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ABSTRACT 

 

 Damage and/or loss of functional neurons can lead to detrimental cognitive and 

paralyzing effects in humans. Prime examples of such negative situations are well 

documented in patients with Parkinson's and Alzheimer's disease. In recent years, the 

utilization of neural stem cells and their derivation into neurons have been the focus of 

many research endeavors. The main reason for this is because neural stem cells 

are multi-potent and can differentiate into neurons, astrocytes, and oligodendrocytes. 

The research that will be detailed in this thesis involves the potential use of inorganic 

nanostructured materials to efficiently deliver bioactive molecules (i.e., retinoic acid, 

kinase inhibitors) to cells that can modulate the differentiation potential of certain cells 

into neurons. Specifically, PC12 (derived from rat pheochromocytoma) cells, as a 

neural model, was treated with select nanostructured materials with and without neuron 

inducers (molecules and ions) and the results were analyzed via biochemical assays and 

live-cell fluorescence microscopy. This thesis will include an in depth look into the 

cytocompatibility of the tested nanostructured materials that include silica 

nanoparticles, titanate nanotube microparticles, and carbon microspheres. 

 

 

  



 

 

iii 

 

ACKNOWLEDGEMENTS 

First of all, I would like express my gratefulness to my thesis supervisor and 

committee members, Dr. Won H. Suh, Dr. Cezary Marcinkiewicz, Dr. Nancy Pleshko, 

and Dr. Chetan Patil for providing valuable feedback and advice. Special 

acknowledgment should be given to my advisor, Dr. Won H. Suh, for setting directions 

on my research project, for the critical suggestions and helping me throughout the entire 

project, as well as providing some of the microscopy images. This project would not be 

done without his help.   

I would like to thank Dr. Geun-woo Jin and Weili Ma for their valuable help and 

suggestions during the experiments. I am grateful for them on teaching me how to use 

lab equipment and how to analyze data. I would also like to thank Weili Ma for 

providing the SEM picture of silica particles. 

 

 

 

  



 

 

iv 

 

TABLE OF CONTENTS 

 

ABSTRACT ............................................................................................................... III 

ACKNOWLEDGEMENTS ..................................................................................... III 

LIST OF FIGURES ...................................................................................................VI 

 

CHARPER 

1. INTRODUCTION.................................................................................................... 1 

1.1. ENGINEERING STEM CELLS ................................................................ 1 

1.2. NEUROGENESIS ........................................................................................ 2 

1.3. PARKINSON’S DISEASE (PD) ................................................................. 2 

1.4. MULTIFUNCTIONAL NANOPARTICLE DELIVERY SYSTEM ...... 4 

1.5. NON-ORGANIC MATRIX MATERIALS ............................................... 6 

1.6. PC12 CELL MODEL SYSTEM ................................................................. 8 

1.7. PARTICLES SYNTHESIS ......................................................................... 8 

 1.7.1. ULTRASONIC SPRAY PYROLYSIS (USP) ............................... 8 

 1.7.2. STÖBER SYNTHESIS .................................................................. 10 

2. AIMS OF THE RESEARCH ................................................................................ 12 

2.1. SPECIFIC AIMS ....................................................................................... 12 

3. MATERIALS AND METHODS .......................................................................... 14 



 

 

v 

 

3.1. PREPARATION OF CARBON@TIO2 MICROPARTICLES ...................... 14 

3.2. PREPARATION OF TITANATE NANOTUBE 

MICROPARTICLES ........................................................................... 15 

3.3. PREPARATION OF SILICA NANOPARTICLES ............................... 16 

3.4. SIZE CHARACTERIZATION OF PARTICLES .................................. 17 

3.5. CELL CULTURE EXPERIMENTS ........................................................ 18 

3.6. CYTOTOXICITY ASSAY ........................................................................ 18 

3.7. LIVE CELL IMAGING ............................................................................ 19 

3.8. MICROSCOPY ANALYSIS .................................................................... 20 

3.9. IMMUNOCYTOCHEMISTRY ............................................................... 21 

3.10. STATISTICAL ANALYSIS ................................................................... 21 

4. DATA & RESULTS ............................................................................................... 22 

4.1. SYNTHESIS OF PARTICLES ................................................................. 22 

4.2. CHARACTERIZATION OF PARTICLES ............................................ 23 

4.3. CYTOTOXICITY ASSAY ........................................................................ 25 

4.4. LIVE CELL IMAGING ............................................................................ 26 

4.5. MICROSCOPY ANALYSIS .................................................................... 27 

4.6. IMMUNOCYTOCHEMISTRY ............................................................... 32 

5. DISCUSSIONS ....................................................................................................... 36 

6. CONCLUSIONS .................................................................................................... 40 

7. FUTURE DIRECTIONS ....................................................................................... 41 

REFERENCES ........................................................................................................... 42 

  

  



 

 

vi 

 

LIST OF FIGURES 

Figure 1- Multifunctional Nanoparticle System (MFNPS) Design ............................... 6 

 

Figure 2- Chemical structures of (a) titanium oxide, (b) silicon oxide, and (c) carbon  

matrices (materials) ......................................................................................................... 7 

 

Figure 3- Stöber synthesis reaction pathway ............................................................... 11 

 

Figure 4- Ultrasonic spray pyrolysis (USP) setup with the schematic diagram (left) and 

the ultrasonic fountain photo (right). ........................................................................... 15 

 

Figure 5- Silica nanoparticle synthesis reaction photos. (a) Before precursor addition, 

(b) 10 minute after precursor addition ......................................................................... 17 

 

Figure 6- Cytotoxicity assay layout for PC12 cells and nanostructured materials ...... 19 

 

Figure 7- Carbon@TiO2 microspheres synthesized directly via USP. ........................ 22 

 

Figure 8- Silica particles synthesized via Stöber synthesis. (a) silica particles in a EP 

tube. (b) silica particles under microscope. ................................................................. 23 

 

Figure 9- DLS size analysis results. (a) Titanate nanotube microparticles (b) silica 

nanoparticles and (c) porous carbon microspheres. ..................................................... 24 

 

Figure 10- Electron microscopy analysis of (a) silica nanoparticles, (b) (porous) carbon 

microsphere, (c) titanate nanotube microparticles. ...................................................... 25 

 

Figure 11- Cell viability analysis results. (a) Titanate nanotube microparticles (b) silica 

nanoparticles and (c) carbon microspheres-treated PC12 cells (10k) after 24 hrs ...... 26 

 

Figure 12- Cell morphology of PC12 cells in proliferation medium after incubated with 

particles ........................................................................................................................ 28 

 

Figure 13- Cell morphology of PC12 cells in differentiation medium after incubated 

with particles ................................................................................................................ 29 

 



 

 

vii 

 

Figure 14- Neurite lengths of PC12 cells differentiated for 3 days ............................. 30 

 

Figure 15- Neurite number and lengths of PC12 cells differentiated for 6 days. ........ 31 

 

Figure 16- Neurite lengths of PC12 cells differentiated for 14 days ........................... 32 

 

Figure 17- Immunocytochemistry of PC12 cells differentiated for (a) 1 week, (b) 2 

weeks............................................................................................................................ 34 

 

Figure 18- The ratio of cell stained with beta-3 tubulin (TUBB3) / cell stain with DAPI. 

(a) cell differentiated for 1 week, (b) cell differentiated for 2 week ............................ 34 

 

Figure 19- Microscopy analysis of PC12 cell proliferated for 12 days. ...................... 35 

  



 

 

1 

 

CHAPTER 1 

INTRODUCTION 

1.1. Engineering Stem Cells 

For some diseases that cannot be cured by taking medicine directly, cell 

replacement therapy has been expected to be useful for the treatment. Cell replacement 

therapy is a way to use stem cells to replace the damaged cells in the human body. 

Based on many pre-clinical and clinical experiments, stem cells have become promising 

for the treatment of degenerative diseases (1, 2). Stem cells or their progenitor cells can 

be isolated from human tissues, such as the heart, brain, bone, kidney, etc. Since stem 

cells have the properties of multi-potency and self-renewal, they can be engineered and 

differentiated into various cell types, including neurons, blood cells, and liver cells via 

in vitro culture and maintenance. To use stem cells as therapeutic agents, people can 

implant them into the human body to replace the damaged cells (3, 4). The advantage 

of cell replacement therapy is that it can offer an opportunity for functional recovery 

involved in a disease process since you are essentially installing new functioning parts. 

This is in contrast to what majority of the current molecular pharmaceuticals-based 

therapies offer, which often only relieve the symptoms or slow down the disease 

progression. The engineering aspects of stem cells, however, is still a major obstacle 

that stands in the way of wider utilization of (stem) cell-based replacement therapies. 

According to the central dogma: genetic information is encoded in DNA, which 

transcripts to RNA, and RNA translates to protein via the ribosome after it exits the 

nucleus into the cytoplasm. The precise and controlled manipulation of these central 

dogma-related processes therefore is a critical step towards well-defined engineering of 
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stem cells. However, they are often not easily achieved due to the nature of where they 

are located and what they are made up of - polymers and ionic species (1-4). 

 

1.2. Neurogenesis 

Neurogenesis is a process that generates and develops (functioning) neurons in 

the nervous systems. Neurogenesis occurs in two different locations of the brain, one is 

the subventricular zone (SVZ) of the lateral ventricle, the other is the subgranular zone 

(SGZ) of the dentate gyrus (DG) in the hippocampus. The neurons generated from the 

SGZ can go through the rostral migratory stream (RMS) and get to the olfactory bulb 

to become interneurons. It is commonly known that neurogenesis is negatively 

regulated by age, stress, and sleep deprivation. Deficiency of neurogenesis can lead to 

detrimental cognitive and paralyzing effects in humans, such as Parkinson's disease 

(PD), Alzheimer’s disease, and Amyotrophic Lateral Sclerosis (ALS). However, the 

mechanism of neurogenesis is complicated and remains uncertain. Each phase of 

neurogenesis can be modulated by different stimuli and each stimulus has multiple 

targets and can interact with each other. This mean that finding a potential cure for 

neurogenesis deficiency diseases is a complex task (5).  

 

1.3. Parkinson’s Disease (PD) 

Parkinson's disease (PD) is a progressive neurological disorder which is caused 

by the irreversible loss of dopaminergic neurons in the substantia nigra pars compacta. 

This is a serious problem among the elderly population of society. 1.5% of people who 

are older than 65 years old have this disease (6, 7). The hallmark symptoms of PD are 

resting tremor, bradykinesia, rigidity, and loss of postural reflexes. The diagnosis of PD 

is based on these symptoms. Currently, the cause for the progressive loss of nigrostriatal 

http://go.galegroup.com.libproxy.temple.edu/ps/i.do?p=AONE&u=temple_main&id=GALE%7CA256280543&v=2.1&it=r&sid=summon&userGroup=temple_main&authCount=1
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dopaminergic neurons is not entirely understood and there is no effective way to cure 

Parkinson's disease. The most common symptom relieving treatment is dopaminergic 

medication, such as levodopa and dopamine agonists. Levodopa is a precursor of 

dopamine, which can cross the blood barriers and increase the dopamine level in brain 

(8). This therapy can replenish the dopamine in the brain and improve the motor 

symptoms of PD. Although such medications are effective in the early stage of the 

disease and improve the quality of patients’ lives, they are still limited treatments. The 

medications focus on symptomatic relief rather than offer a reversal or even a slowdown 

of the progression of PD. The patients need to repeatedly take the drugs, in the first 

place. After a few years, however, the medication efficiencies drop and the patient will 

need to increase the administration dosages for the medicine to be effective. Moreover, 

the drugs have side effects such as involuntary movements (9).  

Cell replacement therapy, however, provides an alternatively and potentially a 

more permanent treatment option to patients suffering from neurodegenerative diseases 

and disorders. Engineered stem cells can theoretically be used to replace damaged or 

diseased neurons. Stem cells can be induced and differentiated into neurons under 

certain conditions and become a cellular source (product) for replacement therapies. As 

stem cells have self-renewing capabilities, as long as the differentiation efficient, they 

can become an unlimited source of dopaminergic neurons to be transplanted in PD 

patients (10, 11). This approach, if leading to eventually functional recovery, can be a 

more permanent solution in comparison to the traditional symptom-relieving molecular 

therapeutic approaches. Differentiating stem cells, however, is still very much difficult 

to control well and such a situation acts as a deterrence of further developing (stem) 

cell-based therapies. Neural stem cells, for instance, can differentiate into three 

different kinds of cells in the brain: neurons, astrocytes, and oligodendrocytes. The 
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pathways that lead to the % control among these three cell types are not always 

conducive. 

 

1.4. Multifunctional Nanoparticle Delivery System 

Some bioactive molecules can induce the differentiation of neurons. Retinoic 

acid (RA) is a vitamin A derivative that can induced neuronal differentiation in various 

cell types such as stem cells and human neuroblastoma cells (12-14). RA regulates gene 

expression by binding members of the hormone receptor superfamily in the cell nuclei, 

including the RA receptor (RAR) and the retinoid X receptor (RXR) (15, 16). The 

binding changes the conformation of receptors and induces the binding of other proteins 

and transcription of genes. Docosahexaenoic acid (DHA), neurodazine (Nz) and 

neurodazole (Nzl) can also induce neurogenesis (17-19). For those bioactive molecules 

to be effective, they need to be affected by DNA, RNA, or protein at the subcellular 

level, which can regulate the behavior of cells. However, some bioactive molecules 

cannot easily get inside cells because of the cell membrane. Moreover, the bioactive 

molecules need to be exposed to the stem cells for prolonged periods of times. 

Therefore, the delivery efficiency of bioactive molecules will need to modulated over 

a potentially long-term (multiple weeks) differentiation period. Some (molecular) 

delivery systems by design can modulate the release of bioactive molecules thus 

controlling molecular (treatment) availability times. Such delivery systems can, in 

addition, actively transport and release bioactive molecules inside or near target cells. 

Multifunctional nanoparticle delivery systems (MFNPS), for instance, are 

particulate systems designed to be utilized in applications associated with the 

biomedical fields. Their small sizes (sub-1000 nm) make them ideal for cellular uptake 

which offers a chance to achieve molecular delivery that ultimately contributes to the 
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regulation of biopolymers (i.e., DNA, RNA, protein) at the subcellular level. Sub-100 

nm nanoparticles have high surface to mass ratio, which enables them to have a 

relatively larger surface area (20). Figure.1 shows a MFNPS that have been researched 

in our lab. The MFNPS includes bioactive molecules, targeting molecules, imaging 

agents, and a matrix. Bioactive molecules can react with DNA, RNA, or protein and 

regulate protein expression. There are two pathways of regulation, one where the 

system releases the molecules outside the cells, and the molecules go inside the cells to 

bind their targets. Another way is that the targeting molecules direct the system to the 

cell first, and then the system gets inside the cells and releases bioactive molecules there. 

Target molecules, such as Arg-Gly-Asp (RGD) peptides, can direct the particle systems 

to specific cells (those that have the specific integrin receptors). Therefore, RGD can 

help the system to bind cells and, potentially, offer a chance for the particles to enter 

the cells. Imaging agents, on the other hand, are helpful for the visualization, 

characterization, and measurement of biological processes in living subjects at the 

cellular, subcellular, and molecular levels (21). They can be used to track the MFNPS 

as monitoring agents and provide location information. There are many kinds of 

imaging modalities, such as optical bioluminescence / fluorescence imaging, molecular 

magnetic resonance imaging (mMRI), and magnetic resonance spectroscopy (MRS) so 

imaging agents' chemical components vary. 

In this study, the main focus lies in the matrix more than anything else. Basically, 

the main goal of this thesis is to investigate the effects of different matrices on 

neurogenesis. Prior to developing any MFNPS (the delivery system), it is most critical 

to define the base carrier material's biological properties on biocompatibility and 

neurogenesis. The hypothesis then becomes 'Are there any matrix effects?'. If there are 

no statistically relevant matrix effects, then the future plan will be adding bioactive 

molecules and targeting molecules to the MFNPS, and testing the effects of this the 
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MFNPS (Figure 1) on neurogenesis. During these future experiments, the basic 

assumption will be that the chosen matrix will not actively affect neurogenesis. This 

allows us to efficiently screen different bioactive molecules' effects on neurogenesis 

after MFNPS treatment. 

 

Figure 1. Multifunctional Nanoparticle System (MFNPS) Design 

 

1.5. Non-Organic Matrix Materials 

Many nanostructured materials have been studied to be the matrices of delivery 

systems, including viral carriers, organic compounds, recombinant proteins and 

inorganic materials (22). The nanoparticles can be used as a convenient surface for 

molecular assembly as well as to encapsulate with molecules. In order to be used as the 

matrices, the materials will need to be biocompatible and offer easy manipulation. 

Inorganic materials can offer stable materials with defined functionalities and 

biocompatibility (23). Silica, titanate, and carbon nanostructured materials are some of 

these well-defined and crosslinked materials. The base chemical structures of titanium 

dioxide, silicon dioxide, and carbon are shown in Figure 2. The silica material involved 

in this study are nanoparticles while titanate and carbon are microparticles. Although 

many researches have been done on the three kinds of particles, there is not much 

information on their effects on neurogenesis.  
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Figure 2. Chemical structures of (a) titanium oxide, (b) silicon oxide, and (c) carbon 

matrices (materials). 

 

Silica, as a biomaterial, is bio-durable and easily modified, which permit silica 

particles to be conjugated with targeting molecules and to encapsulate imaging agents 

and bioactive molecules.  

Titanium has attracted attention in the medical field because of its unique 

mechanical properties, resistance to corrosion, and it does not initiate an allergenic 

response. Titanate comes from titanium dioxide after an intercalation. Titanate 

nanotubes generate interest as a surface and material for biomedical application. The 

tubular shape enables them to have better cellular internalization for small molecules 

than spherical particles (24).  

Carbon based particles are of high interest as novel nanoparticles for various 

biomedical applications. They are stable, biocompatible and have high mechanical 

strength. They also have unparalleled optical and electrical properties, which makes 

them excellent candidates for bio-imaging. They have been used to deliver a various of 

therapeutic agents to the target disease sites. However, the cytotoxicity of carbon 

particles limits the use of them on human and other living systems. The cytotoxicity is 

depending on the size, dose, surface modification and duration in biological systems 

(25-27).  
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1.6. PC12 Cell Model System 

PC12 cells are widely used to investigate the effects of nanostructured materials 

on neurogenesis. PC12 cells, clonal cells derived from rat pheochromocytoma, are 

models of neuronal differentiation and have been widely used in neurobiological studies. 

They are commonly used to examine neurotoxicity in vitro, as well as to study 

neurogenesis and neurite extension. When they are treated with nerve growth factor 

(NGF), they stop proliferation and extend neurites. NGF induces differentiation through 

its actions at the TrkA receptor, initiating a number of signaling cascades including the 

Raf/MEK/MAP kinase pathway and the PLCg/PKC pathway, which inhibit 

proliferation and promote neurite growth. PC12 cells can form long neurite extensions 

and become sympathetic-like neurons. Therefore, PC12 cells can be used as a neural 

model to study neural differentiation and mechanism of neurogenesis (28, 29).  

 

1.7. Particles Synthesis 

1.7.1. Ultrasonic Spray Pyrolysis (USP) 

The ultrasonic spray pyrolysis (USP) method is a common way to synthesize 

carbon microspheres and titanate nanotube microparticles. This method can 

successfully transfer solutions or suspensions into a solid product. The method 

comprises two critical processes - nebulization and heat treatment (e.g., pyrolysis). 

Ultrasonic Nebulization is a very effective method for transferring precursors into ultra-

small micron-sized droplets. The heating process evaporates the solvent from the 

droplets and consolidated them into nano-structured materials.  
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There are two mechanisms to explain the atomization. The first one is the 

capillary wave mechanism. At low excitation frequencies (20–100 kHz), only surface 

molecules respond to form droplets; such waves are called capillary waves. The droplet 

size, DL, and the capillary wave length λ are related by the empirical equation: DL = 

0.34λ. The liquid capillary waves are composed of crests (peaks) and troughs. 

Atomization takes place when unstable oscillations tear off the crests of the capillary 

waves away from the bulk of the liquid. Thus, the droplets are produced at the crests 

whose size is proportional to the wavelength. The second one is the cavitation 

mechanism. At higher excitation frequencies (0.1–5 MHz) and intensities, a 

phenomenon which takes place in the bulk of the liquids come into play and this effect 

is called cavitation. When a liquid is irradiated with an intense ultrasound field, 

cavitation bubbles are formed. During the implosive collapse of these bubbles near the 

surface of the liquid, high-intensity hydraulic shocks are generated which in turn initiate 

disintegration into droplets. At such large intensities the excitation is beyond the liquid 

surface but extends into the liquid bulk. This is contrary to the capillary hypotheses. 

Properties of the liquid bulk such as viscosity come into play as parameters affecting 

the nature of the final droplet (30). 

This method has many advantages: (1) The cost of the apparatus is not expensive; 

(2) The process is less time-consuming, nanoparticles can be formed in 1 h after the 

process starts; (3) The size and shape of the product can be controlled. The morphology 

of these products is tunable. They mostly depend on the properties and the 

concentration of the precursor. The wavelength, the liquid flow rate, the surface tension, 

and the temperature of the solvent evaporation process have effects as well (30-33). 

Jinyuan Chen et al. made titanate nanotubes using the ultrasonic assisted sol-

hydrothermal method. They used tetrabutyl titanate mixed with absolute alcohol as the 

precursor, and dropped 1 M HNO3 solution into the solution, then stirred it for 1.5 h, 
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and then the transparent TiO2 sol was obtained. After that, it was placed in a reaction 

oven for 24–36 h at 110–150 ℃ and was rinsed thoroughly with 0.1 mol/L of HCl and 

distilled water until the pH value of the solution reached 7. The titanate nanotubes were 

then obtained. The nanotubes they made had large surface areas, good crystallinity, and 

a tubular structure that improved the photocatalysis activity (34). However, they did 

not test the cytotoxicity and their effects on differentiation. In this study, the titanium 

dioxide precursor was prepared via the USP aerosol processing method (35). 

 

1.7.2. Stöber Synthesis  

In 1968, Stöber et al. was first to develop this effective method to synthesize 

silica nanoparticles. This is a sol-gel method which enables the production of 

homogenous spherical silica particles with uniform size and shape. It involves the 

hydrolysis of tetraalkyl silicates in a mixture of alcohol and water using ammonia as a 

catalyst. The pathway of the reaction is shown in Figure 3. Tetraalkyl silicates serve as 

precursors which reacts under basic or acidic conditions. It first goes through hydrolysis 

reaction to yield Si-OH intermediates, and Si-OH then react with other Si-OH or Si-OR 

groups to yield silica nanoparticles through multiple condensation reactions (36, 37). 

The silica nanoparticles made by Stöber synthesis can incorporate fluorescent 

dyes. Nanostructured materials encapsulated with fluorescent dyes can be used as 

fluorescent imaging probes, which can be used for real-time tracking and monitoring 

of complex biology events at the cellular level. The Stöber synthesis process occurs 

under room temperature and is a simple one-step way to make monodispersed spherical 

nanoparticles. Liane M. Rossi et al. used this method to make modified luminescent 

silica nanoparticles by utilizing dichloro tris(1,10-phenanathroline) ruthenium(II) 

hydrate, tetraethyl orthosilicate (TEOS), and 3-mercaptopropyltrimethoxysilane 
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(MPTMS). The nanoparticles they made worked well as luminescent labels and had the 

ability to conjugate with other bioactive molecules (38). 

 

Figure 3. Stöber synthesis reaction pathway. 

 

Many kinds of nanoparticles have been tested for their effects on differentiation. 

M. Marcus et al. tested the effects of NGF-conjugated iron oxide NPs on PC12 cell 

differentiation. The cytotoxicity of the iron oxide NPs was tested by an XTT assay. The 

concentration they used was 0.6 µg/mL. The time points they used were 24 h and 48 h 

after exposure to the iron oxide NPs. The cytotoxicity result showed no difference 

between cells with the iron oxide NPs and the control cells. Their effect on PC12 cells 

was tested by RT-qPCR. No difference in the levels of the expression of GAP-43 and 

Beta 3-Tubulin (TUBB3) was shown for the control and the cells with NPs. Therefore, 

the iron oxide NPs they made did not have an effect on PC12 cell differentiation but 

only during the time period they tested (39). 
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CHAPTER 2 

AIMS OF THE RESEARCH 

2.1. Specific aims 

As mentioned above, the main thesis goal is to investigate the effects of silica, 

carbon, and titanate particle matrices on neurogenesis. Below are the three specific aims. 

The first specific aim is to synthesize the three kinds of particles and characterize 

them. According to the researches mentioned before, silica, titanate, and carbon are 

materials that can be used to synthesize inorganic nanoparticles easily. In this thesis, 

carbon microspheres and titanate nanotube microparticles will be made via USP (and 

wet-chemical treatments) and silica nanoparticles will be made via a modified Stöber 

synthesis method. The silica nanoparticles will be conjugated with a fluorescent dye, 

which can be used as an imaging agent. The sizes of the particles are characterized by 

DLS and, in addition, electron microscopy. 

The second specific aim is to investigate the toxicities of the particles by a well-

established cytotoxicity assay and via live-cell imaging methods. Before the matrix 

materials are incorporated into multi-functional delivery systems (MFNPS) their 

biocompatibility will need to be defined. This is because they can alter the effects of 

the molecular delivery, if they are, in fact, toxic. If the matrices do not exhibit negative 

effects on cells, then the matrices can be acceptable as good candidate materials. As 

toxicity depends on dosage, it is also necessary to figure out the optimal usage 

concentrations. Previous research in our lab showed that the carbon particles are not 

toxic to stem cells when the concentration is below 4 µg per 10,000 stem cells. The 

result will be verified in the thesis. The cytotoxicity of silica nanoparticles and titanate 

nanotube microparticles will be tested as well. The goal is to find out the concentration 
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when the particles start to become toxic to PC12 cells. The concentration of particles in 

future experiments will be based on these result. 

The third specific aim is to test the effects of the three kinds of particles on 

neurogenesis. In order to use the particles as carriers for neuronal molecules delivery, 

the effects of matrices on cell differentiation are also a main concern. If the matrices 

have any effects on neurogenesis by themselves, then it is difficult to investigate the 

effects of the delivery system alone because the matrices would interfere with the 

results. Therefore, the effects of materials on cells by themselves are important. To 

investigate the effects of silica, titanate, and carbon-based nanostructured materials on 

PC12 differentiation, immunocytochemistry (ICC) and microscopy experiments were 

performed. The particles are incubated with PC12 cells for 2 weeks. If they do not have 

statistically relevant effects, they can be further developed as carrier materials. 

However, previous research in our lab showed that carbon particles can positively 

regulate the differentiation of neural stem cells. The result will be verified in this thesis 

with PC12 cells. 

The main hypothesis of the thesis is that normal neuronal differentiation will be 

achieved in the presence of SiO2, titanate, or carbon-based nanostructured materials, 

and that the particles will not have any detrimental effects on the PC12 cell 

differentiation process at defined concentrations. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1. Preparation of Carbon@TiO2 Microparticles 

The setup of USP equipment is shown in Figure 4. A humidifier base is used as 

the source of ultrasound. The base is filled with deionized water and a custom-designed 

three neck vessel incorporating the precursors is placed on top. At the bottom of the 

vessel, a thin polymer membrane (approx. 100-150 micron thickness) is set to separate 

the precursor solution from the coupling water in the humidifier base. The right neck 

of the vessel is connected to the flow gas (e.g., air, N2), which carries the droplets 

through the heating zone. The middle neck of the vessel is connected to a 100-150 cm 

long glass tube (1-2" diameter) that sits inside the furnace. The furnace temperature is 

electronically monitor and controlled. The USP products are collected, first, in the 

connected bubblers (filled with water) and a vacuum filter is installed at the tail end to 

capture as much of the particles as possible. All the connecting 24/40 male joints have 

been coated once with Teflon. To begin carbon@TiO2 microparticles synthesis, 10 mL 

of a 50 % titanium (IV) bis (ammonium lactate) dihydroxide precursor and 10 mL 

deionized water are mixed in a 50 mL centrifuge tube. The furnace temperature is set 

to 850 ℃ and 20 mL of the mixture of precursor and water is added to the reaction 

vessel after the furnace reaches this temperature. Then the humidifier is turned on, and 

droplets start to form in the reaction vessel. This USP process is normally run over 

multiple days (in batches) to produce multiple grams of the materials. Once the 

carbon@TiO2 microparticles are made, purified, and isolated, they are chemically 

treated (etched via HF) to produce the porous carbon microparticles (34). 
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Figure 4. Ultrasonic spray pyrolysis (USP) setup with the schematic diagram (left) and 

the ultrasonic fountain photo (right). Adapted from Suh et. al., Adv. Mater. 2011, 23, 

2332–2338 (34) and Suh et al., J. Am. Chem. Soc. 2005, 127, 12007-12010 (40). 

 

3.2. Preparation of Titanate Nanotube Microparticles 

Titanate nanotube microparticles are made from carbon@TiO2 microparticles 

(prepared as described in section 3.1 and reference 34) by treatment with a concentrated 

basic solution. Briefly, first, carbon@TiO2 microparticles are made then they are dried 

and purified. Second, these carbon@TiO2 microparticles are chemically treated under 

pressure at elevated temperatures. The autoclave reactor (incorporating the particles in 

basic conditions) is then kept in an oven with the temperature set at above 60 ℃ for 
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over 6 hours. The as-prepared titanate nanotube microparticles are expected to have 

carbon microspherical core with nano-sized titanate tubes on the surface (shell). 

 

3.3. Preparation of Silica Nanoparticles 

Silica nanoparticles are prepared via a modified Stöber synthesis methodology 

at room temperature (20-25 ℃). To begin synthesis, a hydrophobic solvent, a base 

catalyst, a non-ionic surfactant (e.g., Triton-X 100) and a fluorescent molecule are 

added into a 25-100 mL round bottom flask. This mixture is stirred for 10-30 mins to 

allow the surfactant molecules to form reverse micelles (nanosized reactors with a water 

core and a hydrophobic shell). Finally, tetraethyl orthosilicate is added to the mixture. 

The mixture becomes cloudy after adding the precursor, which indicates that the silica 

particles are being synthesizing. As shown in Figure 5, the mixture in the round bottom 

flask is transparent with red color before tetraethyl orthosilicate is added, and the 

mixture becomes cloudy after it is added for 10-30 min. The fluorescent silica 

nanoparticles are formed after allowing the mixture to be stirred over few hours. The 

particles are washed, at least, 3 times with alcoholic solvents via centrifuging and 

dispersing, and then they are dried for one or more days. 
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Figure 5. Silica nanoparticle synthesis reaction photos. (a) Before precursor addition, 

(b) 10 minute after precursor addition. 

 

 

3.4. Size Characterization of Particles 

Dynamic light scattering (DLS) and scanning electron microscopy are used to 

evaluate the sizes of the particles. For DLS, before the measurement, the particles are 

sonicated for 5 mins to well disperse them in the medium (i.e., water). The DLS 

measurements are performed with the as-prepared particle suspensions (in deionized 

water) incorporated into a low volume disposable sizing cuvette. The concentrations of 

these particle suspensions are normally between 0.1-1 mg/mL. The concentration used 

in my experiment is 0.5 mg/mL, and the experimental temperature is 25 ℃. 
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3.5. Cell Culture Experiments 

During proliferation, the PC12 cells are maintained using RPMI 1640 medium 

(Gibco, Cat. No. 11875093 or Corning CellGro, Cat. No. 10-040-CV) supplemented 

with 5 % fetal bovine serum (FBS), 10 % heat inactivated horse serum (HIHS), and 1 % 

penicillin-streptomycin (PS, Corning CellGro, Cat. No. 30-002-CI). For maintenance, 

the medium is changed every other day and the cells are passaged when they are over 

70 % confluent. Briefly, for passaging, the cells are removed from the cell culture 

substrate (e.g., polystyrene surface) by trypsin-EDTA treatment, followed by 

centrifugation at 300 g for 5 mins to form a cell pellet. These cells are eventually 

counted for either passage into cell culture flasks or utilized for other planned 

experiments such as cytotoxicity assays. For differentiation experiments, specifically, 

PC12 cells are, first, stabilities and then cultured with RPMI 1640 supplemented with 

1 % heat inactivated horse serum (HS), 1 % penicillin-streptomycin (PS) Solution, and 

100 µg/mL nerve growth factor (NGF-β, rat recombinant protein, Sigma Cat. No. 

N2513). All cell cultures are maintained at 5 % CO2 and 37 ℃ in temperature. 

 

3.6. Cytotoxicity Assay 

Presto blue reagent (Invitrogen Cat No. A13262) is used to test the cell viability 

of the nanostructured particles. The assay is based on the ability of viable cells to reduce 

the resazurin substrate molecules into resorufin (reduced product). The production of 

the fluorescent resorufin dyes are proportional to the number of metabolically active 

cells, so the cell viability can be measured in a quantitative manner. The well layout is 

shown in figure 6. Briefly, a 96 well plate is coated with laminin, then 10k PC12 cells 

(per well) are plated with 100 µL of proliferation medium (per well) into a 

predetermined amount of well number (e.g., 4X8 matrix = 32 wells). After incubating 
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the cells overnight (8-16 hours), the medium was changed and different amounts of 

particles (i.e., 0, 1, 2, 4, 8, 16, 32, 64 µg) are added into, for example, 64 wells (32 wells 

with cells and 32 wells without cells; Figure 6). Eventually, 8 wells within a column 

are added the same amount of particles. After 24 h of incubation with particles, 10 % 

of presto blue is added into each well. Fluorescence is tested by Tecan 200 plate reader 

after 30 min of incubation with the presto blue solution. The excitation wavelength is 

560 nm and the emission wavelength is 590 nm. The cell viability is calculated 

according to the formula: Cell viability = [(Fluorescence (cell + particle)- Fluorescence 

(particle)] / Fluorescence (control). The experiment is repeated 3 times. 

 
Figure 6. Cytotoxicity assay layout for PC12 cells and nanostructured materials. 

 

3.7. Live Cell Imaging 

Live cell imaging is performed to investigate the cytotoxicity after long time 

incubation with particles. A 24-well plate is coated with laminin overnight under 4 ℃ 

in advance. Then, 20 k of PC12 cells per well were added into four wells within the 
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plate. The cells are maintained in proliferation medium for 24 h first in order to stabilize. 

Then all the media in the wells are removed and 4 µg of the particles (per well) with 

400 µL of the differentiate medium are added into each wells. When maintaining the 

culture plate, 200 µL of differentiate medium is exchanged every day from the top. 

Live-cell imaging was performed on an Olympus IX83-DSU fluorescence microscope 

equipped with a Hamamatsu R2 CCD camera, a Prior automated stage and a LCI 

Chamlide incubator. Images were captured over 14 days and analyzed.  

 

3.8. Microscopy Analysis 

A 24-well plate is coated with laminin overnight under 4 ℃ in advance. Then 

20 k of PC12 cells per well are added into four wells of the plate. The cells are 

maintained in proliferation medium for 24 h first in order to attach to the bottom. Then 

all medium in the wells are removed and 4 µg of the particles with 400 µL new medium 

are added into each well. Each well incubates cells with one kind of particles. A control 

well without particles is also prepared. For the differentiation assay, a separately 

prepared differentiation medium is utilized. For the proliferation assay, a separately 

prepared differentiation medium without NGF is used. The morphology of PC12 cells 

are observed via a microscope (Olympus IX83), with pictures being taken every day 

for two weeks. Every day, 200 µL of the new medium is exchanged from the top. The 

lengths of neurites on day 3, day 6, and day 14 are measured. 20 to 30 neurites are 

picked randomly for each condition. The neurites lengths are measured by tracing and 

drawing the neurites with Image J software, and then the lengths are calculated by 

Image J. The neurites per cell on day 6 are counted. 5 neurites are picked randomly for 

each condition. The neurite lengths are averaged and compared. 
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3.9. Immunocytochemistry 

Immunocytochemistry (ICC) is used to further analyze the effect of inorganic 

nanoparticles on neurogenesis. The cells are fixed by 4 % formaldehyde (PFA) under 

room temperature. After 10 mins, the cells are washed with PBS 3 times. Blocking 

solution (3 % donkey serum and 0.3 % Triton X-100 in PBS) is then added into cells. 

After 30 mins, the cells are washed 3 more times with PBS. The Beta 3-tubulin (TUBB3) 

antibody (EMD Millipore) dilute 200x in PBS with 1% donkey serum. The cells are 

permeated with primary antibody overnight under 4 ℃. Then the antibody is removed 

and the cells are washed with PBS 3 times. DAPI (1 µg/mL) is then added to the cells 

and removed after 5 mins. Before observing the cells under the microscope, the cells 

receive three more washings with PBS. Once the cells can be observed under the 

microscope, three pictures are taken for each condition. For each picture, the total 

number of cells stained with DAPI and cells stained with beta-3 tubulin are counted. 

 

3.10. Statistical Analysis 

Where appropriate, all data are expressed as mean ± standard error. At least 3 

samples are evaluated from 3 independent experiments or pictures. In order to 

determine significant differences, one-tailed t-tests (unequal variance) were performed 

between the control group(s) and the treatment sample(s). Software program utilized 

was Microsoft Excel or JMP. P-values less than 0.05 are considered statistically 

significant.  
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CHAPTER 4 

DATA & RESULTS 

4.1. Synthesis of Particles 

Figure 7 shows the as-prepared carbon@TiO2 microspheres (collected via a 

membrane filter) (34). The particles essentially have a titanium dioxide shell and a 

carbon core. The carbon source comes from the titanium dioxide precursor solution that 

incorporates monomeric lactate anions. The titanium dioxide shell inhibits gas transport 

(especially oxygen) during the heating process and ultimately contributes to the 

carbonization of the potential polymer that forms from lactate molecules. Basically, the 

carbon core was formed via anaerobic carbonization. Carbon@TiO2 particles were 

treated under high pH and high temperature conditions and titanate nanotube 

microparticles formed. These black powders have titanate nanotube shell and porous 

carbon core. If the carbon@TiO2 particles were treated with an etchant (e.g., HF) then 

porous carbon microspheres formed (34). 

 

 
 

Figure 7. Carbon@TiO2 microspheres synthesized directly via USP. 
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Figure 8 demonstrates the silica nanoparticles synthesized via the modified 

Stöber method. Figure 8(a) shows the silica particles in a 1.8 mL centrifuge tube after 

they are synthesized. These silica nanoparticles are yellow in color due to the 

incorporated tris(2,2’-bipyridyl) dichlororuthenium (II) complexes. Figure 8(b) shows 

these silica nanoparticles aggregated and red fluorescent under a high-resolution 

microscope and UV irradiation.  

  

 

Figure 8. Silica particles synthesized via Stöber synthesis. (a) silica nanoparticles 

stored inside a centrifuge tube. (b) silica nanoparticles fluorescently imaged under 

microscope, magnification 100x. Olympus IX83-DSU equipped with a CCD camera. 

 

The Figure 8 shown silica nanoparticles were utilized for further biological 

experiments. As for the porous carbon and titanate nanotube particles, the samples were 

prepared and provided by Dr. Won H. Suh.  

 

4.2. Characterization of Particles 

DLS is a technique used for characterizing the size of clear liquid dispersed 

nanoparticles which utilizes a laser light source to detect the suspension of particles 

undergoing Brownian movement. When a light encounters a small molecule, the 
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molecule will emit a second resource of light, which is the scattered light. When the 

size of molecules is bigger than the wavelength of the light, the frequency and phase of 

the scattered light is changed by the random movement of particles in liquid. The 

particle’s size, shape and electrical properties can be characterized by the intensity, 

angular distribution and polarization of the scattered light (41-43). 

The acquired DLS data is shown in Figure 9. The approximate sizes of silica 

nanoparticles, carbon microspheres, and titanate nanotube microparticles are approx. 

950 nm, 1280 nm, and 1480 nm, respectively. Figure 10 shows the electron microscopy 

(EM) analysis results of the three kinds of particles. The data images are provided by 

Dr. Won H. Suh and Weili Ma.  

 

 

Figure 9. DLS size analysis results. (a) Titanate nanotube microparticles (b) silica 

nanoparticles and (c) porous carbon microspheres. 
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Figure 10. Electron microscopy analysis of particles. (a) Silica nanoparticles, (b) 

(porous) carbon microsphere, and (c) titanate nanotube microparticles. 

 

4.3. Cytotoxicity Assay 

The cytotoxicity of each particle has been tested three times. The results are 

shown in Figure 11. The result demonstrates that, for the titanate particles and carbon 

particles, toxicity increases in a dose-dependent manner. T-tests suggest that titanate 

nanotube microparticles and carbon microspheres exhibit statistically relevant toxic 

potentials when the amount of particles become 32 µg and 2 µg per 10,000 cells, 

respectively. On the other hand, silica nanoparticles do not show significant toxicities 

even up to 64 µg per 10,000 cells. Therefore, the concentration of 2 µg/10k cells became 

the working concentration to be utilized for cellular experiments, moving forward.  
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Figure 11. Cell viability analysis results. (a) Titanate nanotube microparticles (b) silica 

nanoparticles and (c) carbon microspheres-treated PC12 cells (10k) after 24 hrs. 

**=p<0.001, ***=p<0.0001, n=3. 

 

4.4. Live Cell Imaging 

Live-cell imaging methods were utilized to further define the cellular 

biocompatbilities of the three (kinds of) particles after more than 24 hours of incubation 

times. If the cells are alive, they show metabolic movements. Otherwise, the cells will 

show detachment and apoptosis. The videos (in supplemental files) show the live cell 

image after the cells incubated with particles for 14 days.  (in supplemental files) From 

the images, it can be seen that the cells both with and without particles have normal 
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metabolic movement. No apoptosis or detachment is observed in the videos. Therefore, 

it is verified that the cells are alive for 2 weeks when the concentration of the particles 

is 2 µg/10k cells. We can consider that, at this particle concentration level, there is no 

apparently observed toxicity. 

 

4.5. Microscopy Analysis 

Figure 12 demonstrates the morphology of PC12 cells incubated in proliferation 

medium for 12 days after incubation with particles. According to the figures, neither 

the control cells nor the cells with particles have neurites outgrowing inside wells. It is 

shown that the cells prefer a proliferative state rather than a differentiating state. The 

cells start to overgrow at day 11 and start to detach at day 12. This indicates that the 

particles themselves cannot induce PC12 cell differentiation. 
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Figure 12. Cell morphology of PC12 cells in proliferation medium after incubated with 

particles. Magnification: 20x. The amount of particles added in the cells is 2 µg / 10 k 

cell.  

 

 

Figure 13 demonstrates the morphology of PC12 cells incubated in differentiate 

medium for 2 weeks after incubation with particles. Both the control cells and the cells 

incubated with particles start to show neurite growth at day 2. The neurite lengths 

increase with the increasing of incubation time. The cells with silica nanoparticles start 

to show significant fluorescence at day 10, indicating that the nanoparticles entered the 

cells or on the surface of the cells at this time. The cells differentiated well for 2 weeks. 

No overgrowth or cell detachment is shown in the pictures towards day 14. 
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Figure 13. Cell morphology of PC12 cells in differentiate medium after incubated with 

particles. Magnification: 20x. The amount of particles added in the cells is 2 µg / 10 k 

cell. 

 

  

The neurite length of PC12 cells on day 3, day 6, and day 14 are measured. For 

each condition, 30 neurites are picked randomly and measured for day 3 and day 6. 20 

neurites are picked randomly for day 14. The length of each neurite is calculated by 

Image J.  

For the cells differentiated for 3 days, the statistical analysis of the lengths is 

shown in Figure 14. The mean of the neurite length of the control cells is 66.62 µm 

with the standard error of 6.96. The means of the neurite lengths of the cells incubated 

with silica nanoparticles, titanate nanotube microparticles, and carbon microspheres are 

68.11, 63.95, and 67.83 µm, with the standard errors of 5.21, 3.98, and 6.28, with the 

p-values of 0.43, 0.37, and 0.45, respectively. This result indicates that the means of 



 

 

30 

 

neurite lengths on day 3 do not have significant difference between the control cells 

and the cells with particles. 

 

 

Figure 14. Neurite lengths of PC12 cells differentiated for 3 days, n=30. 

 

For cells differentiated for 6 days, the neurite numbers per cell and neurite 

lengths for each condition are shown in Figure 15(a) and Figure 15(b). The neurites of 

5 cells are counted and the length of 20 neurites are measured for each condition. The 

mean of neurite number for one control cell is 3. For the cells with titanate nanotube 

microparticles, silica nanoparticles, and carbon microspheres, the means of neurites per 

cell are 3.4, 3.2, and 3.4, respectively. The p-values of each condition are higher than 

0.1. Therefore, cells under any condition have about 3 neurites. The mean of the neurite 

length of the control cells is 111.15 µm with the standard error of 8.08. The means of 

the neurite length of cells incubated with silica nanoparticles, titanate nanotube 

microparticles, and carbon microspheres are 106.37, 112.81, and 118.71 µm, with the 

standard errors of 6.88, 6.74, and 8.33, with the p-values of 0.32, 0.43, and 0.26, 

respectively. Therefore, the neurite numbers and neurite lengths between the control 

cells and cells with particles on day 6 do not have significant differences. 
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Figure 15. Neurite number and lengths of PC12 cells differentiated for 6 days. (a) 

neurite number, n=5, (b) neurite length, n=30. 

 

The neurite lengths of cells differentiated for 14 days is shown in Figure 16. 

Three neurites are measured for each condition. The mean of the neurite length of the 

control cells is 199.18 µm with the standard error of 12.70. The mean of the neurite 

length of cells incubated with silica nanoparticles, titanate nanotube microparticles, and 

carbon microspheres are 174.51, 187.85, and 189.62 µm, with the standard errors of 

9.56, 12.82, and 16.34, with the p-values of 0.06, 0.27, and 0.32, respectively. The 

neurite lengths are longer than before and there is no significant difference between the 

control cells and the cells with particles. 
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Figure 16. Neurite lengths of PC12 cells differentiated for 14 days, n=20. 

 

4.6. Immunocytochemistry 

The immunocytochemistry (ICC) results of differentiated PC12 cells are shown 

in Figure 17. Figure 17(a) demonstrates the beta-3 tubulin (TUBB3) of PC12 cells after 

differentiating for 1 week. It can be seen that cells in all conditions have fluorescent 

signals for both DAPI and beta-3 tubulin. The cellular neurite outgrowth profiles can 

be easily analyzed via beta-3 tubulin staining. The cells stained with DAPI and cells 

stained with beta-3 tubulin are counted and Figure 17 shows the ratio of the mean of 

cells stained with DAPI and cells stained with beta-3 tubulin. Three pictures are taken 

for each conditions. In the first week, the ratio for control cells, cells with titanate, silica, 

and carbon particles were 99.53, 98.18, 99.17, and 98.16, respectively, with the 

standard errors of 0.47, 1.17, 0.42, and 1.13, respectively. The ratios were almost 100, 

indicating almost all cells differentiated. According to t-tests, the results of the three 

kinds of particles do not have significant difference compared to the control. Therefore, 

the three kinds of particles did not negative or positively affect the cellular 

differentiation processes at the first week mark. Figure 17(b) indicates the beta-3 

tubulin of PC12 cells after differentiation for 2 weeks. More neurite extensions are 

shown in the DICT picture. But not all neurite outgrowths are stained by beta-3 tubulin 

comparing to the DICT pictures, and not all cells were stained with beta-3 tubulin 

according to bright field pictures. As shown in Figure 17(b), the ratio of the mean of 

cells stained with DAPI and cells stained with beta-3 tubulin for control, titanate, silica, 

and carbon particles were 95.23, 92.83, 94.99, and 84.07, respectively, with the 

standard errors of 2.96, 2.07, 2.11, and 1.97, respectively. According to t-tests, cells 

incubated with carbon particles have significantly different outcome compared to the 

control. This indicates that less cells differentiated while PC12 cells were interfaced to 
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porous carbon particles and incubated. For the second week mark, silica and titanate 

nanotube particles do not show significant differences during PC12 cell differentiation, 

while carbon particles show some difference. 

 

 

(a) 
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5  

(b) 

Figure 17. Microscopy analysis of PC12 cells differentiated for (a) 1 week, (b) 2 weeks. 

 

    

Figure 18. The ratio of cell stained with beta-3 tubulin (TUBB3) / cell stain with DAPI. 

(a) cell differentiated for 1 week, (b) cell differentiated for 2 weeks. *=p<0.05. 
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Figure 19 shows PC12 cells cultured in proliferation medium for 12 days with and 

without the mentioned particles. According to microscopy analysis, neither the control 

cells or cells with particles (interfaced) have neurite outgrowths. This shows that NGF 

is needed to induce differentiation and not the particles. 

 

  

(a) Control (b) Silica 

  

(c) Carbon (d) Titanate 

 

Figure 19. Microscopy analysis of PC12 cell proliferated for 12 days. 
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CHAPTER 5 

DISCUSSIONS 

The sizes of particles are important for MFNPS because the cellular uptake and 

toxicity of particles can be affected by the sizes (44, 45). DLS results indicated that the 

particles are micron-sizes. However, according to the electron microscopy results 

(shown in Figure 9), the size of silica nanoparticles is approx. 100 nm while the size of 

carbon microspheres is more close to one micron. The titanate nanotube microparticles 

are over a micron but the diameter of nanotubes on microparticles is approx. 10-20 nm. 

Comparing the results of DLS and EM, the sizes of particles that the cells likely see 

(physically make contact) are dynamically ranged between 10-1000 nm. The apparent 

difference between the data is caused by two factors. One is that the DLS instrument 

cannot test the sizes of individual particles when they gather together, it can only test 

the sizes of the aggregations dispersed in liquid medium. The SEM image of fluorescent 

silica nanoparticles (Figure 7b) show aggregations. Such aggregated states, if possible, 

can lead to the particular DLS result shown in Figure 9, which is substantially larger in 

size than what's analyzed via electron microscopy (Figure 10). There are, in addition, 

smaller DLS peaks in the lower 0-200 nm ranges. These smaller peaks can be 

considered to be arising from the smaller or sub-structural sizes within or of the 

individual particles. Basically, the aggregation of the particles could be a result coming 

from the high particle concentration (0.5 mg/mL) of the DLS samples. In the future, 

optimization experiments will need to be conducted to figure out the best possible 

concentrations of the particles for successful DLS analyses. Another factor for the size 

analysis difference between the two methods is that DLS measures hydrodynamic 

radius. The hydrodynamic radius of the particles incorporates the solvent layer which 

associates to the particle surface when the particles undergo Brownian movement. 
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These solvent layers do not show up during EM analysis since it is under vacuum. 

Therefore, the sizes analyzed via DLS can appear larger than the particle's actual sizes 

seen via electron microscopy (EM). Moreover, DLS cannot measure the diameters of 

the individual titanate nanotubes on the microparticles either, it can only test the 

diameter of the overall microparticles. Therefore, the size of nanotubes should be 

investigated by EM.  

Cytotoxicity assays and live-cell imaging results collectively offer clues about 

the biocompatibility of the three kinds of particles. The cytotoxicity assay is a molecular 

assay resulting in quantitative analysis of cell viability with and without particles. 

However, it can only test the cytotoxicity after incubation with particles for one day 

because incubation for longer times requires changing medium, which can cause the 

loss of particles, and there is the potential for the overgrowth of cells within each well 

in the plate. The cytotoxicity results show that all of the three kinds of particles are 

essentially non-toxic when the concentration is 2 µg per 10,000 cells. The cytotoxicity 

assay has been done three time and the results have low standard errors, which indicates 

that the result is statistically reliable. 

Live-cell imaging is used to define the toxicity of the particles at the 2 week 

(incubation) time point. The live-cell videos (not shown) indicated that almost all cells 

are still alive after 2 weeks. Both the cytotoxicity assay and the live-cell imaging show 

that the three kinds of particles can be considered non-toxic within a 2-week period at 

the 2 µg per 10,000 cells concentration range. Moving forward, this concentration was 

utilized for additional cellular experiments.  

Additionally, the microscopy (Figure 12) shows that NGF is needed for PC12 

cells to successfully differentiate while the base particles themselves cannot induce 

differentiation. The microscopy analysis of differentiation (Figure 13) shows that there 

is no difference between the differentiation profiles of the control cells (no particles) 
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vs. cells incubated with particles. When comparing day 3, day 6, and day 14, the neurite 

outgrowth lengths (Figures 14-16) and the number of neurites (Figure 15) do not show 

any significant differences. Basically, silica, carbon, and titanate particles (regardless 

of how different their sizes and chemical components are) do not alter the normal PC12 

cell differentiation process. However, additionally quantification experiments will need 

to be conducted where more neurites are analyzed and counted - this can further 

decrease the standard error of the data set(s). 

According to microscopy analysis (Figure 13), on day 12, the cells incubated 

with silica nanoparticles show red fluorescence, significantly, inside the cells. This can 

happen if the silica nanoparticles are either on the surface of the cells or inside the cells 

and, if the latter is true, we will need to further investigate long-term effects of 

internalization. If silica particles go inside cells, they cannot be eliminated easily from 

the cells nor can they easily undergo biodegradation. The accumulation of inorganic 

particles inside cells can be a potential health risk for animals and humans. Therefore, 

even though silica is non-toxic (Figure 11), it may not be ideal for clinical applications. 

However, additional experiments are needed to more precisely define where silica 

nanoparticles end up when treated to PC12 cells. 

Alternately, titanate nanotube microparticles and carbon microspheres (to an 

extent) appear to reside outside the cells (Figure 13) but they warrant further analysis 

since it is difficult to judge uptake based on the acquired microscopy images. If smooth 

surfaced particles (e.g., silica, carbon) do get inside cells more than the titanate particles 

then the latter will be more promising as a long-term delivery system but the former 

will be a valuable solution if active delivery methodologies are needed. Eventually, 

titanate nanotube particles can be designed to incorporate bioactive molecules, such as 

RA, and targeting molecules installed on the surface. 
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Neurite formation is accompanied by phosphorylation of beta-tubulin in PC12 

cells. Past research indicates that neuron-specific beta-3 tubulin is selectively affected 

during neurite formation of PC12 cells (46). Therefore, the expression of beta-3 tubulin 

can indicate the differentiation of PC12 cells. ICC results demonstrated that the cells 

incubated with only particles but without NGF do not have neurite outgrowth. 

Therefore, those particles cannot induce PC12 cell differentiation. After a two week 

interfacing period with the particles, the cells incubated with titanate and silica particles 

did not have any difference from the control cells. This indicate that those particles do 

not interfere with the differentiation of PC12 cells and they can be used as carriers in 

future molecule delivery projects. Comparing the DICT and beta-3 tubulin figures, not 

all neurites were stained by the beta-3 tubulin antibodies. This might be because the 

antibody is polyclonal antibody and is not very specific to PC12 cells, or the staining 

time is not long enough.  
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CHAPTER 6 

CONCLUSIONS 

Carbon microspheres and titanate nanotube microparticles can be made by USP 

and wet chemical methods while silica nanoparticles can be made by Stöber synthesis. 

According to the cytotoxicity and live-cell imaging results, the silica nanoparticles 

made in our lab do not have significant toxicity (but will internalize). The titanate 

nanotube microparticles and carbon microspheres exhibit significant toxic potentials 

when the amount of the particles per 10,000 cells are 32 µg and 2 µg, respectively. 

Essentially, carbon microspheres can be considered the most toxic and detrimental to 

the neurogenesis processes among the three kinds of particles. The microscope assay 

of 'proliferation' demonstrates that NGF is necessary to induce the differentiation of 

PC12 cells into neurons while the studied particles do not affect the differentiation. The 

microscope assay of 'differentiation' shows that the three kinds of particles do not 

adversely affect the PC12 cells during differentiation. Neurite length and neurite per 

cell quantitation afforded no significant differences. Antibody staining indicated that 

cells with particles allowed PC12 cells to differentiate normally in the presence of NGF. 

Only the cells incubated with carbon showed less beta-3 tubulin expression after 2 

weeks (Figure 18). Moving forward, additional quantitative experiments are warranted 

to more precisely define the differences. 
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CHAPTER 7 

FUTURE DIRECTIONS 

First, gene expression (e.g., RT-qPCR experiments) analysis will need to be 

performed to acquire more quantitative data about the beta-3 tubulin levels. It will 

involve comparing the gene expression levels of beta-3 tubulin between the control (no 

treatment) cells and the cells with particles treated.  

Second, bioactive molecular delivery experiments involving retinoic acids and 

other neuronal-differentiation inducers will need to be conducted and compared to the 

bare particles utilizing PC12 cells. 

Lastly, the cellular experiments for this thesis involved immortalized murine 

PC12 cells. But, in order to use the particle technology on stem cell differentiation 

research, actual stem cells will need to be utilized. The first stem cells to be utilized 

will be human neural stem cells. 
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