA solution and fluorescence were measured again. 
The intensity difference shows the binding and unbinding of the novel probe.  

 

The fluorescence was measured in the following control sets: blank slides, 

blank slides after 1XPBS buffer rinsed and blank slides after EDTA wash.  

Contact angle study 

The pristine glass surface is hydrophilic with a contact angle of approximate 

30°is obtained. The contact angle of the DMPE-modified glass surface with a 15 

min incubation time was measured to be 70 ± 2. BSA, a protein well known for its 

propensity to adhere to surfaces (Lee and Ruckenstein 1988), was used to bind 
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on the hydrophobic surfaces and contact angles were measured and found to 

decrease to 38 ± 2°, which indicated the successful BSA adsorption on the 

hydrophobic DMPE surface. Similarly, PEG modified glass was measured to have 

contact angle of 32± 2.  

Protein adsorption and activity binding characterization studies 

Avidin-biotin system.  

The choice of biotin-streptavidin complex as a receptor-ligand pair was due 

to the high binding affinity and well-studied binding mechanism. Avidin and biotin 

have a high protein-ligand interaction with Ka=10-15M-1. Avidin is composed of 4 

nearly identical subunits, which can each bind a molecule of biotin. The surface 

binding and activity experiments were conducted to illustrate the behavior of this 

protein on a DMPC hydrophobic surface. The DMPE surface was prepared with 

the reaction of DMPE on the glutaraldehyde silicon surface. Avidin was 

subsequently incubated (adsorbed) to the hydrophobic DMPE modified surface. 

The complex, biotin-FITC was added to the avidin adsorbed system and its 

fluorescence upon avidin-biotin binding occurred was measured. This entire 

process is depicted schematically in Figure 2-18. What was expected involved a 

decrease of activity binding reflected in less measured fluorescence. A decrease 

in fluorescence will be reflected as a consequence of possible conformational 

changes in the protein behavior at the interface. This will be indicated by less 
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binding affinity for the biotin complex. Once the protein is completely denatured on 

the surface, the binding between avidin and biotin would not occur at all.  

 

Figure 2-18 Schematic of avidin surface adsorption on a hydrophobic 
surface followed by interaction with a biotin-FITC complex. 

Conformation and binding studies took place a different time interval. At 

time t = 0 multiple samples of avidin were incubated on multiple hydrophobic 

DMPE modified surface slides.  Afterwards, these were rinsed and immersed in 

1XPBS buffer. Bovine serum albumin (BSA) was used systematically to adsorb 

covalently on the remaining hydrophobic groups on the silicon surface to avoid or 

diminish possible non-specific hydrophobic interactions between the FITC group 

and the hydrophobic surface. At time intervals of t1, t2, t3, etc., one set of samples 

was rinsed and immersed in a biotin-FITC solution. After allowing 10 minutes for 

biotin to bind to the avidin on the surface, the resulting fluorescence upon binding 

of the avidin-biotin-FITC complex was then measured by fluorescence analysis. 
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The process was repeated several times for each sample as function of the 

incubation time, t2, t3, etc.  of avidin on the hydrophobic surface.  

 

Figure 2-19 Fluorescence intensity of the avidin-biotin-FITC as a function of 
time of adsorbed avidin on a DMPE modified silicon dioxide surface. 

 

The results show, that the protein loses its activity towards biotin, as incubation 

time on the hydrophobic surface gets longer. Most likely these quantitative 

measurements are due to possible conformational changes in the protein structure, 

thus is, a denaturation effect upon interactions of the DMPE with the hydrophobic amino 

acid residues on the protein surface. This behavior is shown quantitatively in Figure 

2-19 as a function of measured fluorescence. These results are in agreement to 

data in the literature where it has been reported that protein denatures more when 

exposed or adsorbed on hydrophobic surfaces. More studies on other types of 

hydrophobic and hydrophilic surfaces should be conducted in this research area 
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to characterize more effectively the behavior of protein at interfaces. The results 

here show evidence that the approach followed here demonstrates an effective 

method to advance this line of research. 

Antibody-antigen system on hydrophobic surfaces 

In similar experiments, an immunoglobulin of Rabbit-IgG was incubated on 

the DMPE hydrophobic modified surface and its behavior analyzed in terms of its 

specific binding to its antigen (FITC labeled). Following the same procedure as in 

the avidin-biotin system, the antibody was incubated on the hydrophobic surface 

for different time periods, where in each period the anti-Rabbit-IgG-FITC was 

reacted.  

 

Figure 2-20 Fluorescence intensity of rabbit IgG – anti-rabbit-FITC as a 
function of antibody binding. 
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The data of this analysis are presented in Figure 2-20. It is evident that the 

results suggest a decrease in affinity of the antibody for the anti-antibody, that, as 

in the case of the avidin-biotin system, most likely due to a conformational change 

in the protein structure upon continuous interaction with the hydrophobic surface. 

XPS (X-ray photoelectron spectroscopy) on functionalized surfaces 

XPS results of supported monolayers are crucial for validation. The 

equipment used here has a resolution of 1 eV, in full range. Samples of 4 different 

surfaces were prepared on the aluminum surface here manufactured based on the 

protocol developed and described in the experimental section. The surfaces after 

preparation were thoroughly washed with DMF and DI water to remove all the 

organic molecules that are not covalently bound to the surface. Peaks were fitted 

and analyzed.  

In the results shown in Figure 2-21, 4 different modified surfaces were 

examined with XPS. We can see, on all 4 modified surfaces, aluminum peaks 

around 50 eV are present. Si (2p) is also detected because all 4 surfaces used 

APTES as the surface linker; this is correlated to the Si element in the silane group 

of APTES. Carbon and oxygen are all presented in the 4 cases because different 

organic molecules are bound on the surface. These carbon and oxygen peaks are 

assigned to each organic monolayer, including: poly-lysine, DMPE, Dodecylamine 

and PEG.  
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The XPS result largely confirmed that in fact these organic compounds are 

grafted on the aluminum oxide surface. The spectra from front to back were 

obtained with sample of ALD Aluminum oxide. They are covalent tethered PEG 

layer (hydrophilic), dodecylamine layer (hydrophobic), DMPE layer (lipid, 

hydrophobic), and PLL layer (positive charged layer). 

 

Figure 2-21 X-ray photoelectron spectra demonstrating the covalent 
tethering of the DPS molecule to the aluminum surface.  
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CONCLUSIONS 

In this chapter, we carried out simple and robust methods to create different 

types of surfaces on silicon dioxide and aluminum dioxide. These systems enabled 

the study for protein activities and behaviors on different types of surfaces. Model 

studies were also presented on protein activities using mainly fluorescence 

microscopy.  

Silicon and alumina oxide surfaces functionalized with APTES, glutaraldehyde and 

chlorine were very effective in the immobilization of proteins on these interfaces. 

These platforms were used as template to bind a variety of proteins chemical 

groups and antibodies. Both XPS measurements and fluorescence microscopic 

helped verified that hydrophobic, hydrophilic and charged surfaces are 

manufactured effectively on planar surfaces. Some of the most remarkable results 

involve the studies of protein behavior at interfaces with avidin (with the avidin-

biotin system) and antibodies (with an antibody-antigen recognition system) on 

hydrophobic modified surfaces. These results indicate without any doubt the effect 

of conformational changes in protein structure and its effect on affinity binding of 

correspondent affinity ligands. More studies on other types of hydrophobic and 

hydrophilic surfaces should be conducted in this research area to characterize 

more effectively the behavior of protein at interfaces. The results here show 
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evidence that the approach presented demonstrates an effective method to 

advance this line of research. 

A novel fluorescence probe was also prepared and tested. An IDA-FITC 

probe was used to tag proteins adsorbed on surfaces and to tag A1-5 cells and 

compared well to conventional tag methods. This type of probes might have 

several advantages to conventional methods because it could be used as a 

reversible probe.  

The protein conjugation methods used here have several advantages 

including simplicity and robustness. These methods might help develop effective 

protein patterning of biological species for bio array development. The well-

maintained bioactivity of the patterned proteins and the versatility of this technique 

can lead to promising applications for creating complex microscale and nanoscale 

protein patterns for biological studies and biosensor development. 
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CHAPTER 3 - BIOMOLECULAR GOLD AND SILICON 
DIOXIDE PLATFORMS FOR DEVELOPMENT OF 

BIOSENSORS: IMMOBILIZED PROTEINS AND LIGANDS, 
ACTIVITY AND STABILITY ANALYSIS 

ABSTRACT 

Biosensors and micro-arrays are very important in biomedical and 

biomolecular research. In this work, silicon dioxide and gold surfaces were 

modified to conjugate with enzymes, proteins to demonstrate a bottom up 

approach to build biosensors. The modification of Silicon dioxide wafers were 

accomplished through silanization with 3-aminopropyl triethoxysilane (APTES), 

and then followed by activation with glutaraldehyde. This provides a template for 

proteins and ligand immobilization. On modified silicon dioxide, bis(3-aminopropyl) 

polyethylene glycol (1500) (NH2-PEG-NH2) polymer was also incorporated to 

enhance ligand activity. On gold surfaces, 16-mercaptohexadecanoic acid (MHA) 

were utilized to form self-assembled monolayers (SAMs). Then EDAC was added 

to covalently attach proteins. Trypsin was used as a model enzyme in this study. 

The activity of trypsin was quantitatively characterized using spectrophotometry. 

Enzyme activity on silicon dioxide surface with incorporation of polyethylene glycol 

was also measured. The enzymatic reaction on the surfaces and the activity after 

binding were studied. The immobilization efficiency onto the materials was 

evaluated in terms of the amount of enzyme attached to the surface and from the 

biological activity remaining after the immobilization step. These results indicated 
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that specific immobilized enzyme can be achieved with these solid support 

materials, and well qualified and quantified with fluorescence microscopy and 

standard photo spectrometry assays. Furthermore, stability of these biomolecular 

surfaces was studied, and p-aminobenzamidine (PAB) was used as inhibitor to 

Illustrate steric hindrance among these modified surfaces. 

INTRODUCTION 

Over the past decade, many approaches have been explored for the 

preparation of immobilized or entrapped enzymes since as solid phase 

biocatalysts they offer considerable advantages over the process properties of 

enzymes in bulk solution (R. Puvanakrishnan 1980). In particular, major benefits 

arise from the immobilization of enzymes onto solid supports due to the ease of 

their recovery and reuse as biocatalysts(Cass and Ligler 1998). Furthermore, 

Fabrication of geometrically well-defined patterns of surface-immobilized proteins 

in the micrometer size has emerged as a promising application combining 

microsystem technology and biotechnology in the last decade. Protein patterning 

techniques can be used for biochip, biosensor, and tissue engineering (Blawas 

and Reichert 1998).  

Proteins, including antibodies and enzymes has been immobilized on solid 

support, such as silicon dioxide for different applications (Bayer and Wilchek 1978, 

R. Puvanakrishnan 1980, Nouaimi, Moschel et al. 2001). Silane linkers have been 

used to modify surfaces with specific adsorption. The other end of the silane 
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provides a reactive residue to bind biomolecules or cross-linkers. There are over 

300 cross-linkers currently available for protein conjugation. They can be divided 

into 2 groups, homobifunctional and heterobifunctional. A cross-linker is a 

molecule, which has two reactive groups with which to covalently attach proteins 

or other molecules. In the case of heterobifunctional cross-linkers, the reactive 

groups have two dissimilar functionalities of different specificities; the linkage can 

be controlled selectively and sequentially since it is performed in two steps. On the 

other hand, the homobifunctional cross-linker’s reactive groups are the same. This 

type of cross-linking is usually performed as a one-step procedure, and unwanted 

cross-linking need to be controlled. 

In this work, silicon dioxide surfaces go through a series of cleaning steps 

to make the silicon dioxide surface clean and finish the surface with hydroxyl 

groups. Then, silicon dioxide surfaces are activated with glutaraldehyde and 

incubated with trypsin to form trypsin layers. Afterwards, the activity of trypsin on 

chips and in bulk solutions were analyzed with a photo spectrometer. 

The present immobilization methods based on the SAM technique offer one of the 

simplest ways to provide a reproducible, ultra-thin, and well-ordered layer suitable 

for further modification with ligands, which has potentials in improving detection 

speed, sensitivity, and reproducibility. The Au surfaces are most studied as a 

promising substrate for biomaterial immobilization. Currently, the most efficient 

approach to manufacture such layers onto a gold surface is to adsorb appropriate 

organothiols onto a gold substrate. The most ordered structures are formed from 
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compounds with the structure HS(CH2)nX, where n =16–18 and X is a small, 

organic functional group. These SAMs are highly ordered and densely packed 

assemblies of linear alkane molecules that are thermodynamically driven to form 

high-coverage films of molecular dimensions (Bain, Troughton et al. 1989, Mirsky, 

Riepl et al. 1997).  

 

Figure 3-1. trypsin bound covalently on gold surface via organo-thiol 
modification of the gold surface. 

 

In this work, the MHA SAMs were formed on gold surfaces to introduce the 

reactive carboxyl groups to the surfaces. Then, the surfaces were functionalized 

by trypsin which were bound to the MHA SAMs modified surfaces by the 

condensation reaction with the presence of carbodiimide in this case 1-ethyl- 3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDAC) (Williams and Blanch 

1994, Lahiri, Isaacs et al. 1999, Fung and Wong 2001). The trypsin was bound by 

covalent coupling, as shown in Figure 3-1.  
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Also, in this work, an extension arm was used to immobilize trypsin using 

APTES and glutaraldehyde to include the polymer bis(3-aminopropyl) 

polyethylene glycol (1500) (NH2-PEG-NH2) as the extension arm. Polyethylene 

glycol (PEG) is a common amphipathic polymer that has been widely utilized for 

surface modification because of its unique properties such as hydrophobicity, 

flexibility, and high exclusion volume in water, nontoxicity, and 

nonimmunogenecity. PEG coatings significantly reduce the nonspecific adsorption 

of proteins and cells. PEG also has high kinetic chain mobility and large 

thermodynamic steric volume, which leads to the repulsion of almost all kinds of 

foreign and non-specific substances. It is because of these properties and because 

of the fact that the inclusion of PEG significantly increases the length from the 

surface to the protein that this modified immobilization scheme was employed. By 

testing the effect of the PEG on immobilized enzyme activity, the usefulness of 

PEG immobilizations and its effects can be developed into a very effective and 

selective biomolecular platform. 

Another relevant experiment tested the effectiveness of immobilized 

inhibitors on the binding of trypsin from free solution. Immobilized reversible and 

competitive inhibitors have been used as affinity ligands (affinity chromatography) 

to bind enzymes from solution. The reversible and competitive inhibitor of trypsin, 

p-aminobenzamidine (PAB), was covalently attached to gold-coated and silicon 

dioxide surfaces using the same methods used for protein immobilization, and the 

effects of these bio-recognition surfaces were studied. These types of 
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immobilizations could be used not only for sensing platforms but for areas of 

diagnostics, drug delivery, and possibly future disease treatments.  

The development of new micro techniques for medical diagnostics, 

proteomics research, and genomic studies will continue to rely on novel platforms 

and effective immobilization schemes that allow the retention of biomolecular 

activities. Microarray techniques for genomic studies have already begun to be a 

commonly used practice, and many future advancements will continue to be 

developed based on findings such as the ones previously performed and this work.  

MATERIALS AND METHODS 

Materials: 

16-mercaptohexadecanoic acid (16-MHA), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDAC). Amino propyl 

triethoxysilane (APTES), sodium hydroxide, hydrochloric acid, bovine trypsin, 

dimethyl formamide (DMF), ethanol, sodium phosphate dibasic heptahydrate 

(Na2HPO4•7H20, 98.0%), sulfuric acid (95%), and 30% hydrogen peroxide were 

obtained from Fisher and were used without further purification (Fairlawn, NJ). 

Silicon dioxide wafers were obtained from the Microelectronic Center at the 

University of Arizona (Tucson, AZ). 1X and 10X phosphate buffered silane buffer 

(PBS) were made in house and have a pH of 7.4, 50% glutaraldehyde 

photographic grade, protein A, mouse, goat, and rabbit Igg and anti-Igg, Nα-

benzoyl-L-arginine 4-nitroanilide hydrochloride (BAPNA), para-
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aminobenzamidine, tris, CaCl2, and bis(3-aminopropyl) polyethylene glycol were 

supplied from Sigma-Aldrich (St. Louis, MO). 

Synthesis of biomolecular platforms on silicon dioxide surfaces 

Plain silicon wafers were obtained from the Microelectronic Center at the 

University of Arizona without further preparations. These wafers had a total area 

of about 3.0 cm2 or small areas were also prepared by cutting portions of the full-

sized wafer forming 0.13 cm2 wafers. The wafers were cleaned with piranha 

solution (66% concentrated sulfuric acid and 33% hydrogen peroxide mixed in a 

2:1 v/v ratio) for 30 minutes. Then, the wafers were immersed in a 5% 3-

aminopropyltriethoxysilane (APTES) solution in acetone for 30 minutes at room 

temperature. Next, the wafers were allowed to dry in an oven at 115 °C for 5 

minutes. Subsequently, the wafers were submerged into a 2.5% glutaraldehyde 

solution in 1X PBS for two hours. After rinsing, the wafers were immersed for 7-8 

hours in a solution of 1.0 mg/mL bovine trypsin in 1X PBS for the preparation of 

the trypsin-immobilized bio-surfaces. Alternatively, other small molecules and/or 

antibodies were covalently attached to the surface by adding specific amounts of 

these compounds, always in excess, to the reactive surface in 1X PBS buffer. 

Synthesis of biomolecular platforms on gold-coated surfaces 

 The gold-coated silicon wafers with areas of about 3.0 cm2 were cleaned 

using piranha solution as described in the silanization procedure. After cleaning, 

the wafers were immersed in a 1 mM MHA solution in ethanol for about 16 hours 
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at room temperature. This preparation yielded self-assembled monolayers 

(SAMs), which were further treated with the addition of four portions of water equal 

to the volume of the MHA already added in 90 minute intervals. After the fourth 

addition of water, the wafers were left at room temperature for 16 hours. Then the 

wafers were immersed into a 0.1M MES buffer solution, pH 5.0, including a solution 

with excess of the desired biomolecule, trypsin, antibody, or PAB and 1 mg/mL 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC). Then, this solution was 

gently shaken for 3.5 hours. Afterwards, the wafers were rinsed with 1X PBS 

buffer. 

Enzyme activity analysis: 

The wafers with the immobilized enzyme were immersed into 0.25 mM 

BAPNA or 0.125 mM BAPNA solutions in 50 mM tris, 20 mM CaCl2 buffer at pH 

8.15. Then, in 3 or 5 minute intervals, the absorbance values of 1 mL aliquots of 

the reactant solution at a wavelength of 390.0 nm (the wavelength of maximum 

absorbance for the enzymatic product para-nitroanilide) were taken, and the 

aliquots were then returned to the reaction solution to maintain a constant volume. 

By measuring this change in absorbance with respect to time, the reaction 

catalyzed by trypsin was monitored and used to infer the amount of trypsin 

immobilized on the wafers as compared with the trypsin activity in solution. This 

whole procedure was repeated several times on different days in order to test the 

retention of activity and stability of the immobilized enzyme on the wafers. 
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Binding of enzymes on affinity ligand modified surfaces: 

To assess the effectiveness of the immobilization of the affinity ligand, PAB, 

onto the surfaces, trypsin assays were performed. The way that the success of the 

PAB immobilization was qualitatively monitored was by adding a 1 mg/mL trypsin 

solution in 50 mM tris, 20 mM CaCl2 buffer at pH 8.15, with a total volume of 10 

mL, to the wafer and allowing the wafer to sit for 30 minutes. Then, the wafer was 

removed and washed with copious amounts of 1 X PBS buffer. After washing, the 

wafer was placed in a solution of 0.5 mM BAPNA and left overnight. Also, as a 

control experiment, this same process was performed on a wafer that had not 

undergone a PAB immobilization scheme to account for errors caused by 

nonspecific binding to the surface. This test showed that trypsin did interact with 

the PAB because the color was a dark yellow the following day, and the control 

was a very light yellow (the yellow observed was probably due to self-degradation 

of the substrate, BAPNA, or nonspecific trypsin binding). Thus, this experiment 

demonstrates the effective immobilization of PAB on the surface and the 

effectiveness of binding to the enzyme trypsin. 

Once the qualitative experiment was performed, a more quantitative 

analysis was performed. The PAB wafers were immersed in 5 mL of a 0.020 

mg/mL solution of trypsin for several minutes, and then, 5 mL of a 0.5 mM BAPNA 

preparation was added to the solution (giving a trypsin concentration of 0.010 

mg/mL in a total volume of 10 mL). Also, as controls, a wafer without any 

immobilization treatment underwent the same procedure as the PAB wafers, and 
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as a reference, another solution with 0.010 mg/mL trypsin and free PAB was 

monitored to observe the effect of PAB in solution. Each of these samples was 

monitored by taking the absorbance of 1 mL aliquots of the reaction solutions over 

5 minute intervals. 

Fluorescence microscopy 

To qualitatively verify that proteins attach to gold and silicon dioxide surface, 

protein or antibody with fluorescence tags were added to the surfaces and 

incubated for 30 minutes. After rinsing with PBS buffer, the wafer was immediately 

observed under a fluorescent microscope. 

Fluorescent images were taken with a Nikon Optiphot-2 fluorescence 

microscope (Nikon Instruments Inc., Melville, NY) and Sony EKC 5000 digital 

camera.  

RESULTS AND DISCUSSIONS 

Two major methods were utilized to covalently attach proteins and 

molecules onto silicon dioxide wafers and gold-coated wafers (Figure 3-2). This 

reaction scheme was used to immobilize enzymes, antibodies, and p-

aminobenzamidine (PAB) onto silicon dioxide surfaces. The silicon dioxide surface 

was silanized with APTES and activated with glutaraldehyde, which can covalently 

attach proteins through a Schiff base reaction. The desired protein, usually trypsin, 

can be directly attached to the surface following glutaraldehyde deposition. The 

scheme used to immobilize biomolecules onto gold surfaces is summarized in 
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Figure 3-3. The gold surface was treated with 16-mercaptohexadecanoic acid 

(MHA) which binds through thiol groups onto the gold and forms a self-assembled 

monolayer (SAM). Then 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDAC) forms a reactive intermediate with carboxylic acid groups 

on molecules or proteins to covalently attach them to the surface. 

 

Figure 3-2. Immobilization Procedures Utilized on Silicon Dioxide Surfaces.  
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Figure 3-3. Immobilization Procedure for Gold-Coated Surfaces.  

Also, a variation of the method used to immobilize proteins onto silicon 

dioxide wafers was used to include the polymer, bis(3-aminopropyl) polyethylene 

glycol (1500) (NH2-PEG-NH2), in order to lengthen the linker from the surface to 

the protein (Figure 3-4 and Figure 3-6B). Figure 3-6 showed the major surfaces 

tested in these experiments. A.) This is a picture of the silicon dioxide wafers with 

immobilized proteins through the use of APTES and glutaraldehyde. B.) This is a 

depiction of the silicon dioxide surfaces with an extended linker, bis(3-aminopropyl) 

polyethylene glycol (1500). C.) This is an illustration of the p-aminobenzamidine 

(PAB) surface prepared with APTES and glutaraldehyde. NH2-PEG-NH2 was 

added after glutaraldehyde treatment, and this step was followed with another 
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glutaraldehyde reaction and then deposition of the protein. Furthermore, 

fluorescent antibodies were attached to the silicon dioxide surfaces as a qualitative 

test (Figure 3-5). Protein A, a common affinity protein, was immobilized instead of 

trypsin. Then, mouse, rabbit, or goat IgG and the corresponding anti-IgG with a 

fluorescent tag can be added. 

 

 

Figure 3-4. Protein binding via NH2-PEG-NH2 

 

Figure 3-5. Protein A, mouse, rabbit, or goat IgG and the corresponding anti-
IgG with a fluorescent tag was immobilized.  
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Figure 3-6. Depictions of the Major Surfaces Tested in These Experiments.  

 

Several studies were performed on these protein platforms in order to 

determine the usefulness, reliability, and reusability of each wafer with immobilized 

molecules. Bovine trypsin was typically the protein immobilized because its activity 

can be quickly tested with the substrate Nα-benzoyl-L-ariginine 4-nitroanilide 
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hydrochloride (BAPNA) (Figure 3-7). Since trypsin cleaves after arginine residues, 

a peptide mimic, Nα-benzoyl-L-ariginine 4-nitroanilide hydrochloride (BAPNA), can 

be used to study trypsin’s activity. When trypsin cleaves BAPNA, the molecule 4-

nitroanilide is released which yields a yellow color and has a maximum absorbance 

near 390 nm and can be measured spectrophotometrically. Therefore, the 

extinction coefficient (ε) of 4-nitroanilide, the product of the reaction between 

BAPNA and trypsin, was determined in order to convert absorbance values to 

concentration.  

 

Figure 3-7. Illustration of the Chemistry Underlying the Assay to Test Trypsin 
Activity.  

 

Then, this assay was used to test several parameters of the 

immobilizations. To determine Epsilon, different concentrations of BAPNA were 

prepared and allowed to react with trypsin until all of the BAPNA is cleaved 

(approximately 30 to 40 minutes). Then the absorbance of these solutions was 
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measured at 384 nm. The slope of the plot of absorbance against concentration 

gives the value of Epsilon for the product which can be used to convert absorbance 

to concentration in later experiments. The result is showing in Figure 3-8. 

 

 

Figure 3-8. Plot of the Absorbance for Different Concentrations of 4-
nitroanilide  

 

First, immediately following the completion of each trypsin immobilization 

procedure, the activities were tested in order to determine which surface and 

immobilization method gave the greatest enzyme activity (Figure 3-9). Trypsin was 

immobilized onto gold and silicon dioxide through the schemes illustrated in 

Figures 1 and 2, and trypsin was also immobilized onto silicon dioxide using a 

polymer, bis(3-aminopropyl) polyethylene glycol (1500) (NH2-PEG-NH2), to 

extend the distance from the protein to the surface (Figure 3b). The activity of each 



83 

 

of these immobilization methods was tested immediately upon completion of 

immobilization by placing the wafers in a solution with 0.25 mM BAPNA and 

measuring the increase in absorbance near 390 nm with time.  

 

Figure 3-9. Plot of the Initial Activity of Trypsin Immobilized onto a Gold 
Surface and Silicon Dioxide Surfaces with and Without bis(3-aminopropyl) 
polyethylene glycol (1500).  

 

The method that gave the greatest activity was the silicon dioxide wafer 

containing the immobilized NH2-PEG-NH2. This wafer showed an activity that was 

11% greater than the gold-coated wafer, and it had an activity that was 84% greater 

than the silicon dioxide wafer without the extended NH2-PEG-NH2 linker. Based on 

the activity of the wafers compared with the activity of trypsin in solution, there is 
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a significant amount of protein immobilized onto the surfaces which can be 

estimated to be about 10-20 micro grams based on the velocity of the reaction 

(Figure 3-10). The kinetic parameters for the activity of trypsin with BAPNA were 

measured by reacting trypsin with different concentrations of BAPNA. A 

Lineweaver-Burke plot was generated from these experiments yielding a Km of 

0.483 mM. 

 

Figure 3-10 Lineweaver-Burke Plot for the Reaction of Trypsin with BAPNA 
in Solution.  

 

Also, interestingly, the wafer with the bifunctional PEG showed the greatest 

activity while having the smallest surface area. The surface area of the PEG wafer 

was about 0.23 cm2 while the surface areas of the gold-coated and other silicon 

dioxide wafers were 3.00 cm2. Therefore, these results suggest that having a 

Km = 0.483 mM
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longer linker between the surface and the protein has a dramatic increase in 

observed activity. This increased activity could be due to several different factors. 

It is possible that the interaction of the hydrophilic polymer with trypsin helps 

maintain its active structure. With a shorter distance from the wafer to the protein, 

it is more likely that the structure of the protein can be affected by interactions with 

the surface. Also, the PEG linker could increase the observed activity by allowing 

for a greater mobility of the enzyme. Increased mobility could allow the protein to 

more easily access the substrate, and it could allow for more trypsin to be attached 

since the protein surface of the enzyme may not limit immobilization as much as 

on surfaces with shorter linkers (Figure 3-11). It is believed that the bi-functional 

PEG may increase the observed enzyme activity because it allows the protein to 

be further from the surface, which may allow it to interact with the substrate more 

easily. Also, a longer linker may allow movement to occur easily which could allow 

more protein to fit onto the same area. In addition, it is possible that the PEG may 

increase the stability of the enzyme since it is more polar and may be less likely to 

cause trypsin to become misfolded. 
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Figure 3-11 Model for Increased Activity of Silicon Wafers with Bifunctional 
PEG.  

 

Another set of tests completed was a study of the stability of the two main 

surface preparations, silicon dioxide and gold-coated wafers. One silicon dioxide 

wafer with covalently attached trypsin was prepared using the scheme in Figure 1, 

and the wafer was allowed to react with 0.25 mM BAPNA. This activity was tested 

on different days to determine stability, and the wafer was kept in 1X PBS buffer 

at 25 °C over the time periods indicated. The activity on different days of one silicon 
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dioxide wafer with immobilized trypsin. The activity decreased by about 40% from 

day 1 to day 27. The stability of each of the wafer types was determined by testing 

the activity of the trypsin after different time intervals following the completion of 

the immobilization. When the wafers were not being used, they were stored in 

buffer at room temperature. Under these same conditions, trypsin in solution was 

shown to lose about 40% of its activity after eight days (data not shown); other 

literature sources list its stability as less than one day.27 For the silicon dioxide 

wafers, one wafer showed a 40% decrease in activity over 26 days (Figure 3-12).  

 

Figure 3-12 Stability Studies of a Silicon Dioxide Wafer with Immobilized 
Trypsin.  
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. Two separate gold-coated wafers with covalently attached trypsin were 

prepared using the scheme in Figure 2, and the wafers were allowed to react with 

0.25 mM BAPNA. This activity was tested on different days over an extended 

period of time in order to determine stability, and the wafers were kept in 1X PBS 

buffer at 25 °C over the time periods indicated. A.) The activity on different days of 

one gold-coated wafer with immobilized trypsin. There was about a 40% decrease 

in activity from day 1 to day 2, and about a 70% decrease in activity from day 1 to 

day 31. B.) The activity on different days of a second gold-coated wafer with 

immobilized trypsin. The activity decreased by 75% from day 1 to day 31.The gold-

coated surfaces, on the other hand, showed about a 70% decrease in activity over 

30 days, and one wafer had a 40% decrease in activity over 1 day (Figure 3-13). 

Therefore, although gold-coated surfaces showed a greater initial activity than 

silicon dioxide wafers, the silicon dioxide wafers were much more stable, and this 

increased stability would allow for a greater number of uses as a biosensor 

platform.  
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Figure 3-13 Stability Tests of Two Gold-coated Wafers with Immobilized 
Trypsin 
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The expected reason why the silicon dioxide wafers were more stable than 

the gold-coated wafers might be because the silicon dioxide immobilizations create 

a completely covalent attachment of the proteins. The gold surfaces, however, are 

attached to the surfaces due to interactions between thiol groups and the gold 

surfaces, and this interaction is not a covalent attachment but rather an adhesion 

process. When the gold wafers are reused, it is possible that many of the thiol 

groups and, subsequently, proteins may become detached. Another possibility is 

that the enzymes became denatured due to the effect and interaction of trypsin 

with the hydrophobic groups of the MHA on the surface of the gold. 

In order to test the ability of immobilized affinity ligands to bind their 

corresponding receptor molecules from solution, several IgG’s and their 

corresponding anti-IgG’s with fluorescent labels were immobilized (as previously 

shown in Figure 3-4). These immobilizations yielded fluorescence suggesting that 

antibodies and other affinity ligands can successfully bind desired molecules from 

solution (Figure 3-14). 
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Figure 3-14 Fluorescence Observed from Immobilized Primary and 
Secondary Antibodies with Fluorescent Tags. This image is an example of a 
surface with immobilized antibodies with fluorescent tags as described in 
Figure 3. 

 

However, in order to obtain more quantitative results, the affinity ligand for 

trypsin, PAB, was immobilized. The results on the gold-coated and silicon dioxide 

surfaces (Figure 3-6C) provided surprisingly different results on the binding 

effectiveness. ρ-aminobenzamidine. ρ-aminobenzamidine (PAB) was immobilized 

onto silicon dioxide surfaces using the scheme in Figure 1, except that PAB was 

immobilized instead of a protein. Then free trypsin was added to a solution of 0.25 
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mM BAPNA with the wafers containing immobilized PAB, and as a control, the 

same concentration of trypsin was added to a solution of 0.25 mM BAPNA without 

a silicon dioxide wafer. The activity of the control and samples were measured to 

determine whether or not binding of the protein was occurring on the wafers. The 

wafers with immobilized PAB were shown to decrease the activity of the trypsin by 

about 11% from solution, which is considered to be proportional to the amount of 

trypsin bound to the wafers. 

When attached to silicon dioxide, PAB acted as a very effective affinity 

ligand for trypsin but not on the gold-coated surfaces. On the silicon dioxide 

surface, up to 10% of the enzyme in solution was effectively and reversibly bound 

to the surface based on the recovery of activity of the immobilized enzyme when 

the substrate, BAPNA, was introduced (Figure 3-15). 
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Figure 3-15 Binding study of Trypsin in Solution by Immobilized ρ-
aminobenzamidine. ρ-aminobenzamidine (PAB). 

 

The reason why effective binding was achieved with silicon dioxide wafers 

but not with gold-coated wafers is uncertain, but it may be due to the fact that the 

gold-coated surfaces rely on the formation of a self-assembled monolayer (SAM). 

This SAM structure would most likely prevent much mobility of the PAB because 
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the long, hydrophobic carbon chains would not move as easily as the silicon 

dioxide surface which has fewer carbons and polar nitrogen atoms. Therefore, this 

lack of movement may prevent the PAB from being able to easily reach the trypsin 

active site. Figure 3-16.illustrated the possible reason why ρ-aminobenzamidine 

(PAB) binds trypsin when attached to silicon surfaces but not gold surfaces. It is 

thought that PAB can move more easily on silicon dioxide and is more likely to 

reach the active site 

 

 

Figure 3-16 Proposed Mechanism for the Ability of PAB to Bind Trypsin on 
Silicon Dioxide but not Gold. 
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CONCLUSIONS 

There are many interesting and important findings from these studies of 

biomolecular platform development. One of the interesting findings is that the 

immobilization of trypsin onto silicon dioxide with bifunctional PEG gave the 

highest activity. This finding is important because it suggests that the length of the 

enzyme from the surface and the nature of the linker (PEG) seems to lead to the 

most activity, and this fact may be due to increased mobility; the possibility for 

more protein immobilization; or easier substrate access. Also, it is surprising that 

the bifunctional PEG surface gave the greatest activity while having a surface area 

less than a tenth of the size of the gold surface and other silicon surface. Therefore, 

if the activity is related to surface area, as it probably is since a larger surface area 

should allow for more protein immobilization, then the bifunctional PEG wafer 

would most likely have an activity about an order of magnitude greater than the 

other methods, practically as if the enzyme were in solution but with more stability. 

In the future, more studies with long linkers and different polymers would be 

beneficial to justify the findings from this experiment and to find the optimum 

conditions such as polymer identity, polymer length, and attachment method. 

Furthermore, in biosensor applications, attachments with polymers may be one of 

the best ways to immobilize molecules for their activity and stability behavior. 

Another important finding from these tests was that the silicon dioxide wafers 

appear to be significantly more stable than gold-coated wafers. The gold-coated 

surfaces lost about 70% of their activity after 30 days, and in one case, a gold 
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wafer showed a 40% decrease in activity after one day. The silicon dioxide wafers 

showed a much lower decrease in activity with one wafer showing a 40 % decrease 

after 26 days. Therefore, in biosensor applications, if a surface is to be repeatedly 

reused, it would be much better to use silicon dioxide surfaces because they lose 

much less activity. Furthermore, this quality should allow for good reproducibility if 

one wafer is used to test multiple samples. The silicon dioxide wafers would be a 

much more cost efficient method of preparing immobilized biomolecular surfaces 

because they could be reused many times over a long period of time, and they are 

far less expensive than gold-coated wafers. 

There were also some studies on the effect of an immobilized inhibitor, PAB, 

on the activity of trypsin in solution. This study showed that PAB immobilized on 

silicon dioxide did effectively bind about 10% of the trypsin. Therefore, these 

immobilized molecules can effectively bind selectively to biomolecules in solution 

as biosensors. Potentially, inhibitors or ligands could be covalently attached to 

biomaterials for drug delivery or for removal of toxin from biological systems. 

Immobilization of inhibitors has already been shown to be a promising strategic 

treatment when immobilized onto spherical structures using the same chemistries 

employed in these experiments. 

Overall, the findings from these experiments offer some insight into some of 

the possible uses of silicon dioxide and gold surfaces as biosensors, diagnostic, 

and drug delivery tools. Many of the findings of these and similar experiments can 

be expanded to exponentially decrease the cost of many biomedical tests while 
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exponentially increasing their effectiveness. At present, biosensors and 

biomolecular engineering are areas of increased research because the possible 

benefits of these discoveries and disciplines are almost limitless.  
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CHAPTER 4 -LIPOSOME VESICLE TEMPLATING 
 DIRECTED FABRICATION OF GOLD NANOSPHERES 

 FOR IMAGING AND THERAPY OF CANCER 

ABSTRACT 

The self-assembly of organized nanoscopic structures has been the subject 

of vast interest in both colloidal and material science. In this work we present a 

novel fabrication method to form nano-spheres using liposomes as a soft template. 

This method based on vesicle templating is unique among the existing nano-

sphere forming methods since it utilizes a biocompatible material, liposomes, 

which are also often used in drug delivery. Nanospheres possess highly favorable 

optical and chemical properties for biomedical imaging and therapeutic 

applications. In our synthetic approach, IDA (iminodiacetic acid)-grafted liposomes 

were made, and polyethylene glycol is later attached to the liposomes with 3-5% 

surface coverage to improve liposome stability. The IDA –grafted liposomes are 

used to chelate metal ions (in present case, Gold, Au), and immobilized gold ions 

function in turn as nucleation sites for subsequential gold film reduction. According 

to this concept, we can vary the relative dimensions of the liposomes (core) and 

the gold nanosphere (shell), and the optical resonance of these nanostructures 

can be precisely and systematically varied over a broad region. Apart from the 

spectral tunability with dimensions, nanosperes offer much more over conventional 

organic dyes including improved optical properties and reduced susceptibility to 

chemical/thermal denaturation. Most important of all, this approach allows the use 
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of same conjugation protocols to bind biomolecules to gold colloids for gold 

nanospheres and opens the opportunity for the formation of more sophisticated 

structures. 

INTRODUCTION 

Liposomes were discovered by A.D. Bangham in the early 1960s(Bangham 

and Horne 1964). Liposomes were originally used as a model system for the study 

of biological membranes and membrane proteins, based on their simplicity and 

similarity to the biological membranes. Currently, liposomes have attracted a great 

deal of attention as valuable drug delivery system, in which a wide variety of 

pharmaceutical substances have been entrapped or encapsulated. In addition, a 

lot of research programs have focused on the surface modification of liposomes 

(Whiteman, Subr et al. 2001, Lestini, Sagnella et al. 2002). After modified with 

different functional groups, liposomes are endowed distinct functions and have 

been used in specific fields, such as target drug delivery packages, biosensor 

applications, contrast agents, and protein binding studies (Grant, Karlik et al. 1989, 

Powers, Blumenstock et al. 1989, Stelzle, Weissmuller et al. 1993, Shnek, Pack et 

al. 1994, Backer, Aloise et al. 2002). 

Liposome research has been focusing on those areas using liposomes to 

convey vaccines, drugs, enzymes, or other substances to target cells or organs. 

With recent discoveries, Liposomes can also be used as a soft template to 

construct interesting nanostructures. It has been reported that liposomes can be 
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used as a nano-scale template for deposition of silica, to create a hollow silica 

nano-shell. (D. H. W. Hubert 2000, D. H. W. Hubert 2000).  Schmidt has reported 

liposome directed growth of calcium phosphate nano-shell structure.(H.T. Schmidt 

2002).  J. Barton and coworker described the process of making gold nanoshells, 

and use them in the early detection of cancer research (Barton, Halas et al. 2004, 

Lin, Loo et al. 2004, Loo C 2004, Agrawal, Huang et al. 2006). There is a significant 

clinical need for novel methods for detection and treatment of cancer, which offer 

improved sensitivity, specificity, and cost-effectiveness. In recent years, a number 

of groups have demonstrated that photonics-based technologies are valuable in 

addressing this need. Optical technologies promise high resolution, noninvasive 

functional imaging of tissue. However, in many cases, these technologies are 

limited by the inherently weak optical signals of endogenous chromophores and 

the subtle spectral differences of normal and diseased tissue. Over the past 

several years, there has been increasing interest in combining emerging optical 

technologies with the development of novel exogenous contrast agents, designed 

to probe the molecular specific signatures of cancer, to improve the detection limits 

and clinical effectiveness of optical imaging. For instance, Sokolov et al. recently 

demonstrated the use of gold colloid conjugated to antibodies to the epidermal 

growth factor receptor (EGFR) as scattering contrast agents for bio-molecular 

optical imaging of cervical cancer cells and tissue specimens(Rikhter, Gringauz et 

al.). In addition, optical imaging applications of nanocrystal bioconjugates have 

been described by multiple groups including Bruchez et al., Chan and Nie, and 
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Akerman et al.(Bruchez, Moronne et al. 1998, Chan and Nie 1998, Akerman, Chan 

et al. 2002)  

Metal nanoshells are a new type of nanoparticle composed of a dielectric 

core such as silica coated with an ultrathin metallic layer, which is typically gold. 

Gold nanoshells possess physical properties similar to gold colloid, in particular, a 

strong optical absorption due to the collective electronic response of the metal to 

light. The optical absorption of gold colloid yields a brilliant red color which has 

been of a considerable utility in consumer-related medical products, such as home 

pregnancy tests. In contrast, the optical response of gold nanoshells depends 

dramatically on the relative size of the nanoparticle core and the thickness of the 

gold shell. By varying the relative core and shell thicknesses, the color of gold 

nanoshells can be varied across a broad range of the optical spectrum that spans 

the visible and the near infrared spectral regions(Brongersma 2003). Gold 

nanoshells can be made to either preferentially absorb or scatter light by varying 

the size of the particle relative to the wavelength of the light at their optical 

resonance. The extremely “tunability” of the optical resonance is a property unique 

to nanoshells: in no other molecular or nanoparticle structure can the resonance 

of the optical absorption properties be so systematically “designed.” 

Following the same analogy liposomes can be used as the soft template to 

produce different tunable gold nanoshells, because this way, the nanoshells are 

more easy to digest, and benign to the body.  



102 

 

In this work we present a novel fabrication method to form functional gold 

nano-spheres using liposomes as a soft template. This method based on vesicle 

templating is unique among the existing nano-sphere forming methods (most of 

them use silica as the core) since it utilizes a biocompatible material, liposomes, 

which are also often used in drug delivery. In our synthetic approach, polyethylene 

glycol is first attached to the liposomes via amino group reaction with 3-5% surface 

coverage to improve liposome stability, followed by modification of the rest of 

amino groups on the surface with IDA (iminodiacetic acid). As shown in Figure 4-1, 

the IDA-PEG –grafted liposomes are used to chelate gold metal ions, the 

immobilized gold ions function in turn as nucleation sites for subsequent gold film 

reduction. According to this concept, we can vary the relative dimensions of the 

liposomes (core) and the gold nanosphere (shell), and the optical resonance of 

these nanostructures can be precisely and systematically varied over a broad 

region.  

Apart from the spectral tunability with dimensions, nano-spheres offer much 

more over conventional organic dyes including improved optical properties and 

reduced susceptibility to chemical/thermal denaturation. Most important of all, this 

approach allows the use of same conjugation protocols to bind biomolecules to 

gold colloids for gold nano-spheres and opens the opportunity for formation of 

more sophisticated structures.  
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Figure 4-1. Iminodiacetic acid (IDA) chelate heavy metals and have several 

coordination sites and act as a electron receptor, schematic representation 

of liposomes modified with IDA and PEG. After reduction, gold nanoshells 

can be formed.  

MATERIAL AND METHODS 

1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine (DMPE) and 1,2-Dimyristoyl-

sn-Glycero-3-Phosphocholine (DMPC) and cholesterol are purchased from Avanti 

polar lipids, Inc. and used without further purification. All other chemicals utilized 

were of analytical or reagent grade. Bromoacetic acid, 1,4-butanediol diglycidyl 

ether (BDE), epichlorohydrin, iminodiacetic acid, and picrylsulfonic acid (2,4,6-

trinitrobenzenesulfonic acid, TNBS) were acquired from sigma. NHS-PEG was 

acquired from sigma. Hydrogen tetrachloroaurate (HAuCl4), sodium borohydride 

3 mol% PEG
IDA

PEG

Reduction
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(NaBH4) were purchased from sigma. Ultrapure water (18Mcm) produced by a 

Milli-Q system was used. The extruder was procured from lipex biomembranes 

inc., Vancouver, B.C., Canada. Polycarbonate filters were obtained from Millipore, 

Bedford, MA. The ultrafiltration cell systems were procured from Amicon, Beverly, 

MA, and filtration membranes (YM100) used in the cell were obtained from 

Millipore, Bedford, MA. The structures of the main liposome components, DMPE, 

DMPC and Cholesterol are shown schematically in Figures 4-2, 4-3 and 4-4, 

respectively. 

 

Figure 4-2. 1,2-Dimyristoyl-sn-Glycero-3-Phosphoethanolamine (DMPE) 

 

Figure 4-3. 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC) 
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Figure 4-4. Cholesterol 

 

Liposome preparation 

Liposomes were prepared using the extrusion method. In general, the 

procedure involved preparation of lipids for hydration, hydration of lipid film, and 

sizing of the lipid suspension by extrusion. Figure 4-5 shows a preparation 

procedure to prepare 100 nm diameter liposomes we use in this study. The 

liposomes used here were prepared with mixtures of dimyristoyl phosphocholine 

(DMPC), dimyristoyl phosphoethanolamine (DMPE), and cholesterol (CHOL). 

DMPC acts as the backbone material to construct the vesicles, DMPE provides 

the amino groups for functionalization, and the incorporation of CHOL increases 

the stability of lipid suspensions.  
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Figure 4-5. Schematic representation of liposomes preparation procedures 

A mixture of 42 mg DMPE, 100 mg of DMPC, and 56 mg of CHOL was first 

dissolved in a solution of 50 ml of chloroform/methanol (volume ratio 2:1) in a round 

bottom flask, and a clear homogeneous lipid solution was obtained. Once the lipids 

were thoroughly mixed, the solvents were evaporated under a nitrogen stream with 

rotation, until a thin lipid film was formed on the wall of the flask. The remaining 

solvent was removed by placing the flask under vacuum overnight.  

Hydration of dry lipid film is accomplished by adding the desired aqueous 

phase; in this case 30 ml of deionized water was added to the container, because 

the limiting gel-liquid crystal transition temperature (Tm) of DMPE, is 50 0C. During 

hydration, the lipid suspension was maintained about Tm with vigorous shaking for 

3 hours.  

Once a stable, hydrated MLV suspension has been produced, the particles 

can be downsized by a variety of techniques, including sonication or extrusion. 

100nm

Quasi-elastic laser 

light scattering
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Here we employed an extrusion technique to obtain homogeneous large 

unilamellar lipid suspensions, because this gives us better control on liposomes 

size and nano-shell size uniformity. Prior to extrusion, MLV suspensions are 

disrupted by freeze-thaw cycles. This method helps prevent the membranes from 

fouling and improves the homogeneity of the size distribution of the final 

suspension.  

 

Figure 4-6 Extruder used in liposome extrusion 

Figure 4-6 show the extruder that is been used in this extrusion process. 

MLV suspensions were injected into a 10 ml center chamber above the 

polycarbonate filters with pore size of 0.6 micron, and nitrogen at a pressure 

around 60 psi was applied via a standard gas cylinder fitted with a regulator. The 

extruded lipids were then recollected and re-injected into the extruder twice. The 

same procedure was repeated twice with a filter of pore size 0.2 micron and 

pressure around 100 psi, and then five times with a filter of pore size 0.1 micron 



108 

 

and pressure around 180 psi. The prepared liposomes were stored at 4 0C for 

further use.  

Functionalization of liposomes 

Chelating-liposomes synthesis 

The chelating derivative, liposome-IDA, was prepared by the 

carboxymethylation of amino group on the outer surfaces of the previously 

prepared liposomes. 15 ml of 0.53 wt% liposome suspension was diluted to 30 ml 

with phosphate buffer (pH=7.2), and 0.42 g of bromoacetic acid was added. The 

mixture was allowed to react on a shaker for 48 hrs. The schematic structure of 

the liposome-IDA is shown in Figure 4-7.  

 

Figure 4-7 Liposome-IDA structure 
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After reaction, the liposome-IDA solution was transferred to an ultrafiltration 

cell with a 100K MWCO ultrafiltration membrane, where the remaining bromoacetic 

acid was removed with deionized water. Figure 4-8 describes the experimental 

setup for the ultrafiltration system. The resulting liposome-IDA was stored at 4 0C 

until analyzed. 

 

Figure 4-8 Diafiltration set-up and operation with Amicon selector valve, 
stirred cell and accessory reservoir. 1. Ultrafiltrate, 2. Ultrafiltration 
equipment, 3. Pressure supply, 4. Selector valve, 5. Inlet, 6. Outlet, 7. Feed 
liquid, 8. Reservoir 

 

Pegylated-Chelating Liposomes synthesis. The synthesis of pegylated 

chelating liposomes was carried out by first reacting a hydroxysuccinimide-PEG 

derivative (NHS-PEG) to the surface of the liposomes (bearing NH2 groups). In this 

first step, to obtain 3-5% PEG coverage, 5-15 mg of NHS-PEG was reacted was 

reacted with a liposome suspension of 15 ml of 0.53 wt% at pH 11 by adding 15 
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ml of borax buffer and adjusted with 4 M NaOH. After reaction for 48 hours, the 

resulting PEG-liposomes were carboxymethylated with 1 g of bromoacetic acid, 

with the pH again adjusted to 11 with NaOH. The mixture was allowed to react on 

a shaker for 48 hrs, maintaining the pH at 11. An amino group test (TNBS test) 

was used to monitor the degree of reaction by measuring the underivatized amino 

group concentration on the liposome surfaces, every 4 hours 

After reaction, the resulting PEGylated liposome-IDA solution was 

transferred to an ultrafiltration cell with a 100K MWCO ultrafiltration membrane 

(YM100), where the remaining unreacted PEG was removed with deionized water 

following the same procedure described above. The resulting PEGylated 

liposome-IDA was stored at 4 0C until further use. The reaction scheme is shown 

in the first part of Figure 4-1. Figure 4-9 shows a schematic structure of the 

liposome-IDA-PEG. PEG-liposomes without IDA were prepared stopping short of 

adding the IDA step. 
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Figure 4-9. Liposome-IDA-PEG structure 

Metal binding analysis.  

To verify the binding capacity of the chelating liposomes, copper was used 

as a model metal ion. Briefly, 1 ml of a 20 mM copper sulfate solution was added 

to a 25 ml liposome-IDA solution in the ultrafiltration cell, and the mixture was left 

to react for 30 minutes. Figure 4-10 shows schematically the binding process. The 

amount of Cu(II) bound to the liposome-IDA was calculated as the difference 

between the total amount of Cu(II) in the ultrafiltration cell and the amount of 

unbound Cu(II) in the bulk inside the ultrafiltration cell, which was obtained by 
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measuring copper concentration in the filtrate using a copper-EDTA calibration 

curve at 800 nm.  

Unbound Cu(II) in the ultrafiltration cell was then washed out by 

continuously adding deionized water into the cell. The flow rate was adjusted to 

0.6 ml/min. The filtrate fractions were collected and analyzed 

spectrophotometrically at 800 nm at 6-minute intervals with EDTA again.  

The copper loading experiments were followed by elution of the copper 

using the stronger chelator, EDTA. To desorb the chelated Cu(II) from the 

liposome-IDA, 3 ml of a 12 mM EDTA solution at pH 5 was added to a 26 ml of 

liposome-IDA-Cu(II) solution. Deionized water was then continuously pressured 

into the ultrafiltration cell at the flow rate of 0.6 ml/min. The filtrate fractions were 

again collected and analyzed spectrophotometrically at 800 nm at 6-minute 

intervals using the copper-EDTA calibration curve previously obtained.  

 

Figure 4-10. Schematic of the ultrafiltration cell used in liposome-IDA-Cu 
binding experiments 

Chelating liposomesCopper

DI Water
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Gold nanoshell synthesis.  

The development of gold nanoshells on liposomes was carried out using 

unmodified liposomes (bearing only the NH2 of DMPE), IDA-liposomes, PEG-

liposomes and IDA-PEG-liposomes. Briefly, the general procedure involves first, 

the binding of gold metal ions by the chelating derivatives followed by further 

incorporation of gold (ions or particles) to the previously chelated gold ions. The 

addition of gold to grow onto the ‘gold chelated seed’ is performed via chemical 

reduction in solution with sodium borohydride (NaBH4). The schematic of the 

expected structure is depicted in Figure 4-11.  

For the reduction stage, here we used a multistep reduction of gold onto 

liposomes surfaces, with gold chloride as the source of the gold, and NaBH4 as 

the reducing agent. The same reduction scheme was employed on the plain NH2- 

liposomes, liposome-IDA only, as controls and liposome-IDA-PEG. After 

reduction, we obtained gold nanoshells on the liposome skeleton. The result of the 

gold nanoshell formation were examined through TEM. 
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Figure 4-11. Schematic of proposed Liposome gold nanostructure 

The synthetic protocol developed for the fabrication of gold nanoshells is 

very simple in concept: Fabricate liposomes and get a nice dispersion in the 

solution, with the designed size, in this case 100 nm in diameter, Modify the 

liposome with iminodiacetic acid (IDA) on the surface of liposomes. Add PEG 

moieties to produce pegylated chelating liposomes. The process starts by adding 

very small (1-2 nm) metal “seed” colloid to the surface of the nanoparticles via 

molecular linkages; these seed colloids cover liposomes surfaces with a 
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discontinuous metal colloid layer. Grows additional metal onto the “seed” metal 

colloid adsorbates via chemical reduction in solution. 

This approach has been successfully used to grow both gold and silver 

metallic shells onto silica nanoparticles(Barton, Halas et al. 2004).  

Here we used a multistep reduction of gold onto liposomes surfaces, with 

gold chloride as the source of the gold, and NaBH4 as the reducing agent. The 

same reduction scheme was employed on the plain liposomes, on the liposome-

IDA only, as controls and liposome-IDA-PEG.  

RESULTS AND DISCUSSION 

TNBS test 

The TNBS test was used to determine the quantity of surface amino groups 

on liposomes. As shown in Figure 4-12, by using TNBS we obtain this correlation 

between DMPE and absorbance. Standard curves are shown in Figure 4-12. With 

this data, we can find out how many amino groups are on the surface of liposomes, 

and from that we can find out about PEG and IDA densities. Table 1 presents data 

for one sample of amino groups and the corresponding amounts of PEG and IDA. 
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Figure 4-12. Standard curve of DMPE 

Table 1. Concentration of amino groups and expected PEG concentration, and 
IDA concentration 

 

TNBS absorbance Amino groups PEG on surface IDA on surface 

0.687 9×10-5M 4.5×10-6M 8.55×10-5M 

 

Metal binding analysis 

The calibration curves of EDTA-Cu that used to analyze copper are 

presented in Figure 4-13 and Figure 4-14. These curves were used to determine 

the binding capacity of the chelating liposomes (IDA-liposomes and IDA-PEG-

liposomes).  
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Figure 4-13. Spectrum scan of copper-EDTA complex at different concentrations 

 

From the Cu(II) loading experiments, the concentration of free copper inside 

the ultrafiltration cell was calculated as 9  10-4 M based on the Cu-EDTA 

calibration curve. The amount of copper bound to the liposome-IDA was then 

determined to be 2.43 mol. This value agrees well with the expected amount of 

the bound Cu(II), calculated from the known composition and concentration of the 

liposome-IDA, i.e., 2.65 mol. Therefore, the liposomes can be assumed to be fully 

loaded with Cu(II) under the experimental conditions. We noticed that blue 

aggregates were formed when the copper-bound liposomes stood for more than 

two days. 



118 

 

 

Figure 4-14. Calibration curve of DMPE solution determined by TNBS test 

 

Elution copper analysis 

The association constant, Ka, of the liposome-IDA for Cu(II) was determined 

assuming the following kinetics: 

 

Where the equilibrium relation is given by: 

        Equation 1 

 

Where KD is the dissociation constant, [Cu], [LIDA], and [Cu-LIDA] are the 

free copper concentration, the free liposome-IDA concentration, and the 
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concentration of liposome-IDA- Cu(II), respectively. A mass balance for free 

copper in the ultrafiltration cell gives the resulting expression: 

     Equation 2 

Where [Cu] = concentration of copper in the retentate (equal to the copper 

concentration in filtrate). Q = volumetric flow rate     V = retentate volume. Equation 

can then be integrated to give the following expression: 

        Equation 3                   

Where [Cu]0 is the initial copper concentration in the ultrafiltration cell 

(retentate).  

 

 

Figure 4-15. Copper loading and elution experiments for liposome-IDA. Solid 
lines are prediction models for copper elution experiments, represents the initial 
copper concentration applied to the ultrafiltration cell. 
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The binding copper experiments show that in fact the liposome-IDA-PEG 

retains and has affinity for copper as seen in Figure 4-15. There the solid line on 

the right represents effectively the behavior of the eluted copper from the 

ultrafiltration cell when all the copper is not bound to the liposomes (due to the 

desorption by EDTA). This curve depicts a clear exponential elution and given by 

equation 2. The solid line is not an exponential decay but rather represents the 

amount of copper bound and unbound in the retentate. To model this curve, we 

took into consideration the dissociation constant obtained in the copper loading 

studies. In this case, we can explain the results by determining the expression for 

copper in the retentate ( ). 

Gold nanoshells formation 

The reduction of gold chloride solution in the presence of IDA in both IDA-

liposomes and IDA-PEG-liposome derivatives produced gold nanoshells around 

the liposomes was demonstrated by analysis with transmission electron 

microscopy as shown in Figure 4-16. Nanoshell formed with liposomes as core 

and gold nanoparticles as shell. 

[ ] [ ] [ ]RCu Cu Cu LIDA  
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Figure 4-16. Nanoshell formed with liposomes as core and gold 
nanoparticles as shell. 

The figure shows the formation of the gold shells on the liposomes at 

different magnifications. This last image shows very clearly a uniform coat of 

reduced gold on the liposome. Once an initial gold seed is formed on the liposome 

further reduction will lead to a gold film coated liposome nanoshell. The TEM 

analysis of formation of gold particles on liposome preparations are shown in 

Figure 4-17. 



122 

 

 

Figure 4-17. Well dispersed liposomes nanoshells under transmission 
electron microscopy. 

Transmission electron microscopy to analysis shows the nanoshells with a 

roughly 100 nm diameter of the results as shown in Figure 4-18. This experiment 

has been repeated several times, and the results are reproducible. 
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Figure 4-18 Example of transmission electron micrograph of liposomes 
following reduction of gold chloride. 

As a control, exactly the same reduction reaction conditions were employed 

when liposomes were not present; there were only gold nanoparticles or gold 

complexes produced as shown in Figure 4-19. When unmodified liposomes were 

used under the same reaction conditions, gold conjugation complexes were 

formed as shown in Figure 4-20.  
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Figure 4-19. Gold nanoparticles formed with gold chloride and sodium 
borohydryde without liposome present.  
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Figure 4-20. Gold complex produced from reduction of gold in liposome only 
environment. 

CONCLUSIONS 

Combining advances in bio-photonics and nanotechnology offers the 

opportunity to significantly impact future strategies towards the detection and 

therapy of cancer with the creation of new nanoparticle systems such as the ones 

presented here. Currently, our ability to provide a new method of preparing gold 

nanoshell is providing us with a new candidate in developing molecular contrast 

agents. In this work we demonstrated a simple and effective preparation method 

of gold nanoshells on the surface of liposomes using chelating groups and PEG.  
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I suggest in future work to prepare more special nano-gold structures by 

following the approach suggested in Figure 4-21.  

1. Make liposomes with the same process described above, with magnetic 

nanoparitcles included in the system and see if the magnetic field will 

facilitate the movement of the liposomes 

2. Modification of nanosphere of gold-liposomes, with different ligands 

attached to achieve targeted therapeutic structures. 

3. Optical measurements with the final structure. 

 

Figure 4-21 sensor built with enclosed magnetic nanoparticles and target 
protein. 
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CHAPTER 5 -NOVEL HYBRID STRUCTURES FORMED 
WITH MAGNETIC NANOPARTICLES AND CARBON 

NANOTUBES FOR NANO MANUPILATION OF 
BIOMOLECULES AT THE NANO AND MICRO SCALE 

ABSTRACT 

This research program investigated the chemical heterojunction between 

magnetic nanorparticles coated with polyacrylic acid (PAA) and multi-wall carbon 

nanotubes (MWCNTs). Here, magnetic nanoparticles were covalently attached to 

open-ended nanotubes in presence of diclohexylcarbodiiimide (DDC). Initial 

evidence suggested that short functionalized multi-wall nanotubes can be 

continuously connected at their terminals ends for build-up relatively large 

nanostructures based on serial configurations. It has also been shown that 

magnetic-carbon nanotubes systems exhibited defined arrangements due to the 

influence of magnetic fields. Indeed, linear arrays of carbon nanotubes 

interconnected through magnetic nanoparticles were prone to be manipulated in 

the presence of a magnet device. A potential application of these kinds of magnetic 

nanostructures was here shown by successfully manipulating agarose beads in a 

buffer solution. These results suggest that the use of continuously connected 

magnetic nanostructures with non-modified sidewall surfaces will find potential 

applications in the area of bio-sensing, force transduction and cancer screening-

manipulation among many others.  
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INTRODUCTION 

Nowadays, carbon nanotubes (CNTs) are one of the most promising 

materials in the areas of electronics, sensors, bio-manipulation and medicine due 

to their unique mechanical, electrical and chemical properties (Javey, Guo et al. 

2003, Joshi, Merchant et al. 2005). Some of the potential applications of CNTs are 

on flat panel field emission displays, nanoelectronic devices, batteries and 

actuators due to their exceptional structure. Upcoming applications of CNTs 

appear to relay on the modification of their surface in order to act as high-tech 

materials. A large amount of research on the chemistry of carbon nanotubes has 

focused on modifying their structure in order to introduce a specific surface 

functionalization (Ruoff, Qian et al. 2003, Bottini, Cerignoli et al. 2006, Zeng, 

Huang et al. 2007). Indeed, by functionalizing their surface structures, specific 

chemical groups or particles can be covalently attached to the nanotubes in order 

to address them into specific applications. Certainly, the attachment of magnetic 

nanoparticles on CNTs will result in high technological applications for drugs 

delivery, immunobinding, targeting bacteria or promoting certain degree of 

alignment as reinforcement or sensing phases. Recently, magnetic nanoparticles 

have been attached on the surface of CNTs through electrostatic attraction for 

bioengineering purposes (Yu, Munge et al. 2006). The aforementioned study 

showed that these magnetic nanotubes are able to manipulate sheep red blood 

cells when subjected to magnetic fields. A previous study on the chemical 

modification of CNTs, has shown that a non-covalently bonding between magnetic 
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nanoparticles and CNTs can be achieved by using pyrene (Gao, Li et al. 2006). It 

seems that the use of organophilic compounds such as pyrene enhance the 

solubility of the CNTs in organic solvents. An alternative approach for developing 

magnetic-nanotubes consisted on filling the internal cavity of the nanotubes with 

magnetic nanoparticles, which appear to result in high responsive paramagnetic 

nanoneedles (Georgakilas, Tzitzios et al. 2005).  

Although significant studies have been done for attaching magnetic 

nanoparticles on CNTs, the investigation works have concentrated on attaching 

the nanoparticles on the sidewalls of the nanotubes. Such sidewall 

functionalization might have adverse consequence on the electrical and 

mechanical properties of the nanotubes, since it can promote either structural 

defects or electrical disruptions (Korneva, Ye et al. 2005, Park, Zhao et al. 2006) 

Thus, introduction of magnetic nanoparticles at the end of the CNTs suggests a 

more attractive technological development. Indeed, previous studies on open 

ended CNTs have shown that activated nanoparticles can be covalently bonded 

to the oxidized terminals of the nanotubes using carbodiimide agent (Liu, Shen et 

al. 2000, Ravindran, Chaudhary et al. 2003) The introduction of magnetic 

nanoparticles at the terminals ends of the CNTs will result in an available sidewall 

surface area for further sensing and detection applications. To date has is not been 

reported the covalent bonding of magnetic nanoparticles onto the open-ended 

nanotubes. Therefore, the present research work will investigate the 

heterojunction of Multi-Wall CNTs and magnetic nanoparticles coated with 
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polyacrylic acid. It is believed that the proposed approach might result in self-

assemble linear structures for upcoming nano-scale applications. 

MATERIAL AND METHODS 

Functionalization of MWNTs 

Pristine MWNTs (purity >95%) and magnetic nanoparticles (Fe3O4, 98+%) 

from Nanoestructured & Amorphous Material Inc. were used in this research 

program. Here, nanotubes with diameters ranging between 60-100nm and lengths 

of 5-15µm were initially purified by introducing them into a HNO3 (2.6M) solution 

and subjected them to a continuous rotation for 48 hrs. Subsequently, the NTs 

were centrifuged for 5 minutes at 7000 rpm and the superrnant replaced with DI 

water. The NTs were ultrasonicated for 5 minutes, then filtered in a Millipore 

system and washed with DI water until the nanotubes reached a neutral pH. 

Afterward, the NTs were allowed to dry for 24 hrs at room temperature. The 

purification process was performed to remove impurities associated during their 

production. The purified NTs were subsequently functionalized through a chemical 

process. It is well documented that an oxidation treatment of NTs breaks the 

MWNTs entanglements and reduce the length of the NTs, leaving open-ended 

nanotubes (Nan, Gu et al. 2002, 2006) Here, carboxyl groups were introduced at 

the end of the nanotubes by placing the purified MWNTs in a H2SO4:HNO3 (3:1, 

98% and 70% respectively) mixture. The suspension was ultrasonicated for 8 

hours and subsequently centrifuged for 30 minutes at 7000 r.p.m. to precipate the 
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NTs. The supernant was replaced by DI water and then ultrasonicated for 5 

minutes. The NTs were subsequently filtered and washed with DI water until they 

achieve a neutral pH.; after that, the functionalized NTs were allowed to dry for 24 

hours at room temperature.  

Coating of magnetic nanoparticles. 

The magnetic nanoparticles (20-50 nm diameter) were initially dispersed in 

DI water and ultrasonicated for 30 min in order to break aggregates. Subsequently, 

a polyacrylic acid (PAA) solution (1%) purchased from Sigma-Aldrich was added 

to the nanoparticles to coat their surface as shown in Figure 5-1. The Fe3O4-PAA 

system was sonicated for 1 hour and then filtered and left it to dry at room 

temperature for 24 hrs.  

 

Figure 5-1. Schematic drawing of the coating procedure of magnetic 
nanoparticles with polyacrylic acid. 
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Attachment of coated Fe3O4 to MWNTs. 

A 5mg amount of the functionalized NTs were suspended in 5ml of 

dimethylformaldeimide (DMF) and ultrasonicated for 5 min. A 1mg amount of 

coated magnetic nanotubes was disperse in 5 ml of DMF and ultrasonicated for 30 

minutes, and then added to the NTs/DMF mixture. Subsequently, 5mg of 

Diclohexylcarbodiimide (DCC) was added to the solution. The solution was left 

under rotation for 24 hours at room temperature in order to perform the 

condensation reaction between the carboxyl groups of the NTs and those of the 

magnetic nanoparticles (see Figure 5-2). Indeed, a previous research based on 

functionalized single wall CNTs has shown a successful reaction between carboxyl 

groups in presence of DCC in excess (Wu, Zhang et al. 2001).  

 

Figure 5-2 Schematic of the chemical attachment of coated-nano-magnetic 
particles to the functionalized multi-wall carbon nanotubes. 
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Morphological and structural characterization of nano materials.  

The “as received”, the functionalized MWNTs, and as well as the coated the 

non-coated magnetic nanoparticles were morphological analyzed in a Hitachi Field 

Emission Scanning Electron Microscope (FE-SEM) equipped with a nergy 

Dispersive X-ray Spectroscopy (EDS). In order to corroborate the presence acid 

groups in the oxidized NTs, the “as received” and the functionalized CNTs were 

analyzed on a Fourier Transform InfraRed Spectroscope (FT-IR) in the wavelength 

range of 800 and 3200 cm-1. Additionally, the magnetic-nanotubes system was 

observed in a Transmission Electron Microscope and in the aforementioned 

FESEM to elucidate the physical attachment of the Fe3O4 particles onto the 

MWCNTs. 

Magnetic manipulation of agarose beads. 

A certain amount of the magnetic nanotubes here developed were placed 

in ethanol and manipulated using a Corning Magnetic Stirrer at a ration speed of 

60 r.p.m. for producing a controlled rotational field. The manipulation of the 

magnetic nanotubes was observed in an Optical Microscope (Signatone S-1160 

Probe Station) assisted with a video recorder.  

Pre-activated Navarose ActLow 100/40 beads (30-60 µm) from Inovata, 

Sweden, were dispersed in a phosphate-buffered saline (PBS) solution (pH =7.2) 

and subsequently, a certain amount of magnetic nanotubes was added followed 

by a gently shaken process for 15 minutes. The Navarose/magnetic-nanotubes 
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complex was manipulated using a spherical Neodymium magnet of 11 KOe to 

allow free handling maneuver. The manipulation of the agarose/magnetic 

nanotube complex was observed and recorder in the aforementioned Optical 

Microscope. 

RESULTS AND DISCUSSION 

In the present study, the functionalized carbon nanotubes were observed in 

the FESEM and the initial evidence shows that the functionalized NTs are shorter 

than the “as received” CNTs (see Figure 5-3). It is well known that a H2SO4:HNO3 

mixture is an excellent agent for cutting carbon nanotubes since the acid solution 

attacks the defects sites of the CNTs breaking them into shorter nanostructures 

(Korneva, Ye et al. 2005, 2006). 

Included in Figure 5-3 is the X-ray spectrum of the “as received” and 

functionalized nanotubes. From the figure, it is observed that in contrast to the “as 

received” nanotubes were only the presence of carbon was detected; the x-ray 

analysis of the functionalized nanotubes detected the existence of carbon and 

oxygen, suggesting therefore the presence of oxygenated groups in these 

nanostructures. The X-ray spectrums also show the presence of silicon, signal that 

is associated to the substrate used for the SEM examination. 
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Figure 5-3 SEM micrographs of the MWCNTs. a)” As received”. b) Oxidized 
(after chemical treatment). 

In order to have a more detailed study of the presence of acid groups on 

the CNTs, a FT-IR analysis was performed. The IR spectrum of the chemical 

treated nanotubes is shown in Figure IV-4a. From the figure, it is observed a peak 

around 1000 cm-1 that can be related to either primary or secondary stretching C-

O bonding (Coates 2000). Figure 5-4a also shows a peak around 1220 cm-1 which 

can be related to primary or secondary bending O-H bonds (Kim, Furtado et al. 

2005). It is worth noting that the stretching detection of C-C takes place between 

800-1200 cm-1 (Kim, Furtado et al. 2005); involving therefore a probably 

overlapping within the C-O and O-H peaks. Another peaks in the range of 1400 
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and 1550 are also observed in the figure, these peaks can be correlated to the 

stretching C=C bonding. A characteristic peak it is also seen at 1705 cm-1 

suggesting the presence of C=O stretching bonds (Liu, Shen et al. 2000, Kim, 

Furtado et al. 2005). Figure 5-4a also shows the presence of certain amount of 

impurities (C-H) at 1400 cm-1 suggesting that the chemical process here used can 

still be improved in order to get rid of any hydrocarbon impurity. The spectrum also 

displays a broad peak around 3100 cm-1, which can be associated to the presence 

of O-H groups. From Figure 5-4a, it can be concluded that subjecting CTNs to a 

HNO3/H2SO4 mixture, the nanotubes can be chemically modified by introducing 

carboxyl groups onto their structure. 
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Figure 5-4 Infrared spectrum of the CNTs studied in this research work. a) 
Functionalized and b) “As received” nanotubes. 
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Included in Figure 5-4, is the IR spectrum of the “as received” nanotubes; 

from the figure it is observed a series of peaks at 1100-1200 cm-1 that can be 

related to C-C stretching bonds. Figure 5-4b also shows two peaks at 1560 and 

1725 cm-1 that can be associated to C=C stretching bonds. The figure also exhibits 

characteristic peaks at 1355 and 1420 cm-1 which seems to be related to C-H 

bending bonds; suggesting the presence of hydrocarbon impurities in the “as 

received” CNTs. From the spectrums shown in Figure 5-4, it might be assumed 

that the oxidation process carried out on this research work resulted on the 

functionalization of acid groups in the MWCNTs.  

The morphological and EDS examination of the uncoated and coated 

magnetic nanoparticles is shown in Figure 5-5. From the figure, it seems that the 

magnetic nanoparticles subjected to the PAA solution (Figure 5-5a) were certainly 

coated, since they present a covered surface look, whereas the non-coated 

nanoparticles (Figure 5-5b) present a “bared” appearance. X-ray analyses were 

also carried out on the uncoated and coated magnetic particles (see Figure 5-6). 

Here, it is observed that both the uncoated and coated particles show the presence 

of iron and oxygen groups; however, the x-ray spectrum of the coated particles 

exhibits a much lower intensity of the detected elements. Indeed, it can be 

observed that the peak related to the oxygen groups in the spectrum regarding the 

coated particles (see Figure 5-6b) is more than 10 times lower than the detected 

in its uncoated counterpart (see Figure 5-6a). This difference might be associated 

to the presence of PAA which decreases the intensity of detection of the iron and 
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oxygen groups of the Fe3O4 particles. The spectrums shown in Figure 5-6 also 

exhibit the signal of silicon that can be associated to the substrate as well as the 

signal of magnesium and zirconium; elements that might be related to impurities 

in the magnetic nanoparticles. 

The reaction between carboxyl groups was initially evaluated by interacting 

functionalized CNTs among themselves. Here, oxidized CNTs were dissolved in 

DMF and an excess amount of DCC was added. The solution was stirred for 24 

hours at room temperature and subsequently washed with ethanol and allowed to 

dry. 

An SEM examination of the reacted NTs showed that these nanostructures 

appeared to have interacted between them at their terminals ends (see Figure 

5-7a). From the figure, it is observed that the reacted nanotubes exhibit an 

interconnected serial arrangement resulting in a long single structure of more than 

1.5 µm. Included in Figure 5-7 is the control sample (no addition of DCC) where it 

observed that the functionalized CNTs remained as isolated materials. The results 

observed in Figure 5-7 are encouraging, since suggest that it might be possible to 

build relatively large structures based on serial arrangement of functionalized 

nanotubes for enhancing upcoming reinforcement, sensing and actuation 

technologies. 
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Figure 5-5 SEM micrographs of the magnetic nanoparticles. a) As received. 
b) Coated with PAA. 
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Figure 5-6 X-ray spectrum of the Fe3O4 particles studied in this research 
program. a) uncoated. b) coated with PAA. 
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Figure 5-7 SEM micrograph of the MWCNTs here studied. a) Interconnected 
nanotubes (chemical reaction between carboxyl groups). b) Control sample 

Covalent bonding between the coated magnetic nanoparticles and carbon 

nanotubes is shown in Figure 5-8. Here, it is observed that a Fe3O4 particle is 
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bonded to the open-ended terminal of a functionalized CNT. In order to corroborate 

the presence of magnetic nanoparticles at the tip of the nanotubes, the magnetic-

nanotubes were observed in a TEM. Figure 5-9a shows the TEM image of a 

magnetic nanoparticle attached to the terminal end of a functionalized MWCNT. 

Here, the magnetic nanoparticle presents a darker background than the displayed 

by the nanotubes due to its higher density. Included in Figure 5-9 is the micrograph 

of a cluster of magnetic nanoparticles attached to the open-end of a carbon 

nanotube (see Figure 5-9b). It seems that the magnetic nanoparticles require 

better dispersion to enhance individual magnetic-nanotube connections. 
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Figure 5-8 SEM micrographs of the covalent bonding of the magnetic 
nanoparticles to the CNTs. 
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Figure 5-9 TEM micrographs of the magnetic-carbon nanotubes. a) A single 
magnetic nanoparticle attached to the open-end terminal of a CNT. b) A 
cluster of magnetic nanoparticles bonded to a CNT. 
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In order to highlight the potential handling of the magnetic-nanotubes here 

developed; these nanostructures were suspended in ethanol and optically 

observed while being subjected to a rotating magnetic field of 60 cycles per 

second. Indeed, due to the magnification restriction of the optical microscope, 

individual structures were difficult to monitor, thus a bundle of assembled 

nanomaterials were recorded instead. Figure 5-10 shows a series of snapshots 

taken from a recorded video, where it can be observed the rotation of magnetic-

nanotubes in the clockwise direction. It is interesting to note the apparent 

alignment based on a serial configuration of the nanostructure shown in Figure 

5-10, since it deeply diverges from the irregular arrangement observed in coated 

magnetic nanoparticles also subjected to the aforementioned magnetic conditions 

(see Figure 5-11). The contrast observed in Figure 5-10 and Figure 5-11 clearly 

highlights the potential capabilities of the magnetic nanotubes on acting as either 

nanoconnectors or nanomaneuvers over their conglomerated counter parts. 

Indeed, Hultren et al (Hultgren, Tanase et al. 2003) showed that the manipulation 

properties of nanowires were superior to the observed in superparamagnetic 

nanobeads due to their larger surface area. 
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Figure 5-10 Motion of a bundle of magnetic-carbon nanotubes under a 
clockwise rotational magnetic field. 
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Figure 5-11 Optical micrograph of the PAA-magnetic/nanoparticles complex 
showing a non-oriented or structured system. 

The manipulation properties of the magnetic-nanotubes were investigated 

by introducing agarose beads into a suspended solution of nanotubes based 

magnetic nanoparticles. Here, a magnet of 11 KOe was used to freely manipulate 

the agarose/magnetic-nanotubes complex. The maneuver capability of the 

magnetic-nanotubes is shown in Figure 5-12. From the figure, it is interesting to 

note that although the agarose beads are substantial bigger that the magnetic-

nanotubes, these last are able to effectively manipulate the agarose beads. 
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Indeed, Figure 5-12a shows the presence of magnetic carbon nanotubes attached 

to an agarose bead and its manipulation in a two-dimension clockwise rotation. 

Figure 5-12b also shows the presence of magnetic nanotubes attached to an 

agarose bead. Here, the maneuver was projected into a three-dimension rotation. 

From Figure 5-12, it is clear to observe that any desired manipulation can be 

achieved since the agarose beads successfully followed the trend established by 

the magnet device in a 2D and 3D control. These results are again very 

encouraging since suggests potential opportunities for biomedical therapy as well 

as for DNA, gens, cells and cancer manipulation and screening. 

 

Figure 5-12 SEM micrograph of magnetic-nanotube structures under a 
magnetic field. 
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CONCLUSIONS 

A covalent bonding between functionalized multi-wall carbon nanotubes 

and magnetic nanoparticles coated with polyacrylic acid has been studied and 

characterized. It has been shown that the attachment of magnetic particles has 

taken place at the open-ended terminals of nanotubes representing a non-altering 

sidewall approach for upcoming sensing and manipulation purposes. The results 

have also shown that functionalized nanotubes can be attached each other at their 

terminals ends in presence of an -imide agent, representing thus a promising 

procedure for building longer nanostructures. Finally, the results have also shown 

that the magnetic nanoparticles-nanotubes complex resulted in well-built serial 

structures that can be successfully manipulated under magnetic fields for 

achieving specific configurational arrangements exceeding the nano-scale span. 

For future work, there are vast possibilities on the extension of this work. 

One of the interests of this work is to couple this magnetic system with liposome 

coated with gold to form structure that have magnetic nanoparticle enclosed in the 

gold coated liposome shells, and functionalize the gold surface with target ligand, 

so this will be a drug delivery system/image sensor with a directional manipulation 

capability. This final structure is demonstrated in Figure 5-13 MNPs Coated with 

silica and gold to couple with ligand. 

Another obvious application would be try to duplicate the experiments done 

so far on a real cell.  
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Last one would be form ultra-long nanotubes with magnetic nanoparticle in 

between; this possibility has been shown as collateral results when we try to 

demonstrate the magnetic manipulation of the beads. We have discovered some 

very long and repeatable carbon nanotube formation, the longest one is around 35 

microns, which has never been shown in literature as best of my knowledge. We 

will focus on this structure as one of the extension of this work. 

 

 

Figure 5-13 MNPs Coated with silica and gold to couple with ligand 
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CHAPTER 6 -CONCLUSIONS  

The work performed in this research, at the present time has helped 

establish a strong foundation to continue the exploration of functionalization and 

modification methods of surfaces and nanostructures (liposomes and carbon 

nanotubes). Proteins and ligands have been successfully attached on these 

structures and preliminary but very relevant adsorption and binding phenomenon 

have been observed. Proteins on hydrophobic modified surfaces have been 

analyzed and their conformational changes effectively monitored. Some future 

work, especially with charged modified surfaces and with covalently attached 

proteins should be done to complement the results shown here.  

The work with liposomes has proven very effective in binding metal ions and 

as a consequence the successful formation of gold nano-films on the liposome 

surfaces. In future work binding studies of gold and silver should be performed in 

order to try to optimize on control the thickness of the nano-films on the liposomes. 

To further this research, gold and silver nanoparticles should be prepared first in 

solution and then attached directly to the liposomes as a complementary method 

to form gold and silver nanoshells.  

The methods used in this research have shown to be successful in the 

modification of glass silicon and aluminum oxide surfaces and in the incorporation 

of biomolecules to study protein adsorption. The synthesized platforms have 

proven useful in establishing the foundation for the development of more advanced 

materials with potential applications in protein array technology and as biosensors. 
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Protein adsorption behavior on the modified surfaces and its analysis shows that 

such platforms can be used effectively to characterize proteins and other 

biomolecules at interfaces. Similarly, the work and results in the modification of 

nanoparticles (liposomes) with chelating ligands and polymers for the formation of 

gold nanoshells and metal binding have shown successful. The gold nanoshells 

produced will find extensive use in biomedical applications and have opened a 

new line of research in our laboratory. The extension of the synthesis methods 

used and developed with solid platforms and liposomes were also extended with 

success in the functionalization and conjugation of carbon nanotubes and 

magnetic nanoparticles. Our results show that functionalized nanotubes can be 

attached each other at their terminal ends in the presence of a bi-functional 

carbodiimide reagent representing thus a promising procedure for building longer 

nanostructures. Finally, the results have also shown that the magnetic 

nanoparticles-nanotubes complexes resulted in well-built serial structures that can 

be successfully manipulated under magnetic fields for achieving specific 

configurational arrangements exceeding the nano-scale span.  

Some of the main accomplishments in this research have been the effective 

and systematic modification and synthesis of functional platforms. Once these 

platforms are fully characterized in terms of ligand density and ability to interact 

and bind with biomolecules their applications in biomedical and optical areas will 

be better appreciated. 
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 APPENDIX -DETAILED PROCEDURES 

1. PROTOCOL OF TRYPSIN ACTIVITY MEASUREMENT 

Materials: 

50 mM Tris-HCl, 20mM Calcium chloride buffer, pH 7.8 
Free trypsin, lmg/ml in buffer 
0.5 mM BAPNA (N-ct-benzoyl-DL-arginine p-nitroanilide) in buffer 
Trypsin immobilized on 2" silicon dioxide wafer 

Free Trypsin: 

Equilibrate all solution to 30°C 
In a cuvette (1 cm light path), pipette following reagent: (in uL) 
A Trypsin 10 
B BAPNA solution 990 
Mix and record the increase in A405nm 
Obtain the A405nm/min using the maximum linear rate. 

Immobilized Trypsin: 

Equilibrate the solution to 30°C 
In a Petri dish, pipette following reagent: 
A Trypsin coated wafer 
B BAPNA solution 5.0 ml 
Shake the Petri dish in water bath of 30°C 
Take sample very hour and measure the A405nm 
Obtain the data for calculation of the coverage 

2. CLEANING OF THE PLANAR SURFACES 

Materials: 

Tank of piranha solution 
DI water rinse bottle 
Aqueous waste basin (with funnel) 
Soap water rinse bottle or tank 
Cotton swabs for scrubbing 
Gloves 
Drying oven 

For the Silicon dioxide surface: 

Silicon dioxide glass slides are cleaned by incubating in piranha solution, 
 (70% sulfuric acid, 30% hydrogen peroxide) for 16 hrs.  
The slides are then rinsed with DI water extensively for 30 mins 
Dry samples in oven at 80°C for 8 hr 
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For the Aluminum oxide surface: 

Aluminum oxide-coated slides are washed with 1% soap solution, rubbed 
with gloved hands.  
All glass slides are then rinsed with DI water extensively for 30 mins 
Dry samples in oven at 80°C for 8 hrs. 

3. SILANIZATION (AMINE-FUNCTIONALIZATION) OF SURFACES 

 

 

Materials: 

Dunk holder for slides (acetone resistant) 
Tank of APTES solution (with stirrer) 
Acetone tank (with stirrer) 
Acetone rinse bottle 
Acetone waste container 
Drying oven 
Dry storage of slides 

 

Samples are immersed in (stirring) 1% (v/v) APTES solution in acetone for 
30-45 minutes  
Samples are rinsed (with magnetic stirring) immersed in acetone for 5 
minutes 
Samples are rinsed extensively with additional acetone 
Dry samples in oven at 80°C for 8 hrs 
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4. ALDEHYDE-FUNCTIONALIZATION OF SURFACES 

 

Materials: 

Tank of Glutaraldehyde solution (with stirrer) 
DI water rinse bottle 
PBS buffer rinse bottle 
Aqueous waste container 
Sterile storage? (Final washing with PBS) 
 

Immerse samples in 2% (v/v) solution of glutaraldehyde in 1PBS (pH 7.2) 
for 2 hours 
Wash samples with excess deionized water (Milli-Q) 

Wash samples with 1PBS 
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5. HYDROPHOBIC-FUNCTIONALIZATION WITH DMPE 

 

Materials: 

Tank of DMPE solution (with stirrer) 
DI water rinse bottle 
PBS buffer rinse bottle 
Aqueous waste container 
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Samples are incubated with a solution of 1,2-Dimyristoyl-sn-Glycero-3-

Phosphoethanolamine (DMPE) (10 mg/ml in 1PBS in Triton-X100) for 3 
hours at RT  

Rinse extensively with 1PBS 
Rinse extensively with DI water 
(Samples are stored in DI water) 

6. HYDROPHOBIC-FUNCTIONALIZATION WITH DA  

 

Materials: 

Tank of DA solution in DMF (with stirrer) 
Dunk holder for slides (DMF – resistant) 
DMF wash bottle (Teflon) 
DMF waste container 
 
Incubation with 10-mg/ml dodecylamine in DMF at RT for 3 hrs 
Samples are rinsed extensively with DMF 
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Samples are kept in water 

7. CHARGED-FUNCTIONALIZATION WITH POLYLYSINE 

 

Materials: 

Tank of Polylysine (with stirrer) 
Dunk holder for slides  
DI water rinse bottle 
Aqueous waste container 
Sample are incubated with a solution of polylysine (0.1% w/v) in 1X PBS 
buffer for 3 hours at RT 
Sample are rinsed repeatedly with DI water 
Samples are stored in water  
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8. HYDROPHILIC (PEG, H-BOND ACCEPTING) FUCTIONALIZATION OF 

SURFACES 

 

Materials: 

Tank of Polylysine (with stirrer) 
Dunk holder for slides  
DI water rinse bottle 
Aqueous waste container 
 

Samples were incubated with a solution of NHS-PEG (1mg/ml) in 1xPBS 
buffer for 3 hours at RT and washing repeatedly with DI water 
Samples were kept in water before investigation with fluorescent 
microscopy or XPS 
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