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ABSTRACT 

 

FUNCTIONALIZED NANOPARTICLES FOR THE SELECTIVE KILLING OF 

CANCER CELLS 

 

Publication No. ______ 

 

Thevenot Paul Todd, MS 

 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Liping Tang, Ph.D., 

The use of nanoparticles for cancer imaging and drug delivery has produced 

some success in improving the efficacy and safety of cancer chemotherapy. It is 

generally believed that the efficiency of nanoparticle-based cancer therapy would be 

greatly improved if such particles could be designed to directly interact with and 

eradicate tumor. Many recent studies have revealed that surface functionality plays an 

important role in particle:cell interactions. Using titanium dioxide (TiO2) nanoparticles 

(21 nm diameter) as test subjects, nanoparticles with different functional groups, 

hydroxyl (–OH), amine (-NH2), and carboxyl (–COOH) were produced and used in this 

investigation. An in vitro cell culture system was used to evaluate the interaction of a 

series of surface functionalized TiO2 nanoparticles with a number of normal animal and 
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cancer cell lines, including B16F10 melanoma, Lewis lung carcinoma (LLC), JHU 

prostate cancer cells, and 3T3 fibroblasts. It was observed that cell viability following 

exposure to TiO2 nanoparticles was dependent on particle concentration, cell line, and 

TiO2 surface chemistry. Overall, the TiO2 nanoparticles, both functionalized and 

uncoated, exerted the strongest toxicity effects on LLC cells and least toxicity on 

B16F10 cells and 3T3 fibroblasts. Cell viability was observed to depend on the specific 

surface chemistry of the particles. In general, particles with –NH2 or –OH functional 

groups exhibited significantly higher toxicity than those functionalized with –COOH 

groups. Microscopy analysis of cell viability as well as spectophotometric analysis of 

lactate dehydrogenase (LDH) content and arrays of cell proliferation indicated that the 

TiO2 nanoparticles disrupt the cell membrane integrity leading to cell death. Overall, the 

present results suggest that functionalized TiO2 nanoparticles, and presumably other 

nanoparticles similarly surface modified, may be engineered specifically for targeted 

cancer therapy. 

 

  The ability to fully understand how a precisely chemically defined surface 

interacts with both cell monolayers and body tissues will help scientists and engineers 

in the design of materials that will perform their desired function while also minimizing 

unfavorable interactions within the body. 
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CHAPTER 1 

 

INTRODUCTION 

 

Cancer is one of the principle causes of death in the Western world 

(Schulenburg et al. 2006) and has passed heart disease as the leading cause of death for 

persons younger than 85 years of age (Jemal et al., 2007).  Tumors are cause by 

abnormalities in cellular genetics causing unregulated cell growth, and possibly 

metastasis of the cells to other locations within the body, though the mechanisms of 

events such as metastasis and malignant growth are largely unknown (Schulenburg et 

al., 2006). 

 

Methods and strategies for the treatment of different types of cancers are 

continually developing and rapidly expanding into the realm of nanotechnological 

treatments (Kim, 2007).  Nanoparticles are at the forefront of modern research in the 

treatment of cancer (Yezhelyev et al., 2006; Kim, 2007).  Treatment strategies are 

shifting from intrusive and invasive surgical approaches, for both detection and 

treatment, to the use of nanoparticles followed by chemotherapy with targeted 

therapeutics such as controlled drug delivery from nanoparticles (Santra et al., 2005; 

O’Neal et al., 2005).  Concurrent with developments in medicinal biology and      
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chemistry, nanoparticles have emerged as a powerful weapon in the fight against 

cancer. 

 

1.1 Nanoparticles in Cancer Therapy 

 

Nanoparticles have been increasingly employed as vehicles with which to 

deliver anti-cancer agents to tumors as well as tumor imaging.  Nanoparticles have 

shown potential as intravascular as well as cellular probes which may help lead to early 

diagnosis of certain types of cancers.  They also have been shown to provide targeted 

delivery, allowing the delivery of analyte probes and therapeutic agents not only to 

cells, but to specific compartments within the cell (Liu et al., 2007).  The ability to 

conjugate cell-penetrating peptides as well as load nanoparticles with therapeutic gene 

and DNA therapies has advanced both cancer research and medicinal chemistry.  One 

such example is the delivery of suicide genes to cancer cells via nanoparticles 

(Czupryna and Tsourkas, 2006). 

 

Cancer research using nanoparticles has seen application in many different 

scenarios, including cancers of the breast (reviewed by Yezhelyev et al., 2006), prostate 

(Johannsen et al., 2007), skin (Ito et al., 2004), and lung (Zhou et al., 2006).  Each type 

of cancer provides unique challenges related to delivery, uptake, and successful 

eradication of cancerous cells, which can be met by the quickly expanding arsenal of 

nanoparticles.  Quantum dots, nano-shells, magnetic nanoparticles, and carbon 
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nanotubes are just a few of the many newly developed nanoparticles that each have 

distinct advantages for particular facets of cancer therapy including imaging, drug 

delivery, magnetic field targeting, radiation sensitizing, and photothermal ablation 

(Cuenca et al., 2006).   

 

Recently, several chemotherapeutic agents have become available in 

nanoparticle formulations with equivalent efficacy and fewer side effects (Yezhelyev et 

al., 2006).  Though many methods have been developed to characterize nanoparticles in 

vitro, the nature of how nanoparticles interact with tissue and cells in vivo is only 

vaguely understood.  

 

1.2 Surface Interactions of Biomaterials after Implantation 

 

Implanted biomaterials, including nanoparticles, are mostly hydrophobic.  As a 

result, upon implantation, biomaterials are usually covered with a layer of plasma 

proteins.  It is the protein composition and the degree to which these proteins denature 

which ultimately affects the functionality of the implant or drug release device 

(Dadsetan et al., 2004, Wang et al., 2004).  In the case of implants, it is believed that the 

conformation changes of the adsorbed proteins are responsible for initiating adverse 

reactions such as inflammation, coagulation, and foreign body response (Shen et al., 

2004; Nath et al., 2004).  For nanoparticles, this protein adsorption assists macrophages 

and the immune system in identifying and eliminating the particles (Moghimi and 
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Hunter, 2001).  The content and conformation of the adsorbed protein layer will 

ultimately determine how the nanoparticles will interact with cells and tissues. 

 

 Surface functionality has been shown to affect the extent of protein adsorption 

and denaturation (Keselowsky et al., 2004).  Surface engineering strategies for 

biomaterial implants has shifted to focus on controlling protein adherence and 

denaturation to decrease end products of inflammation, most importantly fibrous 

capsule formation around the implant (Barbosa et al., 2006; Keselowsky et al., 2007).  

In the case of the much smaller nanoparticles, especially those which come into contact 

with blood after intravenous injection, surface chemistry has also been shown to affect 

the degree of opsonization (Peracchia et al., 1997).  This reduction, when combined 

with the nanoscale size of the particles can decrease recognition of the particles by 

macrophages and the immune system (Vonarbourg et al., 2006).  Surface modification 

can also help to tailor particle solubility/dispersion and stability (Choi et al., 2003), 

enhance cell uptake (Win and Feng, 2005), and provide chemical reactivity on the 

particle surface for further conjugation of bioactive ligands (Nobs et al., 2003).  

 

 We have chosen to focus this project on titanium dioxide (TiO2) nanoparticles.  

TiO2 has many unique properties, most notably the ability to photocatalyze.  There are 

however many discrepancies concerning the biocompatibility of TiO2.  Very little has 

been reported on the effects of altering the surface functionality of TiO2.  The goal of 
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this study is understand how TiO2 interacts with cancer cells and if altering the surface 

properties of TiO2 can alter the cellular response.    

 

1.3 TiO2 Nanoparticles 

 

 Titanium has been widely used as an implant material.  Overall, the material has 

been established as a biocompatible material, with some investigations showing anti-

inflammatory properties due to the ability to degrade reactive oxygen species.  

However, there have been conflicting results concerned with the toxicity of TiO2 

nanoparticles.  When exposed to water, titanium forms an oxide layer resulting in a 

chemical structure TiO2 (Sahlin et al., 2006).  Titanium implants have been shown to 

release TiO2, which can accumulate locally or disseminate systemically (Olmedo et al., 

2002).    TiO2 is used commercially and industrially as a white pigment and is generally 

developed in particulate form less than 1µm.  TiO2 particles can be classified as poorly 

soluble in water and have been classified as relatively inert and non-toxic (Bermudez et 

al., 2002). 

.      

In biological applications, TiO2 is most often used as a disinfectant due to its 

photocatalytic properties, mainly to purify water and industrial waste.  In the medical 

industry, TiO2 has been applied to increase biocompatibility of surfaces (Abou Neel et 

al., 2007), as a biosensor coating for glucose monitoring (Nakamura et al., 2007), as a 

functional surface for living-cell microarrays in drug development (Carbone et al., 
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2007), and as an additive to materials to both mimic natural bone and enhance apatite 

formation (Hashimoto et al., 2007). 
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CHAPTER 2 

                                                                                               

TiO2 NANOPARTICLES BACKGROUND 

 

TiO2 nanoparticles in medicine have been investigated mainly in the fields to 

toxicology (Jeng and Swanson, 2006), sterilization (Sekiguchi et al., 2007), and cancer 

treatment (Seo et al., 2007).  As previously mentioned, TiO2 has many industrial and 

medical applications which, due to their small size and unique properties require an in 

depth understanding of any potential toxicity associated with exposure.    

 

The photocatalytic properties of TiO2 have been well documented in recent 

years (Blake et al.,1999).  Researchers have sought to harness these properties to both 

sterilize surfaces which may become exposed to pathogens as well as apply particles to 

cancerous cells with the hopes of disrupting cellular functions and thus viability, 

through photocatalysis. Though these photocataltic applications have been thoroughly 

investigated, the mechanisms are still only generally understood (Blake et al., 1999). 
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  2.1 Formulations of TiO2 and Their Properties 

 

Two types of crystalline structure have been investigated related to medicine, 

rutile and anatase.  The properties of these two crystalline structures have been shown 

to differ regarding both chemical reactivity and photocatalytic capabilities (Brunella et 

al., 2007; Warheit et al., 2007).  The most commonly investigated nanoparticle variant 

of TiO2 is the P25 formulation, consisting of 80% anatase 20% rutile, commonly used 

as a white pigment (Blake et al., 1999). 

 

The photocatalytic properties of TiO2 and their applications have been 

thoroughly studied for the past few decades (Blake et al., 1999).  It has been 

demonstrated that the anatase structural form of TiO2 has superior photocatalytic 

capabilities (Brunella et al., 2007), as well as increased toxicity in vivo compared to the 

rutile phase (Warheit et al., 2007).  Though not totally understood, the general 

mechanism of photocatalyis, including species generation and their potential 

interactions can be summarized as follows.  UV excitation leads to a series of chemical 

steps that result in the production of reactive oxygen species, including hydroxyl 

radicals, hydrogen peroxide, and superoxide (Fujishima et al., 2000).  In animal cells, 

the generation of hydroxyl radicals and superoxides are of increased importance and has 

been linked to causes of cell death following photocatalysis of TiO2 nanoparticles 

(Blake et al., 1999).  These reactive species are then free to interact with either the 
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exterior cell membrane, or if UV exposed after uptake, within the cell membrane.  This 

can results in lipid peroxidation and cyotoxicity resulting in cell death. 

 

2.2 In-Vitro Studies Employing TiO2 

  

Numerous studies have investigated effects of TiO2 on cancer cell line viability.  

These studies employ photocatalysis as the method to induce killing, differing mostly in 

time, duration, and light source power.  Depending on the conditions during excitation, 

ROS such as hydroxyl radicals, superoxides, and hydrogen peroxide can be produced 

(Fujishima et al. 2000).  These highly reactive species frequently attack biological 

molecules including lipids by abstracting hydrogen, in a process known as lipid 

peroxidation (Halliwell and Chirico, 1993).  In-vitro cell killing via photocatalysis has 

been demonstrated on HeLa cells (cervical carcinoma) (Cai et al., 1992), T-24 (bladder 

carcinoma) (Sakai et al., 1995), A-357 (melanoma) (Seo et al., 2007), Ls-174-t (colon 

carcinoma) (Zhang and Sun, 2004), and U937 (leukemia) (Huang et al., 1997).  Most 

studies investigating the photocatalytic activity of TiO2 use the P25 phase.  This phase 

has been shown to be the most potent and efficient photocatalyst compared with other 

structures of TiO2, though groups have reported favorable results with lab fabricated 

TiO2 (Seo et al., 2007).   

 

  The assumption common to all studies is that photocatalysis of TiO2 causes 

membrane disruption by reactive oxygen species (ROS) leading to cell death.  As 
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previously mentioned, the crystal phase of the TiO2 particles is related to its ability to 

photocatalyze. One study using Ls-174-t colon carcinoma (which were shown to be 

unaffected by TiO2 exposure in the absence of UV) and a TiO2 particle concentration of 

1mg/mL showed an 80% reduction in cell viability with 30 minutes of UV exposure at 

3.7mW/cm2 with  viability determined by MTT assay.  The TiO2 nanoparticles used in 

this study were prepared by the researchers and were shown to adhere and accumulate 

on the cell membrane even in the absence of photoactivation (Zhang and Sun, 2004).  A 

more recent study using melanoma cancer cells was able to show that not only are 

particles found both on and inside the cell membrane after particle exposure, but also 

that the cell death due to TiO2 photocatalysis occurs by both apoptosis and necrosis 

(Seo et al., 2007).    

 

The other front of in vitro TiO2 research involves examination of toxicity as a 

result of nano or microparticle exposure without application of photocatalysis.  These 

studies have been focused in the past two decades and deal mostly with phagocytic cell 

types or other cells with an increased possibility of exposure to small particulates. 

 

2.3 In-Vivo Studies 

 

Only a few studies have attempted to incorporate the benefits of photocatalysis 

and TiO2 into a working method for treatment of cancerous masses.  After tumor 

induction, the addition of a TiO2 nanoparticle solution combined with UV exposure led 
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to a significant reduction in tumor growth (Kubota et al., 1994; Kubota et al., 1995).  

Similar effects were seen in an in vivo model HeLa cells exposed to TiO2 and UV (Cai 

et al., 1992).  Though some positive results have been reported, the need for surgical 

exposure of the tumor combined with UV treatment may restrict this method to 

superficial tumors and is further limited by the fact that TiO2 may disseminate 

throughout the body possibly causing complications during treatment.  Also, it appears 

that photocatalytic treatment with TiO2 appears to be limited to tumors below a certain 

size limit (Cai et al., 1992).  Recently, researchers have tested on the use of an 

endoscope, providing increased access to cancer masses, to facilitate the TiO2 

photocatalysis process for in vivo cancer treatment (Fujishima et al., 2000).    

 

A rapidly expanding body of work has been devoted to the effects of TiO2 

nanoparticles after exposure via an assortment of routes.  Inhalation studies have shown 

inconsistent results, with results showing particle deposition in the lungs and lymph 

nodes with the degree of inflammatory response differing among species tested 

(Bermudez et al., 2002).  TiO2 nanoparticles injected into the peritoneal cavity led to 

deposition in the peritoneum, liver, lung, and spleen; though deposition did not lead to 

excessive inflammatory reactions at the sites of deposition (Olmedo et al., 2002).  TiO2 

particles disseminated in the lungs have the shown the potential to interact with alveolar 

macrophages causing elevations in ROS (Olmedo et al., 2005).  This response in the 

lungs has been shown to be transient with resolution within a few days after initial 

exposure (Rehn et al., 2003; Warheit et al., 2006).  
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Recently these results have come under question, specifically related to the 

effects of chemical phase composition as well as surface properties of TiO2.  It was 

recently shown that TiO2 (P25, 80% anatase 20% rutile) nanoparticles induce lung 

inflammation, cytotoxicity, and cell proliferation as well as adverse lung tissue effects 

following intratracheal exposure in comparison with rutile TiO2 (Warheit et al., 2007).  

The enhanced ability of the anatase phase of TiO2 to generate ROS may lead to 

oxidative damage and undesired cell stimulation, which could lead to powerful 

inflammatory effects once deposited in tissues (Donaldson et al., 1998).    
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CHAPTER 3 

 

THE EFFECTS OF SURFACE FUNCTIONALITY ON CELLULAR 
RESPONSES 

 

 Though the influence of surface hydrophobicity on protein adsorption and cellular 

responses is well documented, recent studies have revealed that surface functional 

groups also affect protein and cell behavior (Beyer et al., 1997; Scotchford et al., 2002; 

Tang et al., 1998; Keselowsky et al., 2004).  Substantial research efforts have been 

placed on studying the influence of surface functionality in the cellular response to 

biomaterials.  Surface functional groups can also influence cell growth (Tidwell et al., 

1997; Ohya et al., 2004) as well as cellular uptake of nanoparticles (Wilhelm et al., 

2003; Shikata et al., 2002), likely due to the fact that surface chemical functionality 

affects adsorbed protein and subsequent protein:cell interactions. The most common 

functionalities investigated with relation to biomaterial interactions are the carboxyl (-

COOH), hydroxyl (-OH), amino (-NH2), and methyl (-CH3) groups.  Many recent 

reports have investigated the effect of these groups on the binding of adhesive proteins 

and subsequent cellular interactions.  
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3.1 Hydrophobic and Hydrophilic Surface Functionalities 

 

 The wettability that functionality provides to a surface is an important 

parameter when considering the interactions of unmodified and modified nanoparticles 

inside the body.  The -CH3 group is the major component of commonly used polymeric 

materials and provides a hydrophobic surface on biomaterials. It is generally accepted 

that the hydrophobic –CH3 functionality promotes protein adsorption, usually in 

conformations unfavorable for desired cellular interactions (Keselowsky et al., 2004). 

As a result, -CH3 functionality has also shown increased fibrinogen binding, platelet 

accumulation and thus poor blood compatibility (Lestelius et al., 1997).  A study 

measuring the adhesion strength of fibrinogen, albumin, and immunoglobulin G (IgG) 

showed that all three proteins adhered with the highest strength to -CH3 bearing 

surfaces (Kidoaki and Matsuda, 1999).  Overall, these results suggest that -CH3 surfaces 

will likely have unfavorable surface reactions with cells due to the magnitude of tightly 

bound proteins.     

 

 In general, hydrophilic functionality provides low interfacial free energy resulting 

in reduced protein adsorption, cell adhesion, and blood compatibility (Wang et al., 

2005; Wang et al., 2004).  It is well established that proteins tend to bind to hydrophilic 

surfaces in a lower amount and less tightly than to hydrophobic surfaces Higuchi et al., 

2002; MacDonald et al., 2002; Hess and Vogel, 2001). Such reduction of protein 

adsorption affects subsequent cellular responses.  In general, micro and nanoparticles 
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with a hydrophilic shell show decreased protein adsorption and increased circulation 

time (Redhead et al., 2001).  

 

 The hydroxyl group functionality (-OH) represents a neutral, hydrophilic surface.  

Particles modified with a PEG shell, with a hydrophilic –OH surface functionality, can 

reduce particle uptake in phagocytes (Choi et al., 2003).  The -OH functionality has also 

been shown to have reduced plasma protein adsorption (Lestilius et al., 1997).  It has 

been suggested that the charge neutrality and hydrophilic nature of the -OH 

functionality has low protein affinity, and thus protein repelling properties (Lindblad et 

al., 1997).  However, hydrophilic poly(vinyl alcohol) (PVA) surface modification with 

–OH functionality used in a study comparing uncoated poly(lactic-co-glycolic acid) 

(PLGA) versus -OH coated PLGA, showed that the addition of the hydrophilic coating 

led to a 2 fold increase in cellular uptake (Win and Feng, 2005).  Fibronectin (FN) 

adsorbed onto -OH functional groups also show high levels of α5β1 levels leading to 

increased cell adhesion strength as well as increased levels of structural signaling 

components related to focal adhesions (Keselowsky et al., 2004).  This contradiction 

highlights the importance of the specific membrane properties of a particular cell type 

in dictating particle cell interactions.   
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3.2 Negatively and Positively Charged Surface Functionalities 

 

 Equally important to surface wettability, surface charge likely plays an 

important role in particle:cell interactions, especially given that cell membranes 

generally have a net negative charge.  Therefore the tendencies of negatively and 

positively charged particle surface coatings may lead to alternative interactions with the 

cell membrane. 

 

 A recent study, examining the effects of altering surface charge on particle 

uptake, showed that increasing –NH2 group functionality, with a net positive charge, on 

the particle surface has a correlation to cell uptake (Lorenz et al., 2006).  This 

phenomenon was also shown to be cell dependant, with cancerous cell lines taking up 

more particles with an increase in –NH2 group density on the surface.  Studies using FN 

show favorable protein conformations after adsorption to the positively charge -NH2 

surface (Liu et al., 2005; Keselowsky et al., 2004).  Particularly, -NH2 surfaces promote 

the exposure of high density bound receptors as well as focal adhesion components by 

adsorbed fibronectin (Keselowsky et al., 2004).  These favorable protein adsorption 

profiles lead to favorable endothelial cell interactions (Liu et al., 2005).  It is suggested 

that the favorable interactions of the cationic -NH2 surface with the cell membrane 

allow quicker passage into cells. 
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  Studies investigating negatively charged functionalities, such as –COOH, and 

their effects on protein adsorption have shown that fibronectin and albumin are more 

easily eluted from surfaces coated with –COOH (Tidwell et al., 1997).  This was tied 

into the fact that this functionality, compared to other common surface functional 

groups, adsorbed FN and albumin at ratio significantly different to other coatings.  In 

addition, studies investigating the effect of cell adhesion peptides with –COOH 

functionality showed high levels of two FN domains (α5β1 and αvβ3) associated with 

structural and signaling components related to focal adhesions, similar to the –OH 

functionality (Keselowsky et al., 2004). Favorable protein expression on the surface of 

–COOH functionalized nanoparticles may then lead to an increased reactivity with cell 

membranes. A recent study has shown that -COOH functional surface enhances cell 

uptake and the amount of nanoparticle uptake could be correlated to the amount of -

COOH functionality on the nanoparticle surface. Such interesting phenomenon might 

be due to favorable interactions of the cell with the negatively charged coating 

(Holzapfel et al., 2006).  However studies have also shown that excessive concentration 

of –COOH on the surface results in a higher negative charge on the surface, which may 

cause unfavorable membrane interactions between particles and cell membranes (Ohya 

et al., 2004).     

 

 A recent study has also suggested that surface functionality can also affect both 

the rate and mechanism of cell uptake.  Using dendrimers with terminal groups of -NH2, 

-OH, and PEG, results have shown that -NH2 surfaces were able to enter cancer cells at 

 17



 

a higher rate than -OH and PEG functionalized surfaces.    It is likely that the -OH and 

PEG functionalities, due to their anionic nature, increase affinity to the cell membrane, 

and then taken in by an endocytotic route (Kannan et al., 2004).  Another study 

investigating -OH, -NH2, and -COOH terminal groups on dendrimers showed that -

COOH and -OH functional surfaces tend to have increased residence times in vivo, 

which may be attributed to their ability to resist recognition by the body through protein 

adsorption, as well as cell uptake properties due to surface functionality (Vandamme 

and Brodbeck, 2005). 
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CHAPTER 4 

 

EVALUATION OF CANCER CELL TOXICITY OF UNCOATED AND SURFACE 
MODIFIED TiO2 NANOPARTICLES  

 
 

 The goal of this study is to establish the toxicity of TiO2 to various cancer cells 

as well as investigate whether changing the surface functionality of TiO2 has any effect 

on nanoparticle toxicity to the cancer cell lines.  Thus this chapter will be divided into 

two sections.  In the first section (4.1), we will investigate the viability of different 

cancer cell lines after exposure to different concentrations of unmodified TiO2.  In the 

second section (4.2), we will establish viability through the use of particles with 

modified surface chemistry at different concentrations with the cell lines.  

 

4.1 Toxicity of Unmodified TiO2 

 

After conducting a literature review regarding TiO2 nanoparticles and their 

reported interactions, we believe that TiO2 nanoparticles (especially in the case of 

particles with anatase structure) may interact with cancer cell membranes, leading to 

toxicity.  These interactions may be enhanced in cancer cells compared to normal cells 

due to increased permeability of the cancer. 

 19



 

  Therefore we aim to establish the relationships between TiO2 particle 

concentration and viability for different cancer cell lines. 

 

4.1.1 Introduction 

 

As previously mentioned, the photocatalytic effects of TiO2 have been 

thoroughly investigated, with results showing that efficient destruction of different cell 

types can be achieved, possibly via generation of ROS.  The non-photocatalytic effects 

of TiO2 on cell viability have been demonstrated, though inconclusively.  It is generally 

accepted that the rutile phase is non-toxic, but the more reactive anatase phase may 

have some level of toxicity at moderate exposure concentration.   

 

With this in mind, we have chosen to investigate the cancer  toxicity of the P25 

(80% anatase 20% rutile) formulation of TiO2.  For this study, four cancer cell lines and 

one fibroblast control were investigated for their toxicity to TiO2 at a log scale of 

concentrations for comparison with previously published data.  

 

HYPOTHESIS 1: Exposure of uncoated TiO2 nanoparticles may lead to cancer cell 

death.  
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4.1.2 Materials and Methods 

 

Particle preparation:  TiO2 particles (P25 standard 80% anatase, 20% rultile), 

acquired from the DeGussa Corporation (Düsseldorf, Germany), were of very uniform 

size, with an average diameter of 21nm.  In order to prevent the involvement of 

photocatalysis in this experiment, particle solutions were prepared with serum to allow 

passivation of serum proteins to the particles for 24 hours. This measure has been 

shown to eliminate/significantly reduce photocatalytic effects of TiO2 (Xia et al., 2006).  

Prior to culture, particle solutions were briefly sonicated to resuspend the particles.  

TiO2 solutions were then added to cell seeded well plates at desired concentrations.   

 

Cell lines:  For viability studies, TiO2 nanoparticle solutions were prepared and 

stored overnight in Dulbecco’s Modified Essential Media (DMEM) supplemented with 

10% fetal calf serum (FCS).  Cell lines were purchased from the ATCC and included 

B16F10 and B16F1 melanoma cell lines, JHU prostate cancer line, LLC lung 

carcinoma, and 3T3 fibroblasts.  B16F10 is mouse skin melanoma commonly used to 

study metastasis in vivo.  B16F1 is also a mouse skin melanoma that has tumorigenic 

properties in mice and is commonly used to induce tumors and study metastasis.  JHU is 

a rat prostate cancer line that is tumorigenic in vivo in rats commonly used to study 

prostate cancer metastasis.  LLC is the only semi-adherent cell used in the study.  It is a 

mouse lung carcinoma line that is tumorigenic in vivo commonly used to study 

metastasis as well as the mechanism of cancer therapeutic agents.  3T3 is a mouse 
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fibroblast line that is commonly used in tissue engineering and other applications as a 

control cell line.  All cultures were recovered from cryopreserved stock and expanded 

for 3 passages at American Type Cell Culture (ATCC) recommended passage rates 

prior to well plate seeding.  All cells were propagated in DMEM with 10% FCS and 1% 

antibiotics.  

 

Cell viability study: For all viability studies, cells were grown to confluence in 

24 well plates prior to particle exposure.  Following exposure to various amounts of 

particles, cells were allowed to incubate for 24 hours prior to viability staining. The 

viability of particle-incubated cells was conducted using Viability/Cytotoxicity staining 

method following a modification of the manufacture’s protocol (Molecular Probes, 

Eugene, OR). The kit allows the simultaneous quantification of live and dead cells 

based on intracellular esterase activity and plasma membrane integrity, respectively.  

The kit is commonly used to assess apoptotic cell death as well as cell-mediated 

toxicity.  The kit has two functional components, calcein AM which is enzymatically 

converted to a fluorescent green upon entry of live cells and Ethidium homodimer-1 

(EthD-1) which enters cells with damaged membranes and undergoes a significant red 

fluorescent enhancement upon binding to nucleic acids. 

 

Briefly, 1µM calcein AM and 2µM EthD-1 solutions were prepared in PBS.  

After verification that the majority of cells were attached, the culture media containing 

TiO2 particles was removed.  After removal of the culture media, the cells were rinsed 
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once in PBS followed by the addition of 100µL of 1µM calcien AM and 2µM ethidium 

homodimer-1 solution. Cells were then photographed using a Leica fluorescence 

microscope coupled with a digital camera.  The live and dead cells were then counted 

using NIH Image J software (rsb.info.nih.gov/ij/).  Image J was equipped with a cell 

counter plugin to track both live and dead cells within each image.  Cell viability was 

determined by dividing the live cells by total number of live and dead cells to achieve a 

percent viability.  The viabilities for a given condition were then averaged and analyzed 

for statistical significance in EXCEL. 

 

Statistical analyses:  Statistical comparison was conducted using EXCEL 

equipped with a data analysis plugin provided in the software. Student t tests were 

conducted using the data analysis tool to compared data sets for statistical significance. 

Differences were considered statistically significant when p < 0.05. 

 

4.1.3 Results

 

Influence of particle concentrations on cell survival: The effect of various 

concentrations of uncoated TiO2 nanoparticles on cell viability was examined. After 24 

hour incubation, little to no effect on 3T3 fibroblast survival was observed up to TiO2 

concentrations of 10 mg/ml.  In contrast, the various cancer cell lines exhibited 

significantly different degrees of toxicity towards the untreated TiO2 particles. Similar 

to 3T3 fibroblasts, B16F1 cells appear to be essentially non-responsive to increasing 
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concentration of TiO2 nanoparticles. On the other hand, the survival of the LLC cell line 

drops sharply with the increase of the TiO2 concentration. Specifically, more than 75% 

of LLC cell were killed at a concentration of 10 mg/mL. The cytotoxic effects of 10 

mg/ml uncoated TiO2 on B16F10 and JHU-26 were intermediate between that of the 

B16F1 and LLC cells, being 75% and 50%, respectively (Figure 1). 
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Fig 1 The influence of TiO2 particle concentration on survival rates of cells.  Vertical 
lines denote ± 1SD (n=4 for all test samples and cells). Significant of differences 
between cancer cells vs. 3T3 cells (▲): **, P<0.05). 
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4.2 Toxicity of Surface Modified TiO2 

 

Based on the viability results unmodified TiO2 nanoparticles (Figure 1), we see 

that indeed there are some cell type dependant interactions between TiO2 nanoparticles 

and cancer cells.  Since these effects are likely due interactions between the reactive 

TiO2 surface and the cancer cell membranes, adjusting the surface chemistry may lead 

to changes in the toxicity of the nanoparticles for each cell type.  In this section we will 

attempt to modify the particle surfaces to investigate whether there are changes in the 

toxicity of the modified nanoparticles compared with the unmodified TiO2 

nanoparticles.  

 

4.2.1 Introduction 

 

In the first investigation, we were able to determine that TiO2 nanoparticles 

indeed possessed some degree of cancer killing property, especially with the JHU and 

LLC which showed decreased viability at relatively low concentrations.  We next 

sought to determine whether altering the surface functionality of TiO2 could modulate 

or reduce cancer cell survival. 

 

It has previously been established that hydrophobic biomaterials evoke 

undesired inflammatory responses, caused by protein adhesion and denaturation (Hu et 

al., 2001; Tang and Hu, 2005). Subsequently, it was seen that by altering the 
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hydrophobic surface of the materials, the compatibility of the materials could be 

enhanced (Wang et al., 2004; Wang et al., 2005).  It has been shown that the addition of 

different chemical functional groups to the surface led to such benefits as: reduced 

protein adsorption leading to decreases in inflammatory cell adhesion (Tidwell et al., 

1997; Tang et al., 1998), protein adsorption and surface rearrangement in favorable 

conformations reducing inflammatory cell activation (Keselowsky et al., 2004), 

adhesion and proliferation of desired cell types (Scotchford et al., 2002), enhanced cell 

differentiation (Piana et al., 2007), and increased cellular uptake of nanoparticles 

(Kannan et al., 2004). 

  

The unmodified surface of TiO2 nanoparticles can be characterized as 

hydrophilic.  However, the processes involving protein adsorption and subsequent 

cellular interactions can be analyzed more specifically by considering the actually 

chemical functionality that provides the properties to a surface.  We therefore sought to 

modify the TiO2 particle surfaces with well defined chemical entities displaying unique 

chemical functionalities on their surface to determine if the toxic effects of TiO2 could 

be modulated or enhanced by surface modification. 

 

Though many surface chemical groups have been investigated, a core group of 

surface functionalities have been investigated most often, mainly due to the differences 

in properties of the groups.  These core groups are the amine (-NH2), hydroxyl (-OH), 
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and carboxyl (-COOH) groups.  Group properties at physiological pH are briefly 

summarized below: 

• -NH2 – Positively charge 

• -OH – Hydrophilic, neutral charge 

• -COOH – Hydrophilic, negatively charged    

 

Recently, a group was able to show that nanoparticle surfaces, functionalized 

with -NH2 and -OH, were taken up in cancer cells by differing mechanisms at different 

rates (Kannan et al., 2004).  Results highlighting the effects of -COOH on cellular 

uptake have also been reported (Holzapfel et al., 2006).  It has been suggested that the 

surface charge, as well as functionality, lead to different interactions with the cell 

membrane.  The mechanisms underlying these interactions are not completely 

understood and thus the possible benefits of functional coating in relation to cell 

targeting and particle:membrane interactions have not been identified.  We therefore 

have attempted to quantify the positive and negative results of surface functionalizing 

TiO2 nanoparticles on cancer cell viability by functionalization using radio frequency 

glow discharge (RFGD) plasma polymerization.    

 

HYPOTHESIS 2: FUNCTIONALIZED TiO2 NANOPARTICLES HAVE IMPROVED 

CANCER TOXICITY EFFECT. 
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4.2.2 Materials and Methods 

 

Particle preparation: The particles used in this study were functionalized and 

characterized by the lab of Dr. Richard Timmons.  TiO2 particles (P25 standard 80% 

anatase, 20% rultile), acquired from the DeGussa Corporation, were of very uniform 

size, with an average diameter of 21nm. The di(ethylene glycol) vinyl ether (EO2V), 

allyamine (AA), and vinyl acetic acid (VAA) monomers were purchased from Aldrich 

(Milwaukee, WI) and were of the highest purity available. They were out-gassed 

repeatedly before use but were not subjected to any additional purification steps. 

 

RFGD plasma polymerization was employed to coat the particles.  In an effort to 

achieve efficient coating of the TiO2 nanoparticles, a 360o rotatable plasma reactor was 

employed.  The continuous rotational motion, while maintaining vacuum, was achieved 

via use of Ferrofluidic valves located at each end of the reactor.  Transport grooves, 

located on the inside of the glass reactor, move the particles upward during rotation for 

subsequent gravitational descent through the plasma discharge. This efficient mass 

transport and agitation of the particles successfully overcomes the tendency for 

nanoparticle aggregation thus providing continuous exposure of fresh TiO2 surface to 

the plasma generated reactive molecules and ions.  The specific process employed has 

been previously shown to be extremely effective in coating fine powders (Susut and 

Timmons, 2005), including nanoparticles (Cho et al., 2006).  In a typical run, 3.5 g of 

TiO2 particles were loaded inside the borosilicate glass reactor and the reactor was 
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evacuated to 5 mTorr background pressure. After this background pressure was 

achieved, an oxygen plasma-pretreatment was conducted at 100W average power to 

remove any carbonaceous contaminants on the surface of TiO2 particles. Subsequently, 

the PECVD process was initiated using one of the three monomers. The film 

thicknesses deposited were limited to approximately 5 to 10 nm. The film deposition 

rates, and thus thickness, were determined in separate experiments using polished 

silicon substrates and an Alpha-Step profilometer (Tencor, San Jose, CA) 

 

Cell culture procedures: For this study, we limited the cells lines investigated 

to 3T3 mouse fibroblasts, B16F1 mouse melanoma, JHU rat prostate cancer, and LLC 

mouse lung cancer cells.  B16F10 mouse melanoma results for surface functional TiO2 

were similar to B16F1, with larger deviations, as seen in the uncoated TiO2 experiment.  

Therefore B16F10 was omitted from the study.  The cell culture procedures and particle 

preparation for cell culture were carried out as previously described (Section 4.2). 

 

Cell viability test: For viability analysis: cell culture, particle exposure and 

Viability/Cytotoxicity staining were carried out identically to the first experiment as 

decribed in Section (4.2).  Briefly the two functional dye components, calcein AM 

which is enzymatically converted to a fluorescent green upon entry of live cells and 

Ethidium homodimer-1 (EthD-1) which enters cells with damaged membranes and 

undergoes a significant red fluorescent enhancement upon binding to nucleic acids, 

were used to label live and dead cells. 
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Analysis was also carried out identical to the first experiment detailed in Section 

(4.2).  Briefly cells were then photographed using a Leica fluorescence microscope 

coupled with a digital camera.  The live and dead cells were then counted using NIH 

Image J software (rsb.info.nih.gov/ij/).  Image J was equipped with a cell counter plugin 

to track both live and dead cells within each image.  Cell viability was determined by 

dividing the live cells by total number of live and dead cells to achieve a percent 

viability.  The viabilities for a given condition were then averaged and analyzed for 

statistical significance in EXCEL as previously documented (Section 4.2).  

 

Cell membrane imaging: To determine the interaction of TiO2 particles in cell 

culture, cell membranes were stained with FM1-43 membrane stain (FM1-43 

Membrane Stain, Molecular Probes [Invitrogen], Carlsbad, CA). The presence of 

nanoparticles can be visualized with unique auto-fluorescence only found on –COOH 

coated particles. 3T3 cells were incubated with –COOH particles for 3 hours. At the end 

of the studies, the cells were stained with FM1-43 and DAPI then observed using 

fluorescence microscope.   

 

The culture and staining procedure were as follows.  Cells were recovered from 

cyropreservation (Section 4.2) and cultured on coverlips to confluence.  Upon reaching 

confluence, TiO2 particle solutions (prepared as described in Section 4.2) were added to 

the cultures and allowed to incubate for 3 hours.  After 3 hour incubation, the media 
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was removed and the cell layer was gently rinsed in PBS to remove non-adherent 

particles and cells.  The coverslips were then stained with DAPI dissolved PBS at 

300nM.  Following nuclear labeling with DAPI, cell membranes were stained with 

FM1-43.  FM1-43 was diluted in HBSS to a concentration of 5µg/mL, added to 

coverslips and put at 4◦C for 1 minute.  The coverlips were then mounted to slides and 

immediately imaged with phase contrast and –COOH autofluorescence (FITC green 

filter), FM1-43 (Texas Red filter), and DAPI (blue DAPI filter). 

 

4.2.3 Results

 

The dose effects of TiO2 nanoparticles with various functionalities on cell 

survival were evaluated using Live/Dead Viability/Cytotoxicity staining (Figure 2).  

The most pronounced effects of surface functionalized TiO2 were seen with LLC 

(Figure 2A) and JHU (Figure 2B).  The effect of surface functional groups on cell 

survival is highlighted at the concentration of 0.1mg/mL for JHU cells (Figure 2B). At 

this concentration, the survival rates of cells exposed to –NH2, -OH and –COOH are 

approximately 60%, 80%, and 100%, respectively, while the viability of cells incubated 

with uncoated TiO2 is around 75%.  These results support that –COOH functional group 

diminishes cell toxicity whereas –NH2 enhances JHU cell toxicity. As concentration 

increases, particle load overwhelms effects seen by functional coating. Similar surface 

functionality-dependent cell toxicity can also be found on LLC cells.  When exposed to 

uncoated TiO2 nanoparticles at 10 mg/ml, the survival of LLC drops sharply to around 
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25% viability.  Similar to responses of JHU cells, the -COOH functional group 

substantially reduces particle-mediated toxicity to LLC cells (Figure 2A). In addition, 

compared with uncoated particles, TiO2 particles with -OH and –NH2 functional groups 

have less cell toxicity (~70%) to LLC cells than uncoated particles (25%).  

Representative viability images of LLC cells can be seen in (Figure 3).  There was no 

significant effect of TiO2 coating on 3T3 and B16F1 cells following incubation for 24 

hours, consistent with the fact that uncoated TiO2 had little to no effect on the cells at 

concentrations up to 10mg/mL (Figure 2C & 2D). 
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Fig 2 Effect of coated particle concentrations on viabilities of different cell types, (A) 
LLC (B) JHU-26 (C) B16F1 (D) 3T3. The vertical lines denote ± 1SD (n=4 for all test 
samples and cells). Significant of differences between -NH2 coated and -OH coated 
particles vs. –COOH coated particles (ο): **, P<0.05).  
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Fig 3  Representative Viability Stains of LLC Cells Exposed to Functionalized TiO2 
Particles.  Cultures were incubated overnight.  Positive live stains appear green.  
Positive dead cells appear as a red stained nucleus. (A) LLC control culture cells. (B) 
Cells cultured with VAA functionalized particles (-COOH functionality). (C) Cells 
cultured with EO2V functionalized particles (-OH) functionality.  
 
 

 

 

                  
Fig 4 Visualization of the interaction between functionalized (VAA, in 0.01mg/mL) 
TiO2 particles and 3T3 cells. Nucleus and membranes was stained with DAPI (blue) 
and FMI-43 (red), respectively. Particles emitted fluorescence light (green). By 
overlapping various images, the location and interaction of particles with cells can be 
clearly identified. (A) Cells with nucleus (blue) encompassed with intact membranes 
(red). (B) Cells with nucleus (blue) were covered with substantial amount of particles 
(green). (C) Particles (green) coincided with the cell membranes (red) showing yellow 
areas of overlap.   

A B C
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4.2.4 Discussion 

 

The first part of this study was designed to analyze the cell toxicity effects of 

unmodified TiO2.  Among the five cell lines used in this investigation, we find that TiO2 

nanoparticles have low cytotoxicity to B16F10 and B16F1 melanoma cells as well as 

3T3 fibroblasts. These findings are in agreement with many recent published results. 

Specifically, various sizes and concentrations of TiO2 particles have been reported to be 

non-toxic in cell monolayer uptake models in vitro (Hussain et al., 2005; Okada et al., 

2006), in vitro inhalation models (Warme et al., 2004), and in vivo models (Olmedo et 

al., 2005; Wang et al., 2006).  However, in the case of the JHU prostate tumor cells and 

Lewis lung carcinoma cells, we found that there are significant differences in viability 

levels for uncoated TiO2 particles at concentrations of 1mg/mL for LLC cells and 0.1 

mg/mL for JHU prostate tumor cells. Our results have shown that TiO2 particles possess 

cell-specific toxicity, depending on the concentrations and surface functionality of the 

particular particles.  

 

TiO2 particle-mediated tissue toxicity is potentially via particle:cell interactions, 

possibly related to the surface properties of the TiO2 particles (Warheit et al., 2007). It 

has been reported in several in vivo studies that TiO2 can travel in the bloodstream via 

binding to plasma proteins, through the lymphatic system after phagocytosis by 

macrophages, or to the bone marrow via monocytes (Bermudez et al., 2002; Urban et 

al., 2000; Olemdo et al., 2002).  The specific interactions between TiO2 particles and 
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proteins are not totally understood. Studies have revealed that TiO2 particles have a net 

negative charge (at pH = 7) (Topoglidis et al., 2003) and also bind preferentially to 

amino acids containing –OH, -NH, and –NH2 in their side chains (Tran et al., 2006).  

Many studies have observed TiO2 adherence to cell membranes as well as uptake into 

cells.  Therefore, changes in cell viability when comparing different particle culture 

conditions can be attributed to differential interactions between the surface and the 

individual cell types.  These observations indicate that surface properties of TiO2 

particle may affect cell:particle interaction.  

 

Surface functionality has been shown to affect cell:particle interactions (Barbosa 

et al., 2006). Although it has been suggested that surface functionality should be the 

determining factor concerning cell uptake and subsequent activity inside the cell 

(Wilhelm et al., 2003), studies that have varied surface functionality to investigate 

membrane binding, uptake, and internalization of nanoparticles are limited.  We thus 

hypothesize that, by varying surface functionality, the cell toxicity of TiO2 particles can 

be altered. Three functional groups with various surface charges (-OH, -NH2, and           

–COOH) were included in this investigation. We find that the effect of particle surface 

functionality on cell cytotoxicity to be cell dependent.  3T3 fibroblasts and B16F10 

melanoma cells showed no significant response to functionalized or un-treated particles 

at 1mg/mL.  These findings are in agreement with recent findings that TiO2 nanoparticle 

surface functionality (hydrophilic verses hydrophobic) had insignificant effects on cell 

toxicity in an intratracheal rat model (Warheit et al., 2006; Rehn et al., 2003).  These 
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differences may be due to protein composition of the cell membrane and how these 

proteins interact with the TiO2 particles.  In the case of the melanoma and 3T3 cells, 

weaker particle:membrane interactions may explain the insignificant influence of 

surface functionality and higher survival rates of particle-exposed cells.  In contrast, 

surface functionality exerts medium influence on Lewis lung carcinoma toxicity, 

possibly due to increased interaction between the TiO2 particle surface and the cell 

membrane. The most significant variances were seen in the JHU prostate tumor cells.   

 

The basis for the observed differential effects of surface functional groups on 

cell survival is mostly unclear. The JHU prostate tumor cell line showed a significant 

susceptibility to the -NH2 group.  Perhaps, the positive charged amine group prompts a 

destructive impact on the negatively charged membrane of the cells.  While positive 

charged -NH2 coating shows a significantly low viability for JHU cells, negative 

charged -COOH coated particles substantially increase JHU cell viability, a 

phenomenon also seen in the case of LLC cells.  It appears that positive surface charge 

may enhance particle accumulation on cell membrane and subsequently particle uptake 

by cells (Lorenz et al., 2006; Holzapfel et al., 2006).  

 

To further investigate the interactions of –COOH functionalized particles, 3T3 

cells were cultured on coverslips and exposed to –COOH particles.  Upon merging the 

stain images of 3T3 cells exposed to –COOH functionalized particles, it was seen that 

the particles appear to aggregate at the cell membrane with a slight presence around the 

 37



 

periphery of the nucleus, possibly suggesting particle uptake inside the cell membrane.  

Results have shown that –COOH functionality can be correlated with increased cell 

uptake.  The uptake of –COOH particles may be facilitated differently by cells, as 

suggested by uptake studies investigating particles with different functionalities 

(Kannan et al., 2004).  This uptake mechanism may be the difference for the observed 

preservation of cell viability after exposure. 
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CHAPTER 5 

DISRUPTION OF CELL MEMBRANE FLUIDITY INDUCES CANCER CELL 
DEATH 

 

5.1 Introduction 

 

Previous results suggest that TiO2 particles either attach to the cell membrane or 

enter the cell.  We hypothesize that TiO2 is disrupting the fluidity of the cell membrane, 

leading to the generation of openings in the cell membrane.  Ideally, the particles could 

be labeled with a fluorescent dye to track the movement of the particles after addition to 

the media.  However, the chemical addition of fluorescent compounds may alter the 

surface functionality and obscure their cellular interactions while also possibly causing 

toxicity. 

 

As described in previous chapter, we have determined that the –COOH 

functionalized particles omit auto-fluorescence, allowing us to visualize and image the 

particles.  However, the other coatings do have this property.  Therefore, in order to 

preserve the surface functionality of the particles, we sought to label the cell membrane, 

hoping to visualize any disruption after particle exposure.  In order to visual the cell 

membrane after particle exposure, FM1-43 lipophilic dye can be used to monitor the 

cell membrane.   FM1-43 has been used to track endocytosis and recycling of cell
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 membranes after uptake.   

 

Openings in the membrane may lead to release of cytoplasmic contents into the 

surrounding media.  We sought to test this hypothesis by conducting both a lactate 

dehydrogenase (LDH) and [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) cell proliferation assay.  LDH is a 

cytoplasm enzyme and LDH reduction is often associated with cell membrane damage 

and cell death (Lobner, 2000).  Therefore a correlation between viability, membrane 

fluidity, cell proliferative ability, and LDH results may hint at the mechanism causing 

cell death. 

 

HYPOTHESIS 3: TIO2 PARTICLES INTERRUP CELL MEMBRANE FLUIDITY 

WHICH LEADS TO CANCER CELL DEATH.  

 

5.2 Materials and Methods 

 

Particle preparation: All TiO2 nanoparticle solutions, uncoated and surface 

functionalized, were prepared as previously explained in Sections (4.2 and 4.6).  

Exception was made in the case of culture to be used for LDH activity studies.  In order 

to achieve accurate enzyme results, particles solutions were prepared in Hank’s 

Balanced Salt Solution (HBSS) with 1% FCS to reduce the possible effects of serum 

background during LDH assay.  HBSS with 1% FCS particle solutions were prepared 
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and stored overnight to passivate the particles with serum proteins to limit 

photocatalytic effects.  TiO2 particle solutions were briefly sonicated prior to cell 

culture.   

 

Cell culture:   The LLC cell line was used exclusively in both the LDH and cell 

proliferation test (MTS assay) experiments due to the fact that LLC cells had the most 

distinguishable and consistent results when exposed to uncoated and surface 

functionalized TiO2.  Expansion and pre-experimental treatments were identical to those 

methods described in Sections (4.2 and 4.6). 

 

Cell membrane integrity: LLC cancer cell survival was quantified with two 

methods, Lactic dehydrogenase assay and cell proliferation test (MTS assay).  For LDH 

studies, following sonication, the cell culture media was removed from the well plates, 

and particle solutions in HBSS at desired concentrations were added to cell seeded well 

plates.  For enzyme assay experiments cell were grown to confluence prior to particle 

exposure in 24 well plates.  Particle exposed cells were allowed to incubate for 3 hours 

before enzyme assay (the maximum time period before cell death can be observed due 

to serum deprivation).  

 

At the conclusion of the experimental exposure period, the supernatant was then 

removed and centrifuged to eliminate the non-adherent particles and cell debris. 

Adherent cells were lysed with 0.5% Triton X-100.  Untreated samples exposed to the 
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same culture conditions without the addition of particle solutions were used as controls.  

Samples of both lysate and supernantant for each particle type were then analyzed by 

spectroscopy.  The activity of LDH was measured spectrophotometrically by assaying 

reduced nicotinamide adenine dinucleotide oxidation @340 nm during LDH-catalyzed 

reduction of pyruvate to lactate (Tang et al., 1993).  

   

LDH enzyme assay conditions were conducted as follows.  After preparation of 

vials containing lysate and supernatant samples collected from LLC cells exposed to 

different concentrations of uncoated TiO2 (.01mg/mL to 10mg/mL) and surface 

functionalized TiO2 (all samples at 1mg/mL), test solutions at approximately 1mL were 

prepared.  Test solutions consisted of 100µL of sample, 725µL of phosphate buffer, 15 

µL of NADH, and 50µL of sodium pyruvate.  After the addition of sodium pyruvate 

(which begins the reaction), the samples were immediately read at @340 nm.  A 

calibration curve was then used to determine mU of LDH activity from recorded 

absorbance readings. 

  

Cell proliferation testing: For verification of Live/Dead viability results for 

VAA coated TiO2, a cell proliferation test (MTS assay) was conducted on LLC cells 

grown to confluence in 96 well plates (Promega, Madison, Wisconsin).  Upon reaching 

confluence, media containing 1mg/mL TiO2, functionalized or uncoated, was added to 

cultures and allowed to incubate for 3 hours at 37◦ C and 5% CO2.  After 3 hours, 20µL 

of Aqueous One Solution was added to begin the assay.  Manufactures suggested 
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protocol was followed concerning solution incubation time (4 hours) and microplate 

settings.  Samples were compared to control, untreated sample optical densities (OD).  

Sample optical densities were read at 490nm with background at 630nm.  Background 

readings were taken of culture media with 20µL of Aqueous One Solution and 

subtracted from sample readings.  

 

Cell membrane staining: Following LDH and cell proliferation test (MTS 

assay) experiments, cells were stained to visualize the effects of various particles on cell 

membrane integrity.  Cultured cells were subjected to FM1-43 membrane staining 

following the manufacturer’s protocol (Molecular Probes, Eugene, OR). The cell 

membrane integrity was then recorded with the fluorescence microscope. 

 

Statistical analyses: Statistical comparison (achieved on the basis of variable 

cell number) was carried out according to Student t- test. Differences were considered 

statistically significant when p < 0.05. 

 

5.3 Results

 

Our results indicate that TiO2 nanoparticles may interrupt the continuity of the 

cell membrane and subsequently lead to membrane breakdown and cytoplasm leakage. 

To test this assumption, we measured the release of cytoplasmic enzyme - LDH by 

adherent cells with or without prior exposure to TiO2 nanoparticles. The LLC cell line 
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was chosen for these assays as it had the most distinct response to both uncoated and 

surface functionalized TiO2.  Assays of LDH activities were observed to increase with 

increasing concentrations of uncoated TiO2 particles confirming the relationship 

between cell death and the release of LDH enzymes (Figure 5).  Upon assaying 

uncoated and surface functionalized TiO2 at a concentration of 1mg/mL, the same 

general trend as seen in viability staining was observed.  Supernatant levels of LDH 

activity were lowest compared to all other particle types, though lysate levels were 

slightly lower than expected, falling below control and uncoated TiO2 levels (Figure 6).  
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Fig 5 LDH release from LLC cells following unmodified TiO2 exposure. Cells with 70-
90% confluence were exposed TiO2 particles in media consisting of HBSS with 1% 
FCS. After incubation for 3 hours, the supernatants were collected and the adherent 
cells were then lysed with 0.5% Triton X-100. The LDH activities of supernatants and 
adherent cell lysates were then determined spectrophotometrically. The vertical lines 
denote ± 1SD (n=3 for all test samples and cells). Significant of differences between 
particle incubated cells vs. untreated cells: **, P<0.01). 
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Fig 6 LDH release from LLC cells following exposure to functionalized TiO2 
nanoparticles at 1mg/mL. Cells with 70-90% confluence were exposed TiO2 
nanoparticles in media consisting of HBSS with 1% FCS. After incubation for 3 hours, 
the supernatants were collected and the adherent cells were then lysed with 0.5% Triton 
X-100. The LDH activities of supernatants and adherent cell lysates were then 
determined spectrophotometrically. The vertical lines denote ± 1SD (n=3 for all test 
samples and cells). Significant of differences between particle incubated cells vs. 
untreated cells: **, P<0.05) 
 



 

For further verification, similar studies were carried out using a cell proliferation 

test (MTS assay) of cells culture with functionalized and control TiO2 nanoparticles at 

1mg/mL. As expected, results of the assay were in agreement with previous 

observations of P25 TiO2 toxicity and that –COOH functionality reduced toxicity of 

TiO2 to LLC cells (Figure 7 and Figure 8).  In comparison to control OD, LLC cultured 

with VAA functionalized TiO2 (-COOH) had an OD nearly equal to control cultures.  

ODs for other functionalities were considerably lower; NH2 (75%), OH (65%), and 

uncoated TiO2 (80%).   
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Fig 7 Cell proliferation test (MTS assay) on particle-exposed LLC cells was carried out 
to compare with cell viability and LDH results. LLC cells were incubated with various 
concentrations of unmodified TiO2 particles. After incubation for 3 hours, the activity of 
adherent cells was then quantified with MTS assay kit (Aqueous One cell solution, 
Promega). The viable cells were then determined spectrophotometrically. The vertical 
lines denote ± 1SD (n=5 for all test samples). Significant of differences between particle 
incubated cells vs. untreated cells: **, P<0.05). 
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Fig 8 Cell proliferation test (MTS assay) on particle-exposed LLC cells was carried out 
to compare with cell viability and LDH release results. LLC cells were incubated with 
variously functionalized TiO2 particles in media consisting of HBSS with 1% FCS. 
After incubation for 3 hours, the activity of adherent cells was then quantified with 
MTS assay kit (Aqueous One cell solution, Promega). The viable cells were then 
determined spectrophotometrically. The vertical lines denote ± 1SD (n=5 for all test 
samples). Significant of differences between particle incubated cells vs. untreated cells: 
**, P<0.01). 
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Through observing the cell morphology, we have noticed that most of the dead 

cells appear to have broken membranes.  We thus assume that binding of TiO2 

nanoparticles interrupts the integrity of cell membranes.  To test this hypothesis, FM1-

43 staining was used to monitor the fluidity of the membranes of cells with or without 

prior exposure to TiO2 nanoparticles. We observed that, without particle exposure, 

FM1-43 stains of LLC show a smooth, continuous layer of cell membrane (Figure 9A). 

On the other hand, the spotty, rough cell membranes were found in cultures with 

uncoated TiO2 particles (Figure 9B).  These results suggest that TiO2 particles may 

affect the membrane integrity and lead to cell death.  Similar membrane disruptive 

effects can be seen when compared to control cells with B16F1 (Figure 9C & 9D).  This 

suggests that cell:particle interactions, other than particle deposition on cell membranes, 

are responsible to cell death.  Observation of the cells under higher magnification 

(X400), confirmed that LLC cells served a focal point for large numbers of TiO2 

particles (Figure 10). Interestingly, TiO2 particles often coincided with cell membranes 

and, perhaps, membrane debris. These results suggest that the accumulation of TiO2 

particles may be responsible for the rupture of cell membrane and subsequent cell death.   
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Fig 9 Effect of particle:cell interactions on cell membrane integrity. Various cancer 
cells were cultured with TiO2 particles (1mg/ml) for three hours. The cell membranes 
were then stained with FM1-43 membrane stain (red) as well as nuclear DAPI staining 
(blue).  (A) Untreated LLC cell showed continuous cell membrane stain. (B) Rough 
membrane was found on particle exposed LLC cell. (C) Smooth cell membrane on 
control B16F1 cells.  (D) Particle exposed B16F1 cells have prominent disrupted 
membranes. (E) Complete membranes were found on untreated B16F10 cells, while (F) 
particle treated B16F10 cells covered with fragmentized membranes.  
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Fig 10 Particles influence on cell membrane integrity. (A) The disrupted cell membrane 
of TiO2 exposed LLC cells were stained with FM1-43 membrane stain (red). (B) TiO2 
particles can be visualized surrounding cells under phase contrast optical microscope. 
(C) By overlapping membrane stain images and optical image, membranes can be seen 
to coincide with the particles indicating potential involvement of particles on cell 
membrane disintegration. 
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5.4 Discussion 

 

It is our belief that the decreased viability of particle-exposed LLC cells may be 

associated with impaired cell membrane function due to TiO2 particles-induced protein 

aggregation/denaturation. In fact, our results support this hypothesis.  FM1-43 stains of 

particle-incubated cells have revealed large circular clumps staining positive around the 

exterior of the cell. Such rough cell membranes are often found on apoptotic or necrotic 

cells indicating cell death and/or dying cells (Avivi-Green et al., 2002). It should be 

noted that FM1-43 stains of JHU cells show similar trend of clumping membrane 

material around the exterior of cell (data not shown).  These observations are in line 

with many recent results. First, in cancerous cell lines T-24, HeLa, and U937 cells, TiO2 

particles are found to incorporate into the cell membrane and the cytoplasm (Wamer et 

al., 1997; Blake et al., 1999).  Second, TiO2 uptake was decreased in alveolar 

macrophages in the absence of calcium, preventing influx of calcium into damaged cell 

membranes (Blake et al., 1999; Stringer et al., 1995).  Third, results have suggested that 

particle-mediated production of hydroxyl radical is responsible for the interruption of 

pulmonary cell and cancer cell membrane (Donaldson et al., 1998; Blake et al., 1999). 

 

Although our results have shown that surface functionality effect cell viability 

and particle accumulation on cell membranes, the relationship between 

particles:membrane interactions and cell death has yet to be determined. Abundant 

evidence has suggested that the disruption of cell membranes often lead to cell death 
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(Pelicano et al., 2004; Blake et al., 1999). We thus hypothesized that TiO2 nanoparticle 

accumulation on cell membranes may lead to cell rupture and then cell death. It is 

widely established that the release of LDH enzymes can be used to assess and also to 

quantify the degree of cell rupture (Hussain et al., 2005). Indeed, there is an excellent 

relationship between LDH release and cell death (Live/Dead stain), further verified by 

LDH release.  This finding supports our theory that the binding and clumping of TiO2 

with the cell membrane leads to a disruption of the cell membrane, leading to release of 

intracellular components causing cell death.  Further studies are needed to uncover the 

detailed processes governing particle-associated cell membrane rupture. It should be 

noted that a proton sponge hypothesis has been suggested to explain the mechanism of 

rupture (Bousiff et al., 1995).  This theory suggests that extensive buffering by the 

cationic particle surface may lead to unchecked proton transport into the phagosome. As 

the consequence, excessive water influx may leads to endosome rupture due to the 

space constraints. Free floating particles within the cytoplasm could then interact with 

mitochondria and other organelles leading to cell death (Bousiff et al., 1995).  
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CHAPTER 6 

 

CONCLUSIONS  

 

• TiO2 nanoparticles trigger cancer cell death that is cell type dependent among 

the cell lines tested in this work, including B16F10, LLC, 3T3, and JHU. 

•  TiO2 nanoparticles-induced cancer cell death is concentration dependent.  List 

the specific concentration for every cell lines in referencing to 3T3 cells.  

• This toxicity can be altered by the addition of a specific chemically 

functionalized surface.  Depending on the membrane properties of the specific 

cell type, these functionalities can increase or decrease TiO2 nanoparticle 

toxicity in vitro.  The –COOH functionalized particles were shown to maintain 

viability near control levels for all cells tested.  In the case of JHU cells, the NH2 

coating at low to moderate particle concentrations caused a drastic reduction in 

JHU cell viability.  With 3T3 and B16F1 cells, which were for the most part 

unaffected by TiO2 exposure, -OH surface coated surfaces had the highest 

decrease in viability for both cell types. 
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• The basis of both unmodified and surface functionalized TiO2 nanoparticles 

appears to be linked to their interactions with the cell membrane.  Upon binding 

to and/or uptake through the cell membrane, the particles cause a disruption in 

membrane fluidity, leading to a permanent disruption of the cell membrane, 

inhibiting proliferation and subsequently leading to cell death.
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CHAPTER 7 

 

FUTURE RECOMMENDATIONS 

 

 The in vivo effects of these particles would likely provide interesting and 

relevant results.  Induction of cancerous masses, followed by injection of 

functionalized TiO2 in conjunction with histological analysis could provide 

interesting information on tumor growth suppression and retention of the 

particles in the cancerous mass 

 The photocatalytic abilities of surface functionalized TiO2 have not been 

investigated.  It would be interesting to determine if surface functionality has an 

effect on the photocatalytic abilities of TiO2. 

 It may be possible that the effects seen in this investigation, in conjunction with 

photocatalysis, may provide an effect superior to TiO2 and photocatalysis alone. 

 Addition work could be done to more precisely determine the mechanism of cell 

destruction and the possible interactions and uptake mechanisms of each coated 

particle type. 

 We could also investigate drug release from other surface functionalized 

nanoparticles. 

 

 57



  

REFERENCES  

 

• Abou Neel, E.A., Mizoguchi, T., Ito, M., Bitar, M., Salih, V., Knowles, J.C.  In 

Vitro Bioactivity and Gene Expression By Cells Culture on Titanium Dioxide 

Doped Phosphate-Based Glasses.  Biomaterials 2007, 28;19:2967-2977. 

• Avivi-Green, C., Polak-Charcon, S., Madar, Z., Schwartz, B.  Different Molecular 

Events Account for Butyrate-Induced Apoptosis in Two Human Colon Cancer Cell 

Lines.  The Journal of Nutrition 2002, 132:1812-1818. 

• Barbosa, J.N., Madureira, P., Barbosa, M.A., Aguas, A.P. The Influence of 

Functional Groups of Self-Assembled Monolayers on Fibrous Capsule Formation 

and Cell Recruitment. Journal of Biomedical Materials Research 2006, 76A:737-

743. 

• Bermudez, E., Mangum, J.B., Asgharian, B., Wong, B.A., Reverdy, E.E., Janszen, 

D.B., Hext, P.M., Warheit, D.B., Everitt, J.I. Long-term Pulmonary Responses of 

Three Laboratory Rodent Species to Subchronic Inhalation of Pigmentary Titanium 

Dioxide Particles.  Toxicological Sciences 2002, 70:86-97. 

 

 58



  

• Beyer, D., Knoll, W., Ringsdorf, H., Wang, J.H., Timmons, R.B., Sluka, P. Reduced 

Protein Adsorption on Plastics Via Direct Plasma Deposition of Triethylene Glycol 

Monoallyl Ether. Journal of Biomedical Materials Research 1997, 36:181-189. 

• Blake, D.M., Maness, P.C., Huang, Z., Wolfrum, E.J., Huang, J. Application of the 

Photocatalytic Chemistry of Titanium Dioxide to Disinfection and the Killing of 

Cancer Cells.  Separation and Purification Methods 1999, 28;1:1-50. 

• Bousiff, O., Lezoualc'h, F., Zanta, M.A., Mergny, M.D., Scherman, D., Demeneix, 

B., Behr, J. A Versatile Vector for Gene and Oglionuleotide Transfer into Cells in 

Culture and In Vivo: Polyethylenimine.  Proceedings of the National Academy of 

the Sciences 1995, 92:7297-7301. 

• Brunella, M.F., Diamanti, M.V., Pedeferri, M.P., Fonzo, F.D., Casari, C.S., Bassi, 

A.L.  Photocatalytic Capability of Different Titanium Dioxide Layers.  Thin Solid 

Films 2007, 515;16:6309-6313. 

• Cai, R., Kubota, Y., Shuin, T., Sakai, H., Hashimoto, K., Fujishima, A.  Induction 

of Cytotoxicity by Photoexcited TiO2 Particles.  Cancer Research 1992, 52;8:2346-

2348.  

• Carbone, R., Giorgetti, L., Zanardi, A., Marangi, I., Chierci, E., Bongiorno, G., 

Fiorentini, F., Faretta, M., Piseri, P., Pelicci, P.G., Milanin, P.  Retroviral Micro-

Array Based Platform on Nanostructured TiO2 for Functional Genomics and Drug 

Discovery.  Biomaterials 2007, 28;13:2244-2253. 

 59



  

• Cho, J., Denes, F.S., Timmons, R.B. Plasma Processing Approach to Molecular 

Surface Tailoring of Nanoparticles: Improved Photocatalytic Activity of TiO2. 

Chemistry of Materials 2006, 18:2989-2996. 

• Choi, S.W., Kim, W.S., Kim, J.H. Surface Modification of Functional Nanoparticles 

for Controlled Drug Delivery. Journal of Dispersion Science and Technology 2003, 

24;3-4: 475-487. 

• Cuenca, A.G., Jiang, H., Hochwald, S.N., Delano, M., Cance, W.G., Grobmyer S.R.  

Emerging Implications of Nanotechnology on Cancer Diagnostics and Therapeutics.  

Cancer 2006, 107;3:459-466. 

• Czupryna, J., Tsourkas, A.  Suicide Gene Delivery By Calcium Phosphate 

Nanoparticles: A Novel Method of Targeted Therapy for Gastric Cancer.  Cancer 

Biology and Therapy 2006, 5;12:1691-1692. 

• Dadsetan, M., Jones, J. A., Hiltner, A., Anderson, J. M.  Surface Chemistry 

Mediates Adhesive Structure, Cytoskeletal Organization, and Fusion of 

Macrophages. Journal of Biomedical Materials Research 2004, 71A:439-448. 

• Donaldson, K., Li, X.Y., MacNee, W. Ultrafine (Nanometre) Particle Mediated 

Lung Injury.  Journal of Aerosol Science 1998, 29;5-6:553-560. 

• Fujishima, A., Rao, T.N., Tryk, D.A.  Titanium Dioxide Photocatalysis.  Journal of 

Photochemistry and Photobiology C: Photochemistry Reviews 2000, 1;1:1-21. 

 60



  

• Hashimoto, M., Takadama, H., Mizuno, M., Kokubo, T.  Mechanical Properties and 

Apatite Forming Ability of TiO2 Nanoparticles/High Density Polyethylene 

Composite: Effect of Filler Content.  Journal of Materials Science: Materials in 

Medicine 2007, 18;4:661-668. 

• Hess, H., Vogel, V. Molecular Shuttles Based on Motor Proteins: Active Transport 

in Synthetic Environments. Journal of Biotechnology 2001, 82;1:67-85. 

• Higuchi, A., Shirano, K., Harashima, M., Yoon, B.O., Hara, M., Hattori, M., 

Imamura, K. Chemically Modified Polysulfone Hollow Fibers with 

Vinylpyrrolidone Having Improved Blood Compatibility. Biomaterials 2002, 

23;13:2659-2666. 

• Holzapfel, V., Lorenz, M., Weiss, C.K., Schrezenmeier, H., Landfester, K., 

Mailander, V. Synthesis and Biomedical Application of Functionalized Fluorescent 

and Magnetic Dual Reporter Nanoparticles as Obtained in a Miniemulsion Process. 

Journal of Physics: Condensed Matter 2006, 18:S2581-S2594. 

• Hu, W.J., Eaton, J.W., Tang, L. Molecular Basis of Biomaterial-Mediated Foreign 

Body Reactions. Blood 2001, 98:1231-1238. 

• Huang, N.P., Xu, M.H., Yuan, C.W., Yu, R.R. The Study of the Photokilling Effect 

and Mechanism of Ultrafine TiO2 Particles on U937 Cells.  Journal of 

Photochemistry and Photobiology A: Chemistry 1997, 108;2-3:229-233.  

 61



  

• Hussain, A.M., Hess, K.L., Gearhart, J.M., Geiss, K.T., Schlager, J.J. In Vitro 

Toxicity of Nanoparticles in BRL 3A Rat Liver Cells.  Toxicology In Vitro 2005, 

19:975-983. 

• Ito, C., Itoigawa, M., Kanematsu, T., Imamura, Y., Tokuda, H., Nishino, H., 

Furukawa, H.  Synthetic Cinnamylphenol Derivatives as Cancer Chemopreventative 

Agents.  European Journal of Medicinal Chemistry 2007, 42;7:902-909. 

• Jemal, A., Siegel, R., Ward, E., Murray, T., Xu, J., Thun, M.J.  Cancer Statistics 

2007.  Ca-A Cancer Journal for Clinicians 2007, 57;1:43-66. 

• Jeng, H.A., Swanson, J.  Toxicity of Metal Oxide Nanoparticles in Mammalian 

Cells.  Journal of Environmental Science and Health: Part A Toxic/Hazardous 

Substances and Environmental Engineering 2006, 41;12:2699-2711. 

• Johannsen, M., Gneveckow, U., Taymoorian, K., Thiesen, B., Waldofner, N., 

Scholz, R., Jung, K., Jordan, A., Wust, P., Loening, S.A.  Morbidity and Quality of 

Life During Thermotherapy Using Magnetic Nanoparticles in Locally Recurrent 

Prostate Cancer: Results of a Prospective Phase I Trial.  International Journal of 

Hypothermia 2007, 23;3:315-323. 

• Kannan, S., Kohle, P., Raykova, V., Glibatec, M., Kannan, R.M., Lieh-Lai, M., 

Bassett, D. Dynamics of Cell Entry and Drug Delivery by Dendritic Polymers into 

Human Lung Epithelial Carcinoma Cells. Journal of Biomaterials Science: Polymer 

Edition 2004, 15;3:311-330. 

 62



  

• Keselowsky, B.G., Bridges, A.W., Burns, K.L., Tate, C.C., Babensee, J.E., LaPlaca, 

M.C., Garcia, A.J.  Role of Plasma Fibronectin in the Foreign Body Response to 

Biomaterials.  Biomaterials 2007, 28;25:3626-3631. 

• Keselowsky, B.G., Collard, D.M., Garcia, A.J. Surface Chemistry Modulates Focal 

Adhesion Composition and Signals Through Changes in Integrin Binding. 

Biomaterials 2004, 25:5947-5954. 

• Kidoaki, S., Matsuda, T. Adhesion Forces of the Blood Plasma Proteins on Self-

Assembled Monolayer Surfaces of Alkanethiolates with Different Functional 

Groups Measured by an Atomic Force Microscope. Langmuir 1999, 15:7639-7646. 

• Kim, K.Y.  Nanotechnology Platforms and Physiological Challenges for Cancer 

Therapeutics.  Nanomedicine: Nanotechnology, Biology, and Medicine 2007, 

3;2:103-110. 

• Kubota, Y., Hosaka, M., Hashimoto, K., Fujishima, A.  Application of Photoexcited 

TiO2 Particle to Regional Cancer Treatment: A New Approach.  Regional Cancer 

Treatment 1995, 8;3-4:192-197. 

• Kubota, Y., Shuin, T., Kawasaki, C., Hosaka, M., Kitamura, H., Cai, R., Sakai, H., 

Hashimoto, K., Fujishima, A.  Photokilling of T-24 Human Bladder Cancer Cells 

With Titanium Dioxide.  British Journal of Cancer 1994, 70;6:1107-1111. 

 63



  

• Lestelius, M., Liedberg, B., Tengvall, P. In Vitro Plasma Protein Adsorption on ?-

Functionalized Alkanethiolate Self-Assembled Monolayers. Langmuir 1997, 13;22: 

5900-5908. 

• Lindblad, M., Lestelius, M., Johansson, A., Tengvall, P., Tomsen, P. Cell and Soft 

Tissue Interactions with Methyl- and Hydroxyl-Terminated Alkane Thiols on Gold 

Surfaces. Biomaterials 1997, 18;15:1059-1068. 

• Liu, L., Chen, S., Giachelli, C.M., Ratner, B.D., Jiang, S. Controlling Osteopontin 

Orientation on the Surfaces to Modulate Endothelial Cell Adhesion. Journal of 

Biomedical Materials Research 2005, 74A:23-31. 

• Liu, Y., Miyoshi, H., Nakamura, M.  Nanomedicine for Drug Delivery and Imaging: 

A Promising Avenue for Cancer Therapy and Diagnosis Using Targeted Functional 

Nanoparticles.  International Journal of Cancer 2007, 120;12:2527-2537. 

• Lobner D. Comparison of the LDH and MTT Assays for Quantifying Cell Death: 

Validity for Neuronal Apopotosis. Journal of Neuroscience Methods 2000, 96:147-

152. 

• Lorenz, M.R., Holzapfel, V., Musyanovych, A., Nothelfer, K., Walther, P., Frank, 

H., Landfester, K., Schrezenmeier, H., Mailander, V. Uptake of Functionalized, 

Fluorescently-Labeled Polymeric Particles in Different Cell Lines and Stem Cells. 

Biomaterials 2006, 27;14:2820-2828. 

 64



  

• MacDonald, D.E., Deo, N., Markovic, B., Stranick, M., Somasundaran, P. 

Adsorption and Dissolution Behavior of Human Plasma Fibronectin on Thermally 

and Chemically Modified Titanium Dioxide Particles. Biomaterials 2002, 

23;4:1269-1279. 

• Moghimi, S.M., Hunter, A.C.  Recognition by Macrophages and Liver Cells of 

Opsonized Phospholipid Vesicles and Phospholipid Headgroups.  Pharmaceutical 

Research 2001, 18;1:1-8. 

• Nakamura, H., Tanaka, M., Shinohara, S., Gotoh, M., Karube, I.  Development of a 

Self-Sterilizing Lancet Coated With a Titanium Dioxide Photo-Catalytic Nano-

Layer for Self-Monitoring of Blood Glucose.  Biosensors and Bioelectronics 2007, 

22;9-10:1920-1925. 

• Nath, N., Hyun, J., Ma, H., Chilkoti, A. Surface Engineering Strategies for Control 

of Protein and Cell Interactions. Surface Science 2004, 570:98-110. 

• Nobs, L., Buchegger, F., Gurny, R., Allemann, E.  Surface Modification of 

Poly(Lactic Acid) Nanoparticles by Covalent Attachment of Thiol Groups by 

Means of Three Methods.  International Journal of Pharmaceutics 2003, 250;2:327-

337. 

• Ohya, Y., Matsunami, H., Ouchi, T. Cell Growth on Porous Sponges Prepared From 

Poly(Depsipeptide-co-Lactide) Having Various Functional Groups. Journal of 

Biomaterials Science: Polymer Edition 2004, 15;1:111-123. 

 65



  

• Okada, M., Yasuda, S., Kimura, T., Iwasaki, M., Ito, S., Kishida, A., Furuzono, T. 

Optimization of Amino Group Density on Surfaces of Titanium Dioxide 

Nanoparticles Covalently Bonded to a Silicone Substrate for Antibacterial and Cell 

Adhesion Activities.  Journal of Biomedical Materials Research 2006, 76A:95-101. 

• Olmedo, D., Guglielmotti, M.B., Cabrini, R.L. An Experimental Study of the 

Dissemination of Titanium and Zirconium in the Body.  Journal of Materials 

Science: Materials in Medicine 2002, 13:793-796. 

• Olmedo, D.G., Tasat, D.R., Guglielmotti, M.B., Cabrini, R.L. Effects of Titanium 

Dioxide on the Oxidative Metabolism of Alveolar Macrophages: An Experimental 

Study in Rats.  Journal of Biomedical Materials Research 2005, 73A:142-149. 

• O'Neal, D.P., Hirsh, L.R., Halas, N.J., Payne, J.D., West, J.L.  Photo-Thermal 

Cancer Therapy Using Intravenously Injected Near Infrared-Absorbing 

Nanoparticles.  Progress in Biomedical Optics and Imaging - Proceedings of SPIE 

2005, 5689:149-157. 

• Pelicano, H., Carney, D., Huang, P. ROS Stress in Cancer Cells and Therapeutic 

Applications.  Drug Resistance Updates 2004, 7;2:97-110. 

• Peracchia, M.T., Vauthier, C., Passirani, C., Couvreur, P., Labarre, D.  Complement 

Consumption by Poly(Ethylene Glycol) in Different Conformations Chemically 

Coupled to Poly(Isobutyl 2-Cyanoacrylate) Nanoparticles.  Life Sciences 1997, 

61;7:749-761. 

 66



  

• Piana, C., Gull, I., Gerbes, S., Gerdes, R., Mills, C., Samitier, J., Wirth, M., Gabor, 

F. Influence of Surface Modification on Vitality and Differentiation of Caco-2 

Cells. Differentiation 2007, 75;4):308-317. 

• Redhead, H.M., Davis, S.S., Illum, L. Drug Delivery in Poly(Lactide-co-Glycolide) 

Nanoparticles Surface Modified with Poloxamer 407 and Poloxamer 908: In Vitro 

Characterization and In Vivo Evaluation. Journal of Controlled Release 2001, 

70;3:353-363.  

• Rehn, B., Seiler, F., Rehn, S., Bruch, J., Maier, M. Investigations on the 

Inflammatory and Genotoxic Lung Effects of Two Types of Titanium Dioxide: 

Untreated and Surface Treated.  Toxicology and Applied Pharmacology 2003, 

189:84-95. 

• Sahlin, H., Contreras, R., Gaskill, D.F., Bjursten, L.M., Frangos, J.A.  Anti-

Inflammatory Properties of Micropatterned Titanium Coatings.  Journal of 

Biomedical Materials Research 2006, 77A;1:43-49. 

• Sakai, A.H., Cai, R.X., Yoshioka, T., Kubota, Y., Hashimoto, K., Fujishima, A.  

Intracellular Ca2+ Concentration Change of T24 Cell Under Irradiation in the 

Presence of TiO2 Ultrafine Particles.  Biochimica et Biophysica Acta - General 

Subjects 1994, 1201;2:259-265. 

 67



  

• Santra, S., Dutta, D., Walter, G.A., Moudgil, B.M.  Fluorescent Nanoparticle Probes 

for Cancer Imaging.  Technology in Cancer Research and Treatment 2005, 4;6:593-

602. 

• Schulenburg, A., Ulrich-Pur, H., Thurnher, D., Erovic, B., Florian, S., Sperr, W.H., 

Kalhs, P., Marian, B., Wrba, F., Zielinski, C.C., Valent, P.  Neoplastic Stem Cells: 

A Novel Therapeutic Target in Clinical Oncology. Cancer 2006, 107;10:2512-2520. 

• Scotchford, C.A., Gilmore, C.P., Cooper, E., Leggett, G.J., Downes, S. Protein 

Adsorption and Human Osteoblast-Like Cell Attachment and Growth on Alkylthiol 

on Gold Self-Assembled Monolayers. Journal of Biomedical Materials Research 

2002, 59: 84-99.  

• Sekiguchi, Y., Yao, Y., Ohko, Y., Tanaka, K., Ishido, T., Fujishima, A., Kubota, Y.  

Self-Sterilizing Catheters with Titanium Dioxide Photocatalysts Thin Films for 

Clean Intermittent Catheterization: Basis and Study of Clinical Use.  International 

Journal of Urology 2007, 14;5:426-430. 

• Seo, J.W., Chung, H., Kim, M.Y., Lee, J., Choi, I.H., Cheon, J.  Development of 

Water-Soluble Single-Crystalline TiO2 Nanoparticles for Photocatalytic Cancer-

Cell Treatment.  Small 2007, 3;5:850-853. 

• Shen, M., Garcia, I., Maier, R. V., Horbett, T. A. Effects of Adsorbed Protein and 

Surface Chemistry on Foreign Body Giant Cell Formation, Tumor Necrosis Factor 

 68



  

Alpha Release, and Pro-Coagulant Activity of Monocytes. Journal of Biomedical 

Materials Research 2004, 70A:533-541. 

• Shikata, F., Tokumitsu, H., Ichikawa, H., Fukumori, Y. In Vitro Cellular 

Accumulation of Gadolinium Incorporated in Chitosan Nanoparticles Designed for 

Neutron-Capture Therapy of Cancer. European Journal of Pharmaceutics and 

Biopharmaceutics 2002, 53;1:57-63. 

• Stringer, B., Imrich, A., Kobzik, L. Flow Cytometric Assay of Lung Macrophage 

Uptake of Environmental Particles.  Cytometry 1995, 20:23-32. 

• Susut, C., Timmons, R.B. Plasma Enhanced Chemical Vapor Depositions to 

Encapsulate Crystals in Thin Polymeric Films: A New Approach to Controlling 

Drug Release Rates. International Journal of Pharmaceutics 2005, 288:253-261. 

• Tang, L., Hu, W. Molecular Determinants of Biocompatibility. Expert Review of 

Medical Devices 2005, 2:493-500. 

• Tang, L., Lucas, A.H., Eaton, J.W. Inflammatory Responses to Implanted Polymeric 

Biomaterials: Role of Surface-Adsorbed Immunoglobulin G. Journal of Laboratory 

and Clinical Medicine 1993, 122:292-300. 

• Tang, L., Wu, Y., Timmons, R.B. Fibrinogen Adsorption and Host Tissue 

Responses to Plasma Functionalized Surfaces. Journal of Biomedical Materials 

Research 1998, 42;1): 156-163.  

 69



  

• Tidwell, C.D., Ertel, S.I., Ratner, B.D., Tarasevich, B.J., Atre, S., Allara, D.L. 

Endothelial Cell Growth and Protein Adsorption on Terminally Functionalized, 

Self-Assembled Monolayers of Alkanethiolates on Gold. Langmuir 1997, 13:3404-

3413. 

• Topoglidis, E., Discher, B.H., Moser, C.C., Dutton, P.L., Durrant, J.R. 

Functionalizing Nanocrystalline Metal Oxide Electrodes with Robust Synthetic 

Redox Proteins.  Chembiochem 2003, 4:1332-1339. 

• Tran, T.H., Nosaka, A.Y., Nosaka, Y. Adsorption and Photocatalytic 

Decomposition of Amino Acids in TiO2 Photocatalytic Systems.  Journal of 

Physical Chemistry B 2006, 110:25525-25531. 

• Urban, R.M., Jacobs, J.J., Tomlinson, M.J., Gavrilovich, J., Black, J., Peoc'h, M. 

Dissemination of Wear Particles to the Liver, Spleen, and Abdominal Lymph Nodes 

of Patients with Hip or Knee Replacement.  The Journal of Bone and Joint Surgery 

2000, 82A;4:457-477. 

• Vandamme, T.F., Brodbeck, L. Poly(Amidoamine) Dendrimers as Ophthalmic 

Vehicles for Ocular Delivery of Pilocarpine Nitrate and Tropicamide. Journal of 

Controlled Release 2005, 102;1:23-38. 

• Vonarbourg, A., Passirani, C., Saulnier, P. Benoit, J.P.  Parameters Influencing the 

Stealthiness of Colloidal Drug Delivery Systems.  Biomaterials 2006, 27;24:4356-

4373. 

 70



  

• Wamer, W.G., Yin, J.J., Wei, R.R. Oxidative Damage to Nucleic Acids 

Photosensitized by Titanium Dioxide.  Free Radical Biology and Medicine 1997, 

23;6:851-858. 

• Wang, J., Pan, C.J., Huang, N., Sun, H., Yang, P., Leng, X.Y., Chen, J.Y., Wan, 

G.J., Chu, P.K. Surface Characterization and Blood Compatibility of Poly(Ethylene 

Terephthalate) Modified by Plasma Surface Grafting. Surface Coatings Technology 

2005, 196;1-3:307-311. 

• Wang, J., Zhou, G., Chen, C., Yu, H., Wang, T., Ma, Y., Jia, G., Gao, Y., Li, B., 

Sun, J., Li, Y., Jiao, F., Zhao, Y., Chai, Z. Acute Toxicity and Biodistribution of 

Different Sized Titanium Dioxide Particles in Mice after Oral Administration.  

Toxicology Letters 2006:doi.10.1016/j.toxlet.2006.12.001 

• Wang, Y. X., Robertson, J. L., Spillman, W. B., Claus, R. O. Effects of the 

Chemical Structure and the Surface Properties of Polymeric Biomaterials and Their 

Biocompatibility. Pharmaceutical Research 2004, 21:1362-1373. 

• Wang, Y. X., Robertson, J.L., Spillman, W.B., Claus, R.O. Effects of the Chemical 

Structure and the Surface Properties of Polymeric Biomaterials and Their 

Biocompatibility. Pharmaceutical Research 2004, 21:1362-1373. 

• Warheit, D.B., Webb, T.R., Reed, K.L.  Pulmonary Toxicity Screening Studies in 

Male Rats with TiO2 Particulates Substantially Encapsulated with Pyrogenically 

Deposited, Amorphous Silica.  Particle and Fibre Toxicology 2006, 3;3. 

 71



  

• Warheit, W.B., Webb, T.R., Reed, K.L., Frerichs, S., Sayes, C.M.  Pulmonary 

Toxicity Study in Rats with Three Forms of Ultrafine-TiO2 Particles: Differential 

Response Related to Surface Properties.  Toxicology 2007, 230;1:90-104. 

• Warme, B.A., Epstein, N.J., Trindade, M.C.D., Miyanishi, K., Ma, T., Saket, R.R. 

Regula, D. Goodman, SB. Smith, RL.  Proinflammatory Mediator Expression in a 

Novel Murine Model of Titanium-Particle-Induced Intramedullary Inflammation.  

Journal of Biomedical Materials Research  2004, 71B;2:360-366. 

• Wilhelm, C., Billotey, C., Roger, J., Pons, JN., Bacri, JC., Gazeau, F. Intracellular 

Uptake of Anionic Superparamagnetic Nanoparticles as a Function of Their Surface 

Coating.  Biomaterials 2003, 24;6:1001-1011. 

• Win, K.Y., Feng, S.S. Effects of Particle Size and Surface Coating on Cellular 

Uptake of Polymeric Nanoparticles for Oral Delivery of Anticancer Drugs. 

Biomaterials 2005, 26;15:2713-2722. 

• Xia, T., Kovochich, M., Brant, J., Hotze, M., Sempf, J., Oberley, T., Sioutas, C., 

Yeh, JI., Weisner, MR., Nel, AE. Comparison of the Abilities of Ambient and 

Manufactured Nanoparticles to Induce Cellular Toxicity According to an Oxidative 

Stress Paradigm.  Nano Letters 2006, 6 ;8 :1794-1807. 

• Yezhelyev, MV. Gao, X. Xing, Y. Al-Haj, A. Nie, S. O'Regan, R. Emerging Use of 

Nanoparticles in Diagnosis and Treatment of Breast Cancer.  Lancet Oncology 

2006, 7:657-667. 

 72



  

• Zhang, A.P., Sun, Y.P. Photocatalytic Killing Effect of TiO2 Nanoparticles on LS-

174-T Human Colon Cancer Cells.  World Journal of Gastroenterology 2004, 

10;21:3191-3193. 

• Zhou, J., Leuschner, C., Kumar, C., Hormes, J., Soboyejo, W.O.  A TEM Study of 

Functionalized Magnetic Nanoparticles Targeting Breast Cancer Cells.  Materials 

Science and Engineering C 2006, 26;8:1451-1455.

 73



  

BIOGRAPHICAL INFORMATION 

 

Paul Todd Thevenot received a Bachelor of Science in Biological Engineering 

from the Louisiana State University Baton Rouge, Louisiana in May 2005. Paul was 

born in Lake Charles, LA on November 2, 1981. Following fulfillment of degree 

requirements, Paul passed the Fundamentals of Engineering Exam and was certified as 

an Engineering Intern in the State of Louisiana.  Paul was accepted in to the Biomedical 

Engineering program at the University of Texas at Arlington in the Fall of 2005.  

 

 

 74


