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ABSTRACT 

. ~ As nanotechnology research expands, the dangers that could result from nanoparticle 

handling and production are unknown. Some studies show that nanoparticles are dangerous, but 

the exact mechanism of attack is only hypothesized. Other studies are concerned with the 

consequences of contacting nanoparticles after symptoms have developed. Our research goal 

was to show that developing a method of characterizing nanoparticles could lead to better 

predictions and eventually better medical assessments of the danger. We stated that by 

determining the aggregation characteristics of quantum dots on a hydrophilic and hydrophobic 

surfaces we might be able to predict in vivo responses and build a better experiment using cell 

cultures. Quantum dots were spun onto substrates coated with MHA and ODT on a layer of 

gold. After the solution had dried, the samples were scanned using an atomic force microscope 

(AFM). The images obtained suggest that the quantum dots in question adhere to a certain 

region, but due to the problems with cleanliness and other uncertainties, no concrete conclusion 

can be made at this time. 
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INTRODUCTION 

We are always searching for larger and smaller things, from the tallest building to the smallest 

computer chip. The benefits that could come from the ever expanding research are beyond what 

we can now imagine, but will become commonplace within the next few decades. The currently 

popular endeavors focus on a category of science called nanotechnology; that is, the science 

associated with material called nanoparticles. These are categorized as particles that are one ten 

millionth of a meter or smaller in dimension. The application and use of nanotechnologies is 

unbridled, with an endless number of possibilities for the betterment of our society and wellbeing 

with their use. On the other hand, there also exists the probable, if not eventual, environmental 

disaster we will cause by the misuse or improper handling of these new inventions. As with 

much in the scientific arena, new discoveries are touted for their ingenuity before safety 

evaluations have been adequately conducted. The sheer number of superfund sites in the United 

States, the nuclear bomb tests involving soldiers, and genetically modified food can all be seen 

as examples of our lack of safety with inventions or discoveries new and old. We may see a 

similar problem with the handling of nanoparticles. Considering many nanoparticles are 

discarded in waste baskets or down the drain as common refuse without regard to the unseen 

effects caused by contamination, time is short. 

The danger posed by nanoparticles has not yet been clearly defined. Some research suggests 

that nanoparticles do not create any potentially serious health risks due to particle size but 

instead from the particle chemistry. \,2 Others show a direct correlation between nanoparticles and 
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the inhibition of growth in certain plants,3 or the damaging oflungs in rats or the livers from 

mice.
4

,5 Some research is interested in the medical consequences of those in direct c?ntact of 

such chemicals, such as employees who routinely handle materials composing of nanoparticles.6 

As with anything, there are potential risks, but the danger associated with nanoparticles can be 

compared to that of viruses and bacteria; we cannot see them, and their immediate effect is 

sometimes unknown. The question of danger related to nanoparticles is difficult to ascertain 

when the information for and against nanoparticle danger is limited. 

The possibility for accidental contact and absorption, through the lungs, skin, intestinal tract, 

etc. exists when producing or using products that contain nanoparticles. Particles with a 

hydrodynamic diameter of less than 100 nm collect primarily in the alveoli in the lungs. The 

alveoli are small structures in the lungs that facilitate the gas exchange between carbon dioxide 

and oxygen. There are approximately 300 million exist in the average adult's lungs. The 

contaminate particles are removed by the lungs natural removal method of macrophage 

phagocytosis. This process has around a seventy day half-life rate of removal. Fibers remain in 

the lungs for longer times, sometimes entering into the interstitial regions of lung tissue or 

between the cells. If these nanoparticles have mutagenic properties, that is, they can alter the 

genetic material of the cell, they may lead to cancer. The smaller the particle, the more toxic it 

is, and the more difficult it is for the body to remove. However, the surface area of the particles 

is more important than mass when considering toxicity.7 This increase in toxicity is likely due to 

the greater active area the particles have to interact with its in vivo environment. Nanoparticles 

such as the quantum dots we used, would have a higher impact when inhaled then would 
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comparably sized nanotubes. All nanoparticles of spherical nature have a high chance of residing 

deep inside the tissue of the lung when inhaled. 

The fate of these particles once they enter an organism is not very well known. Tests with 

rats exposed to high levels of particles, or examinations of employees working in an environment 

conducive to nanoparticle exposure have been done, but they dealt mostly with events happening 

after contamination.4 Is it the nanoparticles that enter the lungs, causing inflammation, that 

increases stress on the heart and other processes, or is it caused by the particles entering the 

bloodstream?7 The goal of this research is to observe the characteristics of quantum dot 

aggregation, or the collecting of quantum dots together, in varying environments in an attempt to 

find a pattern that we can use to predict quantum dot behavior in other environments not tested. 

With this foundation, we could possibly someday answer the above questions about where 

nanoparticles create the largest health problems. 

Quantum Dots 

Quantum dots were chosen because of their ease of creation and their widespread and 

frequent use in many different studies ranging from biotechnology to semi-conductors. Quantum 

dots are colloidal semiconducting single crystals usually only a few nanometers in diameter.8 A 

colloid is a mixture of two or more chemical species that is evenly distributed, but unlike a 

solution where one or more species is dissolved in another, they are suspended in the medium. 

By controlling certain parameters such as temperature, time, and chemical species in the 

synthesis process, one can easily control the size of the quantum dots. These particles have 

special properties related to their small size such as the creation of excitons, (or electron-hole 
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pairs). This occurs when the energy of an absorbed photon is above the band-energy gap of the 

particle. Since the quantum dots are smaller than the Bohr exciton radius, the semi-conducting 

properties change and become quantized, hence the name quantum dots.9 

Quantum dots have been used extensively in biological applications, primarily concerning 

immuno-fluorescence for the observation of organs, tissues, cells, and proteins because of their 

small size and better imaging properties than dyes. Quantum dots are used to image cells in 

three-dimensional images with a high contrast due to the high specificity of the quantum dots to 

a specific wavelength of light. 10 Quantum dots have even been used to image living organisms, 

such as the cardiovascular system in live mice. II Some studies revealed quantum dots would 

accumulate in the livers and bone marrow of mice unless they were coated with a biologically 

neutral coating. 12 The goal of that study was to create a coating for the quantum dots so that they 

would more easily diffuse through the tissue of the mice to produce a more detailed image. It 

also shows that nanoparticles can and will collect within tissues unless preventive measures are 

taken. 

However, the safety of quantum dots is debatable. Studies concerning the cytotoxicity ofC60 

fullerenes revealed that the concentration of particles in the cell had to be quite high to constitute 

a lethal dose. \3 In the above studies involving mice, the small side effects on cellular function 

were not noticeable or very minor, usually occurring at high concentrations of quantum dots with 

unsatisfactory coatings.s So, a safe level of high exposure is likely with quantum dots, but with 

other nanoparticles the risks could be more problematic. For example, a glass and ceramic 

sealant called Magic Nano entered the market in 2006 in Germany. A quick recall followed. 14 

The reason was because 80 people had their lungs fill up with fluid after using the product. As 
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with any problem, there existed controversy concerning the role nanoparticles may have played; 

however, it should serve as a warning to the unchecked use and acceptance of nanoparticles or 

any new chemical for that matter. 

CHAPTER ONE: BACKGROUND 

A previous endeavor of ours involved characterizing quantum dot aggregation by imaging 

quantum dots on a lipid layer. This earlier research differs from our current work due to the 

nature of the substrates. We now employ a gold substrate covered with self-assembled 

monolayers (SAMs) of specific chemicals instead of a lipid bilayer. We will discuss this 

difference later. A lipid layer is a membrane formed when lipids align in the presence of 

hydrophilic and hydrophobic substances. The lipid usually consists of a hydrophilic head region, 
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Figure 1- (a) hypothesized quantum dot aggregation in a lipid bi-layer, (b) AFM image ofDCCP on silicon, (c) 

AFM image of particles on the DCCP surface 

caused by the hydroxyl groups of the alcohol head molecule. The hydroxyl groups contain the 

element oxygen, a highly electronegative species, causing a dipole to exist in the molecule. 

(' 

Water is also a dipole molecule and will readily mix with other polar molecules. For this reason, 

the head molecule will align towards water and other polar molecules. The long carbon chains 

that extend from the head molecule consist of carbon and hydrogen. The dipole moment between 
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hydrogen and carbon is low, creating the generally non-polar regions of the lipid. These carbon 

chains will align in a hydrophobic region, sometimes composed of other carbon chains as seen in 

Figure I a. This happens when the lipids are in a primarily polar space, such as in the body where 

water is the primary medium. The carbon chains of one lipid will align with the chains of 

another. When many lipids arrange themselves in such a manner, a lipid bilayer will form, as 

seen in Figure la. 

Our goal was to determine if quantum dots arranged themselves in the manner as 

hypothesized by Ramachandran et a1. 1S They hypothesized that quantum dots would form ring 

structures in the lipid bilayer, as seen in Figure la. With the lipid layers, we were curious as to 

how the quantum dots would arrange, but this time we were more curious about where they 

aggregate and not only about the formation. 

The difficulties arose from the use of I ,2-dipalmitoyl-sn-glycero-3-phosphocholine (Deep) 

instead of ideally using lipid bi-Iayers~ the uneven surface created many problems for the 

detection of quantum dots, as seen in Figure I b. In this case, Deep was deposited onto a silicon 

wafer drop wise and allowed to dry. The quantum dots were also added drop wise to the surface 

and allowed to dry. There were no successful images taken of the quantum dots in these 

experiments. 

Figure I b shows the lipid Deep deposited onto a silicon substrate in a 10 f.1m by 10 f.1m area. 

The height of the lipid reached a maximum of around 200 nm, which made it difficult to image 

quantum dots of a diameter of around 2 to 4 nm deposited on the surface. Figure 1 c shows one 

image taken after the addition of quantum dots to the lipids shown in Figure 1 b. We included this 
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to show how difficult it was to gather accurate results from these experiments. The white clusters 

in Figure 1 c are most likely contaminants instead of quantum dots due to their size (on the order 

of -800 nm). We decided that determining quantum dot aggregation characteristics on lipids was 

something for the future. This current work was much more accessible but still difficult because 

of contamination. 

Experience 

Our familiarity with these older experiments and experience in other areas enabled us to 

explore the new experiments. The advisor of this project, Dr. Brandon Weeks, has extensive 

knowledge and experience using cantilevers for many applications, from microscopy to sensor 

devices. The thesis author has over two years of experience with cantilever sensors and 

cantilever scanning methods. He has published a paper about manual construction of cantilever 

sensors in Scanning. 
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CHAPTER TWO: EXPERIMENT 

Substrate Fabrication 

The primary focus of these experiments was to characterize the aggregation properties of 

quantum dots on a substrate with hydrophilic and hydrophobic regions. We were interested 

whether the particles would preferably reside in either region or within the interface between. 

Figure 2- AFM image of MHA (dark squares and points) 
and ODT (lighter regions) 

The discovery of a pattern or preference for 

location could lead to new experiments and 

information about possible in vivo 

characteristics, which are beyond the scope 

of this paper. We believe that these studies 

could lead to better preventive measures 

against nanoparticle contamination and 

health complications. 

The substrates used in the experiments 

were a Ill plane polished silicon wafer, one 

which is readily available in many 

laboratories, and a glass microscope slide. For the silicon substrate, a thin layer of chromium was 

evaporated onto the polished surface of the silicon. Pure gold (99. 99%) was evaporated onto the 

chromium surface of the wafer. This was done because gold cannot adhere to silicon, so a thin 

layer of chromium is evaporated onto the polished surface of the silicon beforehand. We 
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evaporate the metal by running a current through a coiled wire to heat a small sample of metal 

placed into the coil. The evaporation of each metal was done under vacuum. Once the 

bimetallic layer was deposited, the thickness was only a few nanometers, allowing certain 

chemicals, especially the thiols used in our experiments, to adhere to the surface. Gold is also a 

noble metal, thus providing a very stable and reliable substrate for various different applications 

and experiments. The gold coated silicon wafer was cut into smaller pieces of about 1 cm in 

length. For the glass substrates, a process known as template stripping was used. 16 First, a thin 

layer of gold, only a few nanometers thick was evaporated onto polished mica. Next, Epoxy-377 

was spin-coated onto the surface of the gold and the glass substrate applied to the epoxy. Once 

the sample was dry, the gold was stripped from the mica, leaving us with gold coated glass held 

together by the epoxy layer. There was no noticeable difference in results between substrates. 

The hydrophilic regions were coated with Mercaptohexadecanoic acid (MHA). The 

application of MHA was accomplished by micro contact printing. 17 In this case of micro contact 

printing, a mold made from polydimethlysiloxane (PDMS) was coated with 10 mM MHA, the 

excess fluid removed, then pressed over the substrate, and left for half an hour to set. To make 

the mold, a silicon wafer was etched with the desired pattern and covered with the liquid PDMS 

polymer primer. The silicon and PDMS was placed under a vacuum in order to remove the 

oxygen formed from the reaction. Once the PDMS had hardened (about 1 day), the mold was 

removed and used for patterning. 

Once the MHA had adhered, a solution of 10 mM Octadecanethiol (ODT) was applied to the 

substrate where it adhered to the blank substrate surface where the MHA did not bond. The 

ODT also formed a SAM on the gold surface. A SAM is a phenomenon where the molecules 
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adhere on the gold surface in a layer that is a single molecule thick. A SAM is formed when the 

head molecule, in this case sulfur, adheres to the substrate, gold, in an orderly manner. At first 

the molecules form a random, unorganized mass on the surface, but over the course of a few 

hours or days they form a semi-crystalline layer as the tail ends of the molecules align. The 

molecules flow across one another to form this layer, thus forming a single layer of molecules on 

the surface. This process forms the hydrophilic and hydrophobic regions on the gold surface. 

The two regions were not visible to the eye. To see if the hydrophiliclhydrophobic pattern 

was successfully created, we breathed over the substrate, causing condensation to form on the 

surface as observed under an optical microscope. If only the hydrophilic regions react, then one 

can assume that the substrate is satisfactory. We saw the correct pattern indicating a successful 

substrate had been formed. The resulting pattern is shown in Figure 2. 

The MHA formed a hydrophilic region due to its carboxylic acid group, while the ODT 

formed the hydrophobic regions due to its long carbon chain saturated with hydrogen. The 

carboxylic acid group has two oxygen atoms that are strongly electronegative. In Figure 3, the 

MHA molecule has the carboxylic group on the left hand side. This forms a dipole causing the 

MHA SAM to be polar, hence hydrophilic. The ODT has only a saturated carbon chain, which 

has very little ionic dipole and is classified as non-polar. Thus, the chain will only dissolve in 

other non-polar chemicals, and will therefore not react with water; hence, it is hydrophobic. The 

thiol groups (located on the right hand side of both molecules in Figure 3) familiar to both 

species adhere to the gold, creating the SAMs that are critical for this work. MHA and ODT are 

chosen because of their similar chemical properties, with the exception of the functional groups. 

Because they are similar in size and shape, they form an almost flat surface with differing 
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regions. Having a flat surface to work on is important, considering the problems we had with the 

not so flat DCCP. 

o l(~''-../-~''_/''-...//~ 
o 

Mercaptohexadecanoic acid (MHA) Octadecanethiol (ODT) 

Figure 3 - Line structures of Mercaptohexadecanoic acid and OctadecanethioPO 

Quantum Dot Fabrication 

Cadmium sulfide (CdS) quantum dots were chosen for this experiment based on their size, 

chemical properties, and ease of manufacture. The arrested precipitation method was used to 

make the quantum dots used in this research. The normal action of precipitation was interrupted 

by the inhibitor species that prevented the formation of a salt that would settle out of solution. 

The quantum dots remained small, did not coagulate, and formed a colloid. 

The precursor consisted of 0.0367 g of cadmium chloride that was mixed with 20 mL of water 

to create a 0.010 M solution. A solution of sodium citrate was created from 0.0600g of sodium 

citrate in 30 mL of water for a concentration of 0.0068 M. This solution was quickly mixed with 

the cadmium chloride solution and stirred for 45 minutes at room temperature on a hot plate with 

a magnetic stir bar. The sulfide source consisted of 0.00 13 g of sodium sulfide in 20 mL of 

water to create a 0.00083 M solution. This solution was added drop wise to the sodium 

citrate/cadmium chloride mixture after the initial 45 minutes. After the complete addition of all 

reagents, the solution was stirred at room temperature on a hot plate using a magnetic stir bar for 
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45 minutes. At this time, the solution adopted a pale yellow color, characteristic for CdS 

quantum dots. 

The substrate with its hydrophilic and hydrophobic regions was spun at 3000 rpm on a spin 

coating machine. A few drops of quantum dot solution were dispersed on the surface and 

allowed to spin for five minutes. The spin process ensures that there was an even coating of the 

quantum dot solution on the substrate. In subsequent trials, we stopped spin coating to allow the 

quantum dots to settle uninterrupted. This process consumed more time as the quantum dot 

solution on the substrate required more time to dry before imaging. 

Imaging 

Atomic force microscopy (AFM)18 was used for all of the imaging, and a detailed description 

of this technology follows. AFM was chosen due to its precision on the nanometer scale. It can 

Quartered 
photodetector 

Mirror 

.~,~-' 
\ 
\ I 
\ I 
\ 
\ I Y Cantilever 

PiezoelectriC 
scanner 

Figure" - Diagram of the basic AFM 
arrangemenr l 

also show us many other features such as lateral 

force, topography, and error. The atomic force 

microscope is a type of scanning probe 

microscope. 19 It uses a cantilever beam attached 

at one end to the scanner and the other end 

stretches over the sample. The end of the 

cantilever over the sample includes a tip on one 

side that scans the sample. The sharpness of the 

tip determines the overall resolution of the 

image; the AFM has resolution as high as only a 
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few nanometers. The resolution is not as high as an electron microscope, but unlike the electron 

microscope, the AFM can also show us depth creating a three dimensional image. These 

provided us with a more detailed image that provides more information about the item being 

scanned. This is good for detecting small particles like quantum dots. 

ATOM 

Figure 5 - Diagram of AFM tip and sample 
interactionl7 

The AFM works by detecting changes in 

force. In relation to Hooke's Law, which relates 

force directly to deflection and a force constant, 

the cantilever will deflect. It is possible to detect 

this deflection using piezoelectric devices that 

make very small, albeit accurate motions in three 

dimensions. To record the changes, or 

deflections in the cantilever, a laser is reflected 

off the back of the cantilever and the reflection is recorded on a photosensitive plate. This plate 

is divided into quadrants which allow the device to determine the nature and cause of the 

deflection. 

The two popular forms of scanning modes are known as contact and tapping mode. In contact 

mode, the AFM operates by maintaining the cantilever, and more importantly, the tip at a 

constant height (force) using a feedback loop. As the elevation of the sample rises or lowers, the 

force will change, and the piezoelectric device will compensate, maintaining the height. These 

changes are recorded through the software and an image is created. For tapping mode, the 

cantilever oscillates at a frequency near to that of its natural frequency at an elevation higher than 

that used in contact mode. When the elevation of the sample changes the frequency of the 
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cantilever, the feedback loop compensates, and this change is recorded. What we are actually 

recording with this method is the interaction force of the tip when it comes into contact with the 

sample. This method is much better to use for a variety of substrates while it is less damaging 

than contact mode. For this reason, we used tapping mode first to image the quantum dots. 

0 2 3 4 
1Jm 

Figure 6- Lateral force image of quantum dot aggregation on 
MHA and ODT. This image, as with many images, were 
contaminated in the process of imaging. 

5 

Despite the benefits of using tapping 

mode, images were also collected using 

contact mode. Contact mode, which can 

cause damage to the sample, also has 

many advantages. Contact mode is much 

simpler to use than tapping mode, and is 

therefore more commonly used. It also 

allows us to see the lateral force image of 

a sample. This measures the force 

perpendicular to the tip motion as across a 

sample. This scanning method can be used 

to measure qualities about the substrate 

such as friction. Figure 6 is an example of a lateral force image of a MHA, ODT substrate with 

quantum dots dispersed over the surface. Note, however, the poor image quality. The 

information from this image is not very useful, and quantum dots cannot be identified with any 

accuracy. 
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CHAPTER THREE: RESULTS 

The first experiments ended without much success, because the images we recorded showed 

nothing of interest. They consisted primarily of feedback or they were improperly aligned. Later 

experiments were better, although improvements can still be made. They show a possible 

preference for the quantum dots to adhere to the hydrophilic regions. The average size of the 

particles in between 2-6 nm, but some particles, most likely contaminants or larger quantum dot 

0 10 20 30 40 
1Jm 

Figure 7- Quantum dot aggregation on MHA and ODT. The 
square rings and centers are coated with MHA and the rest is 
coated with ODT 

15 

clusters were found at around 30nm. 

They were also found primarily in 

the hydrophilic regions. 

These images were taken using a 

Park Scientific Instruments (PSIA) 

XE-1 00 AFM in the chemical 

engineering imaging lab. Tapping 

mode was used to scan a 50 f.!m by 

50 f.J.m area at a scan rate of 0.5 Hz. 

The particular image in Figure 7 was 

the best image taken to date. It was 

processed using the XI Data 



Acquisition Program from PSIA. There remain issues with the images, such as the contaminants 

on the substrate, most likely dust from inside the room. This is a reasonable conclusion 

considering there is no clean room or low particulate device in the laboratory. 

In this particular image, we see the large particles (bright white) among many smaller 

clusters of particles that are only a few nanometers in height (2-6 nm). The difference in the 

width to height ratio of the smaller particles was due to the nature of the scanning motion. The 

height must be used to detennine the diameter. The height of the contaminants also creates an 

artifact showing depressions in the scanning directions around them. Again, the scans so far 

suggest that the quantum dots adhere to the hydrophilic regions, but more work in cleaner 

environments must be done in order to achieve better infonnation. Images taken with contact 

mode were either contaminated or showed nothing of interest. 

16 



CHAPTER FOUR: CONCLUSION AND DISCUSSION 

Imaging quantum dots with the AFM was difficult, but the good results were promising. To 

be able to understand the behavior of nanoparticles would hopefully allow us better to predict the 

impact of nanoparticle contamination of our environment that can only increase as research in 

this field expands. With the information gathered from this study, one could move forward and 

continue to image quantum dots or another nanoparticle and eventually to more complex and 

time consuming studies. 

These future experiments will tell us whether the tendency of the particles is to remain within 

their preferential regions or diffuse away when solutions are added. For example, if the particles 

dissolve in a solution that is hydrophilic, then the particles may more easily remain in the blood 

and can then more easily move through the body to other organs and tissues or perhaps more 

easily be eliminated. This is important because we do not know the long term effects of 

nanoparticle aggregation in various tissues in the body or in other organisms in the environment. 

There are many avenues for nanoparticle consumption, and knowing the best routes of transport 

could be significant. 

Finally, after all of the previous tests are completed, one could begin the difficult task of 

applying our knowledge ofnanoparticle aggregation and transport within live cell cultures. We 

believe this is better than waiting for health effects caused by nanoparticles and working 

backwards.6 In this manner we could predict the location and possible effects of the particles 

before they become problematic and produce health issues. To predict the possible effects and 
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behavior will perhaps be the longest and most difficult task related to this research, but it would 

provide us with very important infonnation about the health implications of nanoparticle 

dispersion in our environment. 
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