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ABSTRACT
Breast cancer is one of the most common and one of the deadliest cancers diagnosed
among women. The disease kills nearly 40,000 women each year. Current treatments include
surgery and radiation as well as systemic therapies such as hormonal therapy, targeted therapy,
and chemotherapy. However, the problem with these systemic therapies is that they are not
specific and kill normal body cells in addition to cancer cells causing harmful side effects.
Calcium Phosphosilicate nanoparticles (CPSNPs) have the potential to encapsulate
chemotherapeutic drugs until they reach the cancerous cells protecting the body from toxic side
effects.
Previous flow studies were completed using these particles; however, changes in
environmental pH proved to cause significant differences in the association of particles with the
tumor cells. The current study used MDA-MB-231 breast cancer cells to test the CPSNPs in a
pH controlled environment. First, Rhodamine-WT encapsulating citrate, PEG, and anti-CD71
functionalized particles were tested in static, low shear (62.5 sec-1), and high shear (200 sec-1)
environments. Fluorescence intensity which corresponds to particle-cell associations was
assessed using flow cytometry. Then, docetaxel encapsulating citrate particles were tested using
flow migration studies to determine the effect the drugged particles had on extravasation of
circulating tumor cells.
Results revealed that anti-CD71 functionalized particles experienced significantly
increased particle-cell associations compared to citrate particles. Additionally, particle-cell
associations were increased under low shear conditions. Flow migration results further support
this conclusion and revealed that docetaxel encapsulating citrate particles decrease tumor cell
extravasation. Future studies will include additional flow migration studies with citrate
functionalized drugged particles as well as studies using PEG and anti-CD71 drugged particles
and additional particle cell association studies at shorter and longer time intervals.
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Chapter 1: INTRODUCTION
I. Cancer Physiology
According to the definition given by the National Institutes of Health, cancer is
the uncontrolled growth of abnormal and usually non-differentiated cells in the human
body1. Malignant cancerous tumors can occur in nearly any location in the body and can
be caused by a variety of different factors including chemical exposure, genetic factors,
and viruses. Six major characteristics enable cancerous cells to be extremely dangerous
and uncontrollable2:
•

Self-sufficient growth by generation of their own growth signals

•

Limitless, uncontrollable multiplication

•

Insensitivity to anti-growth factors

•

Ability to escape apoptosis

•

Promotion of angiogenesis to maintain oxygen and nutrients

•

Invasion of adjacent tissues

This combination of uncontrolled growth and unresponsiveness to anti-growth and death
factors makes cancer very dangerous.
The ability of cancer to metastasize to other locations in the body increases the
severity of the cancer and makes the tumors more difficult to treat. The metastasis
process is displayed in Figure 1.1.
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Figure 1.1 Schematic of Cancer Cell Metastasis and Extravasation2
This figure shows the journey a cancer cell takes as it moves from a primary to secondary site. (A) Cancer
cells start by proliferating and growing at their primary site until (B) they are able to detach from the main
growth site and move into nearby blood and/or lymphatic vessels. (C) Tumor cells then move into the main
blood circulation where they interact with leukocytes, platelets, and other tumor cells. (D) A combination
of several factors may allow the surface receptors on the tumor cell to interact with the endothelial cells and
eventually move the tumor cell through a gap in the endothelial layer and (E) into a new area of the body
where it will populate creating a secondary site.

Metastasis starts with the invasion of cancer cells away from their primary site, through
the basal membrane, and into either nearby blood or lymphatic vessels. This process is
also known as intravasation. Once here, the cells are eventually able to move into the
main circulation and have access to nearly any location in the body. Inside blood vessels,
tumor cells interact with platelets and other tumor cells to help protect themselves against
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the strong mechanical stresses caused by blood flow. Tumor cells also have the ability to
interact with platelets and fibrinogen to form clots and protect themselves against the
immune system and to use inflammation-associated mechanisms to protect against
apoptosis.
The ultimate goal of circulating tumor cells is to move out of the vasculature and
through the endothelium where they will colonize and form a secondary growth site. This
extravasation process occurs through interactions between surface receptors on the tumor
cells (usually integrins) and endothelial cells (usually selectins). In some cases, it is a
possibility that the stress due to the blood flow causes activation of integrins on the tumor
cell surface making these interactions possible2. Additionally, in other instances, in vitro
studies have shown that human neutrophils (PMNs) mediate this process and help to
bring the tumor cell in contact with the endothelial cell layer3. Once the cell surface
receptors interact, tumor cells are able to move through small gaps in the endothelial cell
layer and begin growth at their new site.

II. Breast Cancer Statistics
According to the Center for Disease Control and Prevention, breast cancer is the
most common cancer diagnosed in women. The most common forms of breast cancer
consist of an abnormal cell growth in the lobules, which are the glands that produce milk,
or in the cells lining the ducts that transport milk4. Breast cancer can be either in situ or
invasive (also called metastatic). In situ is much less serious as the abnormal cancer cells
remain in the area of origin. Invasive cancer involves the spread of cancer cells into other
parts of the breast tissue and possibly into other parts of the body.
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On average, it is expected that 1 in 8 women will develop invasive breast cancer
throughout the course of her lifetime5. Additionally, with the exception of lung cancer,
breast cancer kills more women than all other cancers. In 2011, it was expected that over
280,000 new cases of breast cancer were diagnosed in the United States and nearly
40,000 US women died from the disease. While men are at a lower risk of developing
breast cancer, they still make up about 1% of all cases. In the United State in 2011, it was
predicted that over 2,000 new cases of breast cancer were diagnosed among men and
about 450 male deaths occurred5, 6.
In addition to gender, other risk factors include age and race. Breast cancer
incidence steadily increases with age. The median age for diagnosis was 61 years of age
during 2004 and 2008. In addition, breast cancer incidence rates are highest among nonHispanic white women at a rate of 125.4 per 100,000 women and lowest among Asian
American women at a rate of 84.9 per 100,000 women. Additionally, mortality rates
range from 32.4 per 100,000 in African American women to 12.2 per 100,000 in Asian
American women. Family history also plays a strong role. Women with one diagnosed
relative are 1.8 times more likely to develop this cancer, and risk is 4 times higher for
women with 3 or more affected relatives. Finally, it is believed that genetic mutations in
genes such as BRCA1 and BRCA2 account for 5-10% of breast cancers. Women with
BRCA1 mutations have a 44-78% chance of developing the cancer by the age of 706.
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III. Current Treatments
Breast cancer treatments aim to eradicate the cancer cells, decrease the growth
rate of these cells, and/or eliminate the risk of recurrence. Current methods include
surgery, radiation therapy, and systemic therapy. For most patients a combination of
these treatment techniques is used. Surgery involves the removal of cancerous cells from
the breast. This can be in the form of a lumpectomy, in which the surgeon removes only
the cancerous area, or a mastectomy, in which the entire breast is removed. Radiation
therapy is often used in combination with surgery to remove any excess cancerous tissue
that remains. For breast cancer, external radiation is generally preferred. This can involve
irradiation of just the breast or irradiation of the chest wall and underarm as well as the
breast for more extensive and invasive cancers6. This combination of surgery and
radiation therapy is generally effective when treating the primary tumor site, but
metastatic breast cancer is much more difficult to treat and requires different treatment
techniques.
The most common and currently most effective treatment method for metastatic
breast cancer is systemic therapy. Systemic therapy involves the use of drugs that target
different parts of the metastasis and growth process. Chemotherapeutic drugs prevent the
spread and growth of cancer cells by killing them or weakening them to prevent growth.
Most chemotherapeutic drugs attack all quickly dividing and proliferating cells. Drugs
can also be administered to lower levels of or block the effects of estrogen which is a
hormone known to promote growth. These drugs are only effective on breast cancers that
are hormone-receptor positive.
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The final type of systemic treatments is targeted therapies. Targeted therapy
treatment targets specific parts of the breast cancer growth pathway. For example, it is
known that the growth protein HER2 is overproduced 15-30% of breast cancer cases6.
Therefore, the monoclonal antibody Herceptin is used to target and reduce the effects of
this protein. The survival rate for patients with full blown metastatic breast cancer (Stage
III or IV) is very low at 23%6. This begs the need for novel treatment techniques that treat
and prevent metastasis.

IV. Side Effects
The main problem with these systemic therapies is that they are not specific. Once
the drugs enter the body, they attack any and all proliferating cells which include normal
functioning body cells. The death of these normal cells causes unwanted side effects that
are sometimes more severe than the cancer itself. They can also be mentally challenging
for the patients. These side effects can become so bad that it is often necessary to treat
them as well as the cancer. Some of the most common side effects associated with breast
cancer treatment include nausea and vomiting, weakness, hair loss, weight gain,
premature menopause, bleeding, and diarrhea7.

V. Calcium Phosphosilicate Nanoparticles
Calcium phosphosilicate nanoparticles are synthesized through a double reversemicelle procedure and consist of a calcium phosphate core with the silicate acting as a
nucleation agent. Active agents, primarily chemotherapeutic drugs and dyes, get trapped
at the interior of this core. Finally, some type of surface functionalization is added to the
exterior of these particles8. A schematic is shown in Figure 1.2.
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Figure 1.2 Schematic of a Calcium Phosphosilicate Nanoparticle
This figure depicts a sample calcium phosphosilicate nanoparticle showing the calcium phosphate matrix
(gray) encapsulating the active agent (green) with alternate payload (red) and full surface functionalization
(blue)9. Active agents could include imaging agents or chemotherapeutic drugs and surface
functionalization could be basic citrate coating or bioconjugated molecules.

These particles are beneficial because they are biocompatible. Calcium phosphate
is found throughout the body in the form of either ACP or HAP, and both Ca2+ and PO43are naturally found in the body in high concentrations10. The average plasma
concentration of Ca2+ is between 1.17 and 1.29 mmol/L, and the average plasma
concentration of PO43- is 1.25 mmol/L11. Studies have shown that the particles are
colloidally stable, non-aggregating, and form with a diameter consistently between 2040nm with minimum shelf life of two weeks at 37⁰C12. Additionally, various molecules
can be functionalized and/or bioconjugated on the surface of these particles as passive
and active targeting techniques to increase specificity13. CPSNPs have the potential to be
used for both imaging and drug delivery purposes.
CPSNPs shield the chemotherapeutic drugs preventing degradation that would
occur if they were injected as free drugs and thereby preserving pharmacologic activity.
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Additionally, the calcium phosphosilicate core shelters host cells from the toxic
chemotherapeutic drugs or other active agents that they encapsulate. This results in an
overall decrease in toxicity to the host and can reduce the risk of the patient experiencing
associated side effects.
This also allows localization of the particles at the target site prior to release of
the drugs. Release of the encapsulated agents is dependent on dissolution of the
nanoparticles which is strictly pH dependent. Calcium phosphates are relatively insoluble
at a physiological pH but show increasing solubility with decreasing pH14. The
nanoparticles dissolve when they experience low pH levels when the endosome joins the
lysosome following endocytosis. This greatly increases the concentration of drug
reaching the diseased cells.
Due to increased concentrations reaching the pathological areas and increased
pharmacological potential, CPSNP delivery systems allow for decreased dosages that
need to be administered to patients. An in vitro study done by Dr. Kester showed that a 5fold decrease in dosage of the chemotherapeutic Ceramide in CPSNPs resulted in a 7-fold
increase in apoptosis compared to administration of free ceramide12. Decreased dosages
are both safer and less expensive which is extremely beneficial.
A final advantage of CPSNPs is their biodegradability and lack of harmful effects
in vivo. Particles are removed from the body through a hepatobilliary clearance
mechanism which is extremely favorable since there is limited potential for hepatic or
renal toxicology10.
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VI. Advantages of Active and Passive Targeting
Drug carrier systems can be made more effective by specifically targeting them to
disease or tumor cells. Advantages of drug targeting include simplified administration
protocols, reduced drug quantity, and increased drug concentration at the desired site.
This can be done through passive or active targeting approaches. Passive targeting takes
advantage of the well documented enhanced permeability and retention (EPR) effect
which describes the increased permeability of the blood vessel wall in certain inflamed
areas. This allows particles ranging from 10-500 nm to move freely out of the vasculature
and into surrounding tissues15. The EPR effect is illustrated in Figure 1-3.

Figure 1.3 Enhanced Permeability and Retention Effect
Drug loaded nanocarriers (1) cannot move through the normal endothelial wall but can move through gaps
(2) between endothelial cells that commonly appear in pathological areas (3). Only small molecules, such
as free drugs (4), are able to freely cross the normal endothelium15.
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The surfaces of drug nanocarriers can be modified with Polyethylene glycol
(PEG) or a similar molecule that protects the carriers and allows for longer circulating
time10. This increased circulation time allows for a greater accumulation of these delivery
systems at the pathological site. While these passive targeting techniques have seen
success, they still lack specificity.
Active targeting increases specificity by binding the drug carrier to some targeting
moiety. This targeting moiety is some type of ligand that will get recognized by receptors
particular to the target tissue. These molecules can be antibodies, proteins, hormones, or
other ligands. Due to the increased specificity, active targeting is generally a quicker
process that delivers even more drug to the harmed site further decreasing the required
dosage.

VII. PEG and Anti-CD71 Characteristics
Polyethylene glycol and anti-CD71 molecules were bioconjugated to particle
surfaces to induce better uptake of CPSNPs into cancerous cells. Polyethylene glycol is a
polyether with a variety of different applications. Bioconjugated PEG-CPSNPs showed
increased circulation time as well as increased passive tumor accumulation compared to
the basic citrate particles10. PEGylation of particles inhibits protein absorption allowing
for maximum retention time in the circulatory system allowing for increased EPR effects.
PEG particles have been found to remain in circulation for up to four days without
adverse effects to the host10.
PEGylated particles can be further bioconjugated to antibodies to take advantage
of active targeting mechanisms. The anti-CD71 antibody was used in the current study.
CD71 (transferrin receptor) is a type II transmembrane glycoprotein found primarily as a
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homodimer consisting of two identical monomers joined by a disulfide bond. The
monomers contain an extracellular C-terminal domain that contains the transferrin
binding site and a smaller intracellular N-terminal domain16. This receptor is responsible
for maintaining iron homeostasis in proliferating cells. This receptor is an ideal target for
drug delivery systems due to its increased prevalence in malignant, proliferating cells and
surface accessibility. The presence of the transferrin receptor on breast cancer cells
(MDA-MB 231) was confirmed by flow cytometer data displayed in Figure 1.417.

Figure 1.4 Analysis of Presence of Transferrin Receptor on Human
MDA-MB-231 Metastatic Breast Cancer Cells
A flow cytometer was used to probe metastatic breast cancer cells for the
presence of the transferrin receptor (CD71). Data show that this receptor is
present on nearly all cells analyzed making it an ideal target for drug delivery
systems17.

Previous studies have looked at bioconjugated Avidin- CPSNPs with different
functionalizations. In vivo data has shown that anti-CD71-Avidin-CPSNPs successfully
targeted mice tumors. Additionally, anti-CD71-Avidin-CPSNPs were more effective at
targeting the tumor site than PEG-Avidin-CPSNPs17. This leads to the hypothesis that the
current anti-CD71 particles will be capable of successfully targeting breast cancer cells.
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VIII. Choice of Chemotherapeutic Agents
Hydrophobic chemotherapeutic agents are extremely difficult to deliver through
conventional methods such as IV because there is added toxicity associated with the
solvent used to deliver these drugs. Encapsulation is a great solution to administer
hydrophobic drugs as the drug is shielded from the hydrophilic environment until it
undergoes endocytosis and enters the cell. One common hydrophobic drug used to treat
advanced stage metastatic breast cancer is docetaxel (brand name: Taxotere)6.
Docetaxel is generally given in combination with other chemotherapeutic drugs
after surgery18. Docetaxel belongs to a class of medications called taxanes which work by
preventing the growth and spread of cancer cells and interfering with the cells ability to
divide18. Specifically, docetaxel inhibits pro-angiogenic factors and stabilizes tubulin
preventing microtubule disassembly resulting in cell death19.
Docetaxel is commonly administered intravenously over a one hour period every
three weeks in a solution with 50/50 (v/v) ratio of polysorbate 80/dehydrated alcohol20.
Polysorbate 80 can potentially cause severe allergic reactions that could be fatal21. Other
serious side effects include blistering skin, numbness or burning, weakness, and unusual
bleeding or bruising. Encapsulation of this drug eliminates the need for polysorbate 80
and decreases interaction of the drug with normal body cells.
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IX. Previous Studies
Experiments have been completed to test the effects of bioconjugation on the
uptake and association of these particles. The particles used encapsulated Rhodamine WT
fluorescent dye and were tested under static and shear conditions to determine the
particles’ effectiveness at targeting primary site tumor cells as well as circulating,
metastasizing tumor cells. Citrate and anti-CD71 particles were tested at 30 minute, 60
minutes, and 120 minutes. During these initial shear studies, cells were exposed to
outside air and other factors. Post pH testing found that there was a significant change in
pH over the 2 hour period22 which could have an effect on the mechanism of the
nanoparticles.
The current studies first investigated the association and uptake of the
nanoparticles by the breast cancer cells under both static and shear conditions at
physiological pH. Shear conditions were produced by a RotoVisco 1 cone-plate
viscometer with a contact angle of 1⁰. In order to represent the movement of tumor cells
through blood vessels, shear rates were chosen at 65 sec-1 and 200 sec-1. Additionally, to
stabilize the pH of the environment, the viscometer was placed in an incubator and
maintained at 37⁰C with 5% CO2. The present study also investigated the effect docetaxel
encapsulated particles had on the extravasation of tumor cells using flow chamber
experiments.
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Chapter 2: MATERIALS AND METHODS
I. Cell Culture
Human MDA MB-231 breast cancer cells were cultured in RPMI medium
supplemented with 10% fetal bovine serum (FBS), 1% glutaMAX, and 1% penicillin
streptomycin (PenStrep). These cell media ratios are all volume percentages. Cell
cultures were maintained at 37ºC and 5% CO2. At confluence cells were harvested by
.25% trypsin/EDTA. All materials were obtained from Life Technologies Corporation.

II. Calcium Phosphosilicate Nanoparticle Synthesis
To begin, two separate microemulsions were created with molar water to
surfactant ratio of 4:1. Microemulsion 1 was formed by adding 650μL of 1 x 10-2M CaCl2
in CO2-free de-ionized water to 14mL of a 29 volume % solution of Igepal CO-520 in
cyclohexane. Similarly, 650μL of 6 x 10-2M Na2HPO4, 650μL of 8.2 x 10-3M Na2SiO3,
and 520μL of 1 x 10-1M Rhodamine WT were added to 14mL of a 29 volume % solution
of Igepal CO-520 in cyclohexane to form microemulsion 2. The addition of aqueous
solution to the Igepal CO-520/cyclohexane solution creates a self-assembled reverse
micelle suspension. The microemulsions were allowed to equilibrate for 3 minutes.
At that time, the two microemulsions were combined to create microemulsion
3and allowed to undergo micellar exchange for 2 minutes during which the calcium
phosphate nanoparticles precipitate in the micelles. Then, 222μL of 0.01M disodium
citrate was added as a dispersant to prevent agglomeration of the particles. After 15
minutes, microemulsion 3 was disrupted with 49mL of pH 7.4 EtOH. Finally, the
particles were washed using centrifugation. Particles were then filtered and dried using
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Argon gas. Upon use particles were re-suspended in Dulbecco’s Phosphate-Buffered
Saline (DPBS). Particles could be bioconjugated as desired.

III. Bioconjugation of CPSNPs
The product of the discussed synthesis is a CPSNP functionalized with a
carboxylic acid (citrate) molecule. First, citrate CPSNPs were activated with 1-ethyl-3-(3dimethylaminopropyl)-carbodiimide (EDAC) and then reacted with sulfo-Nhydroxysuccinimide (sulfo-NHS) to form a semistable intermediate. The particles were
then reacted with PEG molecules containing both amine and carbonyl functional groups.
If a PEG sample was being created, the particles were washed using centrifugation then
filtered and dried with argon gas. If anti-CD71 particles were desired, the process was
repeated a second time. After the addition of EDAC and sulfo-NHS, the sulfo-NHS-estercontaining PEGylated CPSNPs were then reacted with the anti-CD71 to form targeted
CPSNPs. Particles were washed through centrifugation then filtered and dried with argon
gas13. A schematic of the chemical synthetic process is depicted in Figure2.1.
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Figure 2.1 Chemical Synthesis of Antibody Targeted CPSNPs13
Bioconjugation of CPSNPs is a multistep process that begins with activation by EDAC. Particles are then
reacted with Sulfo-NHS to form a semistable intermediate, and then they are allowed to react with PEG.
The process is repeated, and then the particles are exposed to an antibody. This process results in an
antibody-coupled, specific targeting CPSNP.

Particles were prepared in Dr. Jim Adair’s materials science lab by graduate
student, Olisa Pinto. Tests were performed on citrate, PEG, and anti-CD71 CPSNPs.

IV. Static Experiments
Static experiments were completed to simulate particle association to stationary
tumor cells at the primary site. Cells were prepared in suspension for static experiments.
Once confluent, MDA-MB-231 cells were harvested using .25% trypsin/EDTA. Cells
were allowed to recover surface proteins on a rocker for 30 minutes at 37ºC in normal
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medium. Cells were counted and a volume corresponding to 1,000,000 cells was
centrifuged at 1500rpm for 5 minutes. Cells were re-suspended in 2mL total volume of
cell medium (RPMI plus 10% FBS, 1% PenStrep, and 1% GlutaMAX) and particles.
Particle volume was determined by RWT concentration. RWT concentration was
maintained at 1.45 x 10-6M.
200μL each of this suspension was added to 10 wells of a 24 well plate with 3-4
wells designated for each time point. Well plates were incubated at 37ºC and 5% CO2. At
each time point (30, 60, and 120 minutes), the volume of each well was collected and
centrifuged at 1500rpm for 5 minutes. Cells were re-suspended in 2.5 volume %
formaldehyde in DPBS and were fixed at 4ºC for 10 minutes. Cells were then centrifuged
at 1500rpm for 5 minutes and re-suspended in 200μL DPBS. Cells were now prepared to
be analyzed through flow cytometry which will be discussed in Chapter 2, Section VIII.
The static experiment used particle batch OP-7-75. Olisa Pinto’s notebooks are stored in
Dr. Adair’s lab.

V. Cone Plate Viscometer
While static experiments provide useful insight, it is most likely that when in the
body particles will be interacting with cells under shear conditions. Therefore it was
necessary to investigate the uptake and association of particles with cells in a shear
environment. A cone-plate viscometer (Haake RotoVisco 1) which consists of a
stationary plate below a 1⁰-free rotating cone was used to create a constant velocity
gradient in the cell particle mixture. Shear rates of 62.5 sec-1 and 200 sec-1 were selected
due to previous use in similar studies23.
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VI. pH Check
A pH check was completed to verify that the incubator could successfully
maintain a stable and physiological pH for the duration of the shear experiment. A pH
meter was used to test the RPMI + 2% FBS medium directly out of 4⁰C storage. Then, 10
mL of media was incubated in a petri dish and 1 mL of media was added to the coneplate viscometer and sheared at 62.5 sec-1 for two hours. After two hours, the pH of each
media was rechecked. A HACH Waterproof Handheld H160 pH meter was used to
measure the pH of samples.

VII. Shear Experiments
Shear experiments were completed to simulate particle association to circulating
tumor cells within blood vessels. Once confluent, MDA-MB-231 cells were harvested
using .25% trypsin/EDTA and were allowed to recover surface proteins on a rocker at
37ºC for 30 minutes in normal medium. Cells were counted, and a volume corresponding
to 500,000 cells was centrifuged at 1500 rpm for 5 minutes. Cells were re-suspended in
RPMI medium with 2% FBS, 1% Pen Strep, and 1% GlutaMAX. Medium volume was
determined by RWT concentration in the particles. RWT concentration was maintained at
1.45 x 10-6M in 1mL of total volume (cells and media plus particles). Shear experiments
were completed using RWT particles from particle batch OP-7-75 (same as static
experiment).
Shear experiments were run on the cone-plate viscometer in an incubator
maintained at 37ºC and 5% CO2. Cells alone were added to the viscometer plate, and the
viscometer was zeroed. Then, particles were added in an even distribution to the plate.
The viscometer program was then started. The viscometer program maintained a constant
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shear rate of either 62.5 sec-1 for low shear experiments or 200 sec-1 for high shear
experiments.
At the given time point (30, 60, or 120 minutes), the cone plate was lifted and up
to five 100μL samples were collected. Samples were centrifuged at 1500rpm for 5
minutes, and then cells were re-suspended in 2.5 volume % formaldehyde in DPBS. Cells
were allowed to fix at 4ºC for 10 minutes. They were then spun down and re-suspended
in 200μL of DPBS. Cells were then analyzed by flow cytometry which will be discussed
in the next section.

VIII. Flow Cytometery
Flow cytometery was used to analyze the various samples. The cytometer
measured fluorescence intensity indicating the extent to which particles were taken up by
the cells. Cytometery was done using GuavaExpress and control samples were obtained
from the original cell plates prior to centrifugation. Values were recorded in terms of
fluorescence intensity.

IX. Flow Migration Chamber
A Chemotaxis flow-migration system was used to simulate cancer cell
extravasation process. The chamber consists of polycarbonate top and bottom plates
separated by a silicon gasket with a 7cm x 2cm opening in the center. The top plate has
an inlet and an outlet that allows flow to circulate through the opening in the gasket. The
bottom plate has 48 chemotactic wells with screws around the outside to hold the plates
in place throughout the experiment. Figure 2.2 shows a detailed layout of the
experimental set up.
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Figure 2.2 Depiction of Flow Chamber Study Set-Up24
This image shows the basic set-up of a chamber that is used in flow migration studies. (A) Top View, (B)
Side View. The set-up consists of a bottom plate with 46 chemotactic wells, a top plate, a silicon gasket
with an opening in the center where the fluid flows, and a filter with EI cell monolayer. (C) shows a
micrograph image of the EI cell monolayer. (D) shows the process of tumor cells moving through the
endothelium.

Polyvinylpyrrolidone (PVP)-free 8-µm pore were sterilized with ethanol under
UV light for 30 minutes. The center of each filter was then coated with 30µL of
fibronectin dissolved in 1mL RPMI 1640 cell medium and was exposed to UV light for
30 minutes and then incubated for at least 2 hours. Filters were washed with DPBS and
transferred to a new petri dish. EI cells suspended in RPMI with 10 volume % FBS, 1
volume % PenStrep, and 1volume % GlutaMax were added on top of the fibronectin
layer and were allowed to grow in a monolayer for either one or two days. Either 500,000
or 250,000 cells were used depending on if the migration would be run one or two days
later. A blocker was used to confine the fibronectin and EI cells to the center of the filter.
Collagen IV (100 µg/mL) dissolved in RPMI with 1 weight % BSA, 1 volume %
PenStrep, and 1 volume % GlutaMax was added to the middle 12 wells of the bottom
plate to serve as a chemoattractant. The remaining 36 wells were filled with the BSA
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medium without collagen. The previously prepared filter was placed on top of the bottom
plate with the endothelial cells facing up. The gasket and then the top plate were placed
on top and then screwed down. At confluence, MDA-MB-231 cells were harvested using
.25% Trypsin and were allowed to recover surface proteins on a rocker at 37⁰ C for 45
minutes in normal medium. Cells were counted, and 2 million cells were re-suspended in
RPMI medium with 1% BSA by weight, 1% Pen-Strep and 1% GlutaMax both by
volume. Tubing was connected to the chambers and the media and cell mixture was
allowed to run through the system for several minutes until the opening filled with liquid.
At this time, particles were administered to the cells. This treatment eliminates the
possibility of pre-treatment of the cells. To maintain consistency with the previous
experiments, the particles were administered at a RWT concentration of 1.45 x 10-6M per
500,000 cells. The chamber was allowed to run for four hours.
After four hours, the EI cells were scratched off of the filter. The filters were dyed
using a Hemacolor dying kit with fixative solution I, solution II, and solution III. Filters
were attached to microscope slides, and migrated tumor cells were counted and imaged.
Docetaxel particles used in the current flow migration study were from particle batch OP8-11.

X. Statistical Analysis
Results were analyzed using two-tailed, unequal variance, unpaired t-tests. Pvalues less than 0.05 indicated significance for all cases. Error bars on all graphs indicate
the 95% confidence interval.
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Chapter 3: RESULTS
I. Results of Particle Association under Static Conditions
Static experiments were run according to the procedure detailed in Chapter 2
section IV. Fluorescence intensity was measured for citrate, PEG, and anti-CD71 surface
functionalized CPSNPs under static conditions at 30, 60, and 120 minutes. Results from
these static tests are depicted in Figure 3.1 and raw data can be found in the appendix in
Table B.1. Flow cytometry gated dot plots representative of each particle type at each
time point can be found in Figures A.1, A.4, and A.7 in Appendix A.
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Figure 3.1 Static Particle-Cell Association of CPSNPs
The average fluorescence of citrate, PEG, and anti-CD71 particles was measured at 30, 60, and 120
minutes under static conditions. Compared to PEG and citrate particles, anti-CD71 particles showed
significantly increased uptake at all times (compared to citrate: p=0.0011, 0.0037, 0.0010; compared to
PEG: p=0.0014, 0.0042, 0.0010). There was no significant difference between citrate and PEG particles
(p=0.4230, 0.8014, 0.1298).
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The graph shows increased fluorescence intensity with time for PEG and antiCD71 particles. Citrate particles showed a slight drop in fluorescence intensity from 60 to
120 minutes, but no significant difference (p=0.5334) was found between these two time
points indicating that maximum uptake may have been reached by 60 minutes. The
results also show significantly increased uptake for anti-CD71 particles compared to
citrate and PEG particles (compared to citrate: p=0.0011, 0.0037, 0.0010; compared to
PEG: p=0.0014, 0.0042, 0.0010). No significant difference was observed between citrate
and PEG particles.
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II. Results of Incubator pH Check
A pH meter was used to verify that the incubator effectively maintained the pH of
the medium throughout the duration of the shear experiments. Results of the pH study are
shown in Table 3.1.
Table 3.1 Results of Incubator pH Test

Sample
Media in 4°C Storage
Static after 2 hours
Shear after 2 hours

pH Reading
pH 7.86
pH 7.11
pH 7.56
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III. Results of Particle Association under Shear Conditions
The following sections describe the results of association studies done on citrate,
PEG, and anti-CD71 CPSNPs under high and low shear conditions. In the graphs
fluorescence intensity as measured by a flow cytometer corresponds to the number of
particle-cell associations.
Citrate Particles
Shear experiments were completed following the protocol detailed in Chapter 2
Section VII for citrate, PEG, and anti-CD71 CPSNPs. Results of studies done on citrate
particles under high and low shear conditions are depicted in Figure 3.2, and data can be
found in Table B.2. A representative flow cytometry gated dot plot for each time point
can be found in Figures A.2 and A.3.
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Figure 3.2 Shear Uptake of Citrate Functionalized CPSNPs at High and Low Shear Rates
This graph shows a comparison of average fluorescence intensity values for citrate CPSNPs at low (62.5
sec-1) and high (200 sec-1) shear rates. Statistical significance was not observed at any time point
(p=0.1184, 0.2143, 0.5793).

The trend observed in these results was somewhat unexpected as fluorescence
decreased with time. A potential explanation of this phenomenon will be discussed later.
There were no significant differences observed between high and low shear conditions at
any time.
PEG Particles
PEG-CPSNPs were subjected to the same conditions as citrate particles. Results
are depicted in Figure 3.3, and raw data can be found in Table B.3. Representative flow
cytometry dot plots can be found in Figures A.5 and A.6.
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Figure 3.3 Shear Uptake of PEG Functionalized CPSNPs at High and Low Shear Rates
This graph depicts a comparison of fluorescence intensity for PEG-CPSNPs at high and low shear rates.
PEG particles showed significantly higher association under high shear conditions at only 60 minutes
(p=0.0860, 0.00001, 0.1977).

These results show an unanticipated drop in fluorescence intensity after 60
minutes under low shear conditions. Significantly higher association was seen at 60
minutes only (p=0.00001).
Anti-CD71 Particles
Anti-CD71 functionalized CPSNPs underwent the same treatment as the previous
two particle types. A comparison between high and low shear results is shown in Figure
3.4, and data can be found in Table B.4. Representative flow cytometry dot plots can be
found in Figures A.8 and A.9.
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Figure 3.4 Shear Uptake of Anti-CD71 Functionalized CPSNPs at High and Low Shear Rates
This graph shows a comparison of the association of anti-CD71 particles at high and low shear rates. AntiCD71 particles experienced significantly higher association under low shear conditions at 30 minutes and
120minutes (p=0.0001, 0.5809, 0.0426).

Significantly higher association was seen for anti-CD71 particles under low shear
conditions at 30 minutes and 120 minutes (p=0.0001, 0.0426). The results of this trial
indicate the possibility of a maximum fluorescence intensity and therefore maximum
association being reached before 30 minutes under low shear conditions and between 30
and 60 minutes under high shear conditions.
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IV. Comparison of Particle-Cell Association under Static and Shear
Conditions

Citrate Particles
Results of these static experiments compared with shear results for citrate
particles can be found in Figure 3.5. This graph was created with data from Table B.2.
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Figure 3.5 Static and Shear Uptake of Citrate Functionalized CPSNPs
The graph depicts a comparison of average fluorescence intensity values for citrate particles under static,
low shear (62.5 sec-1) and high shear (200 sec-1) conditions. Significantly decreased uptake under static
conditions was only seen at 30 minutes (compared to low: p=0.0290, 0.1066, 0.9747; compared to high:
p=0.0066, 0.6626, 0.3444).

Compared to each shear condition, significantly decreased uptake was seen for
citrate particles under static conditions at only 30 minutes (compared to low: p=0.0290;
compared to high: p=0.0066).
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PEG Particles
Results of static experiments completed with PEG particles are compared to shear
results in Figure 3.6. Data can be found in Table B.3.
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Figure 3.6 Static and Shear Uptake of PEG Functionalized CPSNPs
The graph depicts a comparison of average fluorescence intensity values for PEG particles under static, low
shear (62.5 sec-1) and high shear (200 sec-1) conditions. In comparison to high shear conditions, static
conditions produced significantly decreased uptake at all times (p=0.0001, 0.00002, 0.0003). Static
conditions produced significantly decreased uptake compared to low shear conditions at 30 and 120
minutes (p=0.0005, 0.8594, 0.0003).

Compared to low shear conditions, a static environment yielded significantly
decreased particle uptake at 30 and 120 minutes (p=0.0005, 0.0003). Compared to high
shear conditions, a static environment yielded significantly decreased particle uptake at
all times (0.0001, 0.00002, 0.0003).
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Anti-CD71 Particles
Results of experiments done under static conditions using anti-CD71 particles are
compared with results of experiments done under shear conditions in Figure 3.6. This
graph was created with data from Table B.4.
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Figure 3.7 Static and Shear Uptake of PEG Functionalized CPSNPs
The graph depicts a comparison of average fluorescence intensity values for anti-CD71 particles under
static, low shear (62.5 sec-1) and high shear (200 sec-1) conditions. A significant difference between low
shear and static conditions was observed at only 30 minutes (p=0.0002, 0.2928, 0.1099). No significant
difference was observed between high shear and static conditions (p=0.7316, 0.4008, 0.4550).

Particle-cell associations were significantly decreased under static conditions
compared to low shear conditions at 30 minutes only (p=0.0002). No significant
difference was observed between static and high shear conditions.
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V. Comparison of Results for Different Surface Functionalization
The current section will compare the associations of CPSNPs with tumor cells at
each shear rate to determine the effect of citrate, PEG, and anti-CD71 surface
functionalizations.
Low Shear Comparison
A comparison of data from all three particle types under low shear conditions is
displayed in Figure 3.8 and data can be found in Table B.5.
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Figure 3.8 Comparison of CPSNPs Under Low Shear Condition (62.5 sec-1)
This graph depicts a comparison of the average fluorescence intensities for citrate, PEG, and anti-CD71
particles under low shear conditions. All time points show significantly increased uptake for anti-CD71
particles compared to citrate and PEG respectively (30: p=0.0005, 0.0001; 60: p=0.0003, 0.0001; 120:
p=0.0014, 0.0067). A significant difference between citrate and PEG particles was observed only at 120
minutes (p=0.2488, 0.1151, 0.0174).

As seen above, association and uptake of anti-CD71 particles was significantly
greater than uptake of both citrate and PEG particles at all times (compared to citrate:
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p=0.0005, 0.0003, 0.0014; compared to PEG: p=0.0001, 0.0001, 0.0067). A significant
increase in uptake of PEG particles compared to citrate particles was only observed at
120 minutes (p=0.0174), indicating that there was no difference between the two data sets
at the earlier time points.
High Shear Comparison
A comparison of uptake for citrate, PEG, and anti-CD71 particles under high
shear conditions (200 sec-1) is shown in Figure 3.9. Data can be found in Table B.6
40.00

Fluorescence Intensity

35.00
30.00
25.00

Citrate

20.00

PEG

15.00

Anti-CD71

10.00

5.00
0.00

0

30

60
Time (minutes)

90

120

Figure 3.9 Comparison of CPSNPs under high shear conditions (200 sec-1)
This graph depicts a comparison of average fluorescence intensities for citrate, PEG, and anti-CD71
functionalized particles under high shear conditions. Anti-CD71 particles showed significantly greater
uptake for all time points compared to citrate particles. (p=0.0029, 0.00002, 0.0008) Additionally, a
significant difference was observed between citrate and PEG particles at all times (p=0.0003, 0.00002,
0.0040). A significant difference was not observed between PEG and anti-CD71 particles (p=0.1191,
0.0773, 0.9960).

Under high shear conditions, anti-CD71 and PEG functionalized particles showed
significantly increased uptake compared to citrate particles (Anti-CD71: p=0.0029,
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0.00002, 0.0008; PEG: p=0.0003, 0.00002, 0.0040). There was not a significant
difference between PEG and anti-CD71 particle uptake under high shear conditions.
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VI. Overall Comparison for Shear Conditions
A combination of all of the results of shear studies for all three particle types is
shown in Figure 3.11.
45

Fluorescence Intensity

40
35
30

Citrate - Low Shear

25

Citrate - High Shear
Peg - Low Shear

20

PEG - High Shear

15

Anti-CD71 - Low Shear

Anti-CD71 - High Shear

10

5
0

0

30

60
Time (minutse)

90

120

Figure 3.10 Uptake of all particle types under high and low shear conditions
The graph shows a comparison of the average fluorescence intensity values for citrate, PEG, and anti-CD71
functionalized particles under high (200 sec-1) and low (62.5 sec-1) shear conditions.

The previous graph was made with data from Tables B.5 and B.6. For significance
values and individual comparisons see Figures 3.2 through 3.9.
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VII. Results of Flow Chamber Studies
Cells mixed with RWT and RWT and docetaxel citrate particles were allowed to
flow through a flow chamber system as described in Chapter 2, Section IX under both
low shear (75 sec-1) and high shear (200 sec-1) conditions. Note that the low shear rate is
slightly different than that used for the viscometer studies. This was due to restrictions on
the flow chamber machine. Results from the low and high shear experiments are shown
in Figures 3.11 and 3.12 respectively.
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Figure 3.11 Migration of Tumor Cells in Flow Chamber Under Low Shear Conditions (75 sec-1)
This graph shows the number of cells migrated through an endothelial monolayer when exposed to RWT
and docetaxel and RWT citrate particles. Cell migration decreased from 142 to 68 when exposed to
docetaxel encapsulating particles.
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Figure 3.12 Migration of Tumor Cells in Flow Chamber Under High Shear Conditions (200 sec-1)
This graph shows the number of cells migrated through an endothelial monolayer when exposed to RWT
and docetaxel and RWT citrate particles. Cell migration decreased from 81 to 47 when exposed to
docetaxel encapsulating particles.

In both the high shear and low shear cases, docetaxel encapsulating particles
inhibit cell migration as compared to RWT encapsulating particles. A comparison
between high and low shear rates can be found in Figure 3.13.
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Figure 3.13 Comparison of cell migration under high and low shear conditions
This graph shows a comparison between the numbers of cells migrating under high and low shear
conditions.

This comparison shows that cell migration was decreased for both particle types
under high shear conditions. Also, it is important to note that the decrease in cell
migration for docetaxel particles was greater under low shear conditions. Under low
shear conditions, the docetaxel particles decreased cell migration by 52.3% while this
decrease was only 41.3% under high shear conditions.
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Chapter 4: DISCUSSION
I. Discussion of Static CPSNP Results
Particle-cell association studies completed under static conditions will be
analyzed first. It is important to note that while very similar, the present studies were
completed using a slightly different protocol than the corresponding static experiments
completed by Lauren Harter22. First, the flow cytometer settings were altered in order to
eliminate a maximum amount of debris in control samples. Laser firing voltages for PM1
and PM2 were changed from 499V each to 452V and 421V respectively. Also, the
forward scatter (FSC) threshold values were changed from .12V and 51 units to .24V and
100 units. Second, previous studies used a monolayer of MDA-MB-231 breast cancer
cells with the particles being added on top of the monolayer. The current study used
cancer cells in suspension with the particles being mixed into suspension to more closely
imitate the conditions during the shear studies.
As evidenced by the static experiment displayed in Figure 3.1, anti-CD71
functionalized particles experienced significantly increased uptake over both PEG and
citrate nanoparticles. This trend is identical to the expected trend and proves that under
static conditions, bioconjugation of CPSNPs with anti-CD71 successfully increases cellparticle associations due to strong antibody receptor interactions.
While the average fluorescence intensities for PEG particles were higher than the
average intensities for citrate particles at all times, a comparison showed no significant
differences. These results were somewhat unexpected because literature showed that
previous studies found PEG particles to be considerably more effective than citrate
particles10, 17; however, further analysis was able to clarify some major differences
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between current and previous studies. The previous studies completed by Barth et al.
were done in-vivo and found that the main benefit of PEG particles compared to citrate
particles was increased retention time which allowed for maximum employment of the
EPR effect. Because this effect has to do with the vessel wall, it does not play a factor in
these experiments ultimately making the differences between PEG and citrate particles
minimal.
It is possible and likely that the gradual increase in uptake of PEG particles is due
to their increased circulation time. Citrate fluorescence intensities have begun to level off
by the end of two hours and appear to have possibly reached a maximum saturation level.
The benefit of PEG particles allows them to remain effective in circulation longer
allowing them to continue to associate with tumor cells after citrate particle associations
have leveled off. The uptake of PEG particles continues to increase beyond 120 minutes
indicating the possibility of a higher maximum level. Additional experiments at longer
time intervals would need to be completed to confirm this possibility.
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II. Discussion of Shear CPSNP Results
The initial pH test confirmed that the incubator was able to maintain samples
loaded on the viscometer near physiological pH (7.35) for the duration of the shear
experiments (two hours). This was a very important factor since the mechanism of the
particles’ drug release is pH dependent.
Effects of Shear Rate on Particle-Cell Associations
The first sets of citrate low shear data and PEG low shear data both showed
unusual and unexpected trends in fluorescence intensity with time as shown in Figures
3.2 and 3.3. It would be expected that with increasing time, particles have an increased
number of collisions with cells giving them additional opportunities to bind and should
therefore exhibit higher fluorescence intensity values. These two cases showed sizeable
drops in fluorescence intensity for at least one time point.
One possible explanation for this is that, when in circulation, the nanoparticles are
exposed to several different forces. Neither citrate particles nor PEG particles have a
specifically strong attraction to cancer cells so the binding and endocytosis process takes
some time. During this process, the particles are also undergoing hydrodynamic forces
from the shearing fluid around it. These forces could detach the particles from the cells
before endocytosis occurs. This incomplete binding could cause decreased association
(fluorescence intensity) values at later time points. The results suggest that both citrate
and PEG particles have a fairly high initial association with circulating tumor cells that
stabilize with longer exposure to shear conditions. Additionally, it appears that high shear
conditions provide enough force to prevent partial binding until full endocytosis occurs
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producing the expected increased association with increased time. Additional trials and
alternate binding experiments could confirm the existence of this phenomenon.
While significance was only observed in the citrate particle trials at 30 minutes,
fluorescence intensity values under low shear conditions were greater than those under
high shear conditions at almost every time point. There is not a clear trend associated
with PEG particles; however, these variations can be attributed to the aforementioned
endocytosis and binding time. This uncertainty makes it difficult to draw a definitive
conclusion about either particle type.
Anti-CD71 functionalized particles have a much stronger antibody-receptor
connection to the tumor cells that prevent the partial binding from occurring. As seen in
Figure 3.4, anti-CD71 functionalized particles showed significantly different uptake at 30
minutes and 120 minutes. Under low shear conditions, the particles reached a maximum
saturation level before 30 minutes. Additionally, under high shear conditions, it appears
that the particles reached their maximum level just after 30 minutes. It seems that the
particles were at their maximum saturation limit for the majority of the experiment which
explains the lack of significance at later time points. Additional experiments done at
shorter time intervals could make this comparison more practical. Regardless, the faster
nature of particles to reach their maximum level under low shear conditions indicates
increased uptake.
The current data shows some correlations, but it is difficult to draw a definitive
conclusion without additional studies to confirm and clarify these trends. Without
knowing more about PEG cell-particle interactions under low shear conditions, it would
not be credible to assume anything regarding these particles. Based on the trends seen for
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citrate and anti-CD71 particles, it can loosely be concluded that CPSNP uptake is greater
under low shear conditions. This would mean that the binding and uptake difficulties
associated with increased hydrodynamic forces in the faster flow field outweigh
increased collision frequencies under high shear conditions.
In comparing static conditions to shear conditions, increased association and
uptake was seen under both types of shear conditions at almost every time point. This
indicates the success of CPSNPs at targeting metastasizing tumor cells circulating in
blood vessels.
Effects of Surface Functionalizations on Particle-Cell Associations
A comparison of the three different particle types under either low or high shear
conditions was shown in Figures 3.8 and 3.9. The low shear comparison in Figure 3.8
showed significantly increased uptake of anti-CD71 functionalized particles at all times
compared to PEG and citrate particles. This indicates the existence of strong receptorantibody interactions between the tumor cells and CPSNPs and therefore represents
successful active targeting.
The high shear comparison in Figure 3.9 again showed increased uptake of antiCD71 functionalized particles compared to citrate functionalized particles at all times.
This again indicates a successful active targeting technique. However, a significant
increase was only observed at 60 minutes compared to PEG particles. Additionally, PEG
particles had significantly greater uptake compared to citrate particles at all times. The
PEG related results were somewhat unexpected. The static studies showed minimal
difference between PEG and citrate particles because the majority of the benefit of PEG
particles is experienced in vivo. However, PEG particles also experience increased
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circulation time which gives them the benefit over citrate particles under shear conditions
and explains the significantly increased uptake.
Regardless, it can definitely be concluded that anti-CD71 particles exhibit much
greater uptake compared to citrate particles making them much more effective as a drug
carrier. Although the values were not all significant, at nearly all times anti-CD71
particles showed greater uptake compared to PEG particles. While the maximum uptake
levels of PEG and anti-CD71 particles by tumor cells may be similar, a conclusion can be
drawn regarding time and speed efficiency. Anti-CD71 particles associate with
circulating tumor cells more quickly than PEG particles. Additionally, anti-CD71
particles would be more useful in the human body. Within the body, particles would be
exposed to both low and high shear rates, and anti-CD71 particles have proven to be
successful in both environments.
Discussion of Maximum Saturation Level
Throughout this section, maximum saturation limits for each particle type have
been discussed. The current section will discuss reasons for these saturation limits and the
significance of them. First, it is important to note that the particles will not undergo
exocytosis. Upon entering the cells, the particles’ calcium phosphate cores dissolve and
release the encapsulated molecules which remain at the interior of the cell as they carry
out their given function. Therefore, no type of equilibrium develops between particles
moving into and out of cells. As shown in the data, particles often reach a maximum level
of fluorescence intensity (usually around 40) that is maintained for the duration of the
experiment. These maximums can be attributed to a limited number of either receptormediated sites or limited endocytosis capable phospholipids in the cell membrane. Citrate
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and PEG particles must interact with specific areas on the phospholipid membrane that
are capable of caving and curving in certain ways to create endosomes to encapsulate the
particles and bring them into the cell. There are a limited number of these areas on the
cell membrane, so once these sections are occupied, cells will not be able to take up
additional particles. The same applies for anti-CD71 particles; however anti-CD71
particles interact with the cell membrane through the transferrin receptor. There are a
limited number of receptor sites causing the existence of a maximum saturation limit.
It is expected that the maximum saturation level would be the same for all
particles types; however, that is not clear from these studies. It is also possible that
instead of a maximum these constant readings are actually temporary plateaus. This
would mean that particle uptake increases for a period of time, then levels off as the
particles are going through the endocytosis process, and then begins increasing again at a
later time point. Additional studies at longer time intervals would confirm both of these
uncertainties.
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III. Discussion of Flow Chamber Results
While only one set of flow chamber experiments have been completed thus far,
the results show very strong potential. First, under both types of shear conditions,
particles encapsulating docetaxel decreased the migration that occurred compared to cells
that were exposed to particles encapsulating RWT only. The two experiments were
conducted at exactly the same time, and the only difference between the two was the type
of particles that were added. Naturally, tumor cells look to travel out of blood vessels
through the endothelial wall. Decreases in these migration numbers can be attributed to
the particle type, and it can be presumed that docetaxel particles are successfully inducing
apoptosis in the tumor cells to prevent extravasation.
A comparison between the high and low shear cases indicates that extravasation
as a whole decreases under higher shear conditions. This is most likely due to the fact
that the quickly moving fluid does not give the cells enough time to find gaps in the
endothelial layer and successfully interact with the endothelial cells.
Also, the decrease in cell migration caused by docetaxel particles is greater under
low shear conditions. In accordance with previous conclusions, this indicates that
particle-cell association and uptake is greater under low shear conditions due to decreased
hydrodynamic forces and therefore decreased difficulty of particle-cell binding. If less
cells are migrating, it can be concluded that more particles are being taken up by cells.
The next steps would be to increase the number of experiments for additional data and
conjugate docetaxel particles to PEG and anti-CD71.
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Chapter 5: FUTURE DIRECTIONS
First, additional cell-particle association experiments should be completed to
verify some of the proposed trends discussed previously. The first of these would be an
additional static experiment using an extended time interval as discussed in Chapter 4
Section I. The goal of this experiment would be to first see if the citrate particles did
indeed reach a maximum uptake level after two hours and second, to verify the continued
increase in PEG uptake. A second set of experiments would be additional shear
experiments on anti-CD71 particles under high and low shear conditions at time intervals
shorter than 30 minutes. This should be used to determine the effect shear rate has on the
association and uptake of these particles. Additional association studies for all particle
types at longer intervals would be useful to confirm the existence and value of the
particles’ maximum saturation levels.
Additional experiments of all types could be repeated with different particle
batches to help verify the given trends. Repeated results give increased confidence to all
interacting with the research in the future.
Another future experiment would involve repeating the same experiments detailed
here but with a different non-cancerous cell line. This would help verify the specificity of
the particles to tumor cells. If similar association and uptake is seen for a non-cancerous
cell line, it would not be practical to use the particles as a cancer treatment technique
because the drugs would still be reaching and killing harmless and necessary body cells.
Some type of either analytical or imaging experiment should also be carried out to
verify that the particles are indeed being engulfed by the cells rather than just binding to
the cell surface. If the particles are simply binding to the surface of the cells, the calcium
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phosphate core will not dissolve and the encapsulated agents will not reach the cells.
Confocal microscopy has been considered for this purpose and would be an appropriate
technique to use. This type of imaging could also elucidate some of the uncertainty
concerning citrate and PEG particles under low shear conditions.
The next major step in this research is to continue studies using the flow
migration chamber. Additional trials should be run using the citrate functionalized,
docetaxel encapsulating particles to create a concrete set of results. Following, PEG and
anti-CD71 docetaxel encapsulating particles should be synthesized and tested in the same
manner. Decreased extravasation with each case signifies successful particle synthesis as
well as successful active targeting. Also, a live-dead assay should be completed for each
situation to verify that the drugged particles are successfully inducing apoptosis in the
cancerous cells.
A method for determining the concentration of docetaxel in the particles needs to
be determined so that dose related studies can also be carried out. Dose related studies
can be done using the flow migration chamber with particles containing different drug
concentrations over different time periods. The number of tumor cells that move across
the endothelial cell layer should be compared to the concentrations and time.
The ultimate goal of this research is to use the particles as a novel, targeted drug
delivery technique for the delivery of chemotherapeutic drugs, such as docetaxel, to
cancer cells. The final step in this research would be to move to in-vivo animal studies
and eventually into clinical trials in human subjects.
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APPENDIX A: Flow Cytometry Dot Plots
The following images show a representative flow cytometer dot plot for the
various particle types at each time point. One sample that was collected at each time point
was selected to be displayed here. These dot plots show the exact distribution of
fluorescence intensities that were counted for a given flow cytometry sample.

Figure A.1. Citrate Static Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 9.4, 15.5, and 13.8 in that order.

Figure A.2. Citrate Low Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 26.6, 19.3, and 13.9 in that order.
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Figure A.3. Citrate High Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 14.1, 15.0, and 17.6 in that order.

Figure A.4. PEG Static Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 12.9, 16.7, and 20.6 in that order.

Figure A.5. PEG Low Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 25.3, 18.1, and 31.8 in that order.
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Figure A.6. PEG High Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 27.8, 35.4, and 31.7 in that order.

Figure A.7. Anti-CD71 Static Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 25.0, 36.6, and 36.2 in that order.

Figure A.8. Anti-CD71 Low Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 41.4, 40.0, and 39.8 in that order.
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Figure A.9. Anti-CD71 High Shear Gating Dot Plots
The figure depicts a representative dot plot for the 30, 60, and 120 minute time points in that order. The
average fluorescence intensities for the specific samples were 25.5, 39.7, and 40.3 in that order.
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APPENDIX B: Average Flow Cytometry Values
Fluorescence Intensity readings for control cells were subtracted out for all samples.
Table B.1 Static Particle-Cell Association of CPSNPs

AVERAGE
STDEV

30
mins
6.51
8.47
8.18
7.72
1.06

CITRATE
60
mins
120 mins
12.65
10.93
10.5
36.17
9.85
11.00
23.55
1.47
17.85

30
mins
12.94
15.36
11.92
13.41
1.77

PEG
60
mins
15
16.71
14.18
15.30
1.29

120 mins
18.53
20.63
17.1
18.75
1.78

30
mins
18.35
20.44
21.8
20.20
1.74

ANTI-CD71
60
mins
120 mins
35.51
35.45
28.55
30.17
31.99
31.5
32.02
32.37
3.48
2.75

30
mins
6.51
8.47
8.18

STATIC
60
mins
120 mins
12.65
10.93
10.5
36.17
9.85

Table B.2 Particle-Cell Association of Citrate CPSNPs

AVERAGE
STDEV

LOW SHEAR (62.5 sec-1)
30
60
mins
mins
120 mins
17.3
11.44
10.3
12.74
12.36
5.05
20.35
14.28
3.8
9.36
23.13
5.06
25.69
15.65
25.93
17.09
15.37
10.03
6.39
4.64
9.24

HIGH SHEAR (200 sec-1)
30
60
mins
mins
120 mins
10.48
11.1
6.14
10.49
9.35
14.69
12.42
17.85
16.29
10.71
11.76
14.03
13.01
9.08
11.42
11.83
12.79
1.20
3.55
4.53

7.72
1.06

11.00
1.47

23.55
17.85

Table B.3 Particle-Cell Association of PEG CPSNPs

LOW SHEAR (62.5 sec-1)
30
60
mins
mins
120 mins
18.83
9.17
22.36
19.75
10.10
27.03
23.16
8.38
22.26
19.99
11.67
29.17
16.24
15.52
26.24
AVERAGE
STDEV

19.59
2.49

10.97
2.82

25.41
3.03

HIGH SHEAR (200 sec-1)
30
60
mins
mins
120 mins
20.73
26.88
34.74
20.72
34.02
35.85
24.87
26.67
28.01
21.28
32.48
23.11
26.96
35.45
27.47
22.91
30.50
30.43
2.85
3.94
5.98

30
mins
8.34
10.76
7.32

8.81
8.81

STATIC
60
mins
120 mins
10.40
12.53
12.11
14.63
9.58
11.10

10.70
10.70

12.75
12.75
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Table B.4 Particle-Cell Association of Anti-CD71 CPSNPs

AVERAGE
STDEV

LOW SHEAR (62.5 sec-1)
30
60
mins
mins
120 mins
38.38
30.27
41.15
47.56
29.8
36.73
34.43
39.16
34.66
33.68
42.32
34.36
36.9
38.14
37.76
35.69
37.51
5.21
5.51
3.32

HIGH SHEAR (200 sec-1)
30
60
mins
mins
120 mins
18.64
32.80
35.18
24.21
32.11
33.11
19.18
35.87
31.39
20.42
34.57
25.87
15.40
35.48
26.68
19.57
3.19

34.17
1.65

30.45
4.05

30
mins
18.35
20.44
21.8

20.20
1.74

STATIC
60
mins
120 mins
35.51
35.45
28.55
30.17
31.99
31.5

32.02
3.48

32.37
2.75

Table B.5 Comparison of Particle-Cell Associations of CPSNPs under Low Shear Conditions

30
mins
17.30

CITRATE
60
120 mins
mins
11.44
10.30

30
mins
18.83

PEG
60
mins
9.17

120 mins
22.36

ANTI-CD71
30
60
120 mins
mins
mins
38.38
30.27
41.15

12.74

12.36

5.05

19.75

10.10

27.03

47.56

29.80

36.73

20.35

14.28

3.80

23.16

8.38

22.26

34.43

39.16

34.66

9.36

23.13

5.06

19.99

11.67

29.17

33.68

42.32

25.69

15.65

25.93

16.24

15.52

26.24

34.36

36.90

38.14
AVERAGE
STDEV

17.09

15.37

10.03

19.59

10.97

25.41

37.76

35.69

37.51

6.39

4.64

9.24

2.49

2.82

3.03

5.21

5.51

3.32

Table B.6 Comparison of Particle-Cell Associations of CPSNPs under High Shear Conditions

30
mins
10.48

CITRATE
60
120 mins
mins
11.10
6.14

30
mins
20.73

PEG
60
mins
26.88

120 mins
34.74

ANTI-CD71
30
60
120 mins
mins
mins
18.64
32.80
35.18

10.49

9.35

14.69

20.72

34.02

35.85

24.21

32.11

33.11

12.42

17.85

16.29

24.87

26.67

28.01

19.18

35.87

31.39

10.71

11.76

14.03

21.28

32.48

23.11

20.42

34.57

25.87

13.01

9.08

26.96

35.45

15.40

35.48

26.68

27.47
AVERAGE
STDEV

11.42

11.83

12.79

22.91

30.50

30.43

19.57

34.17

30.45

1.20

3.55

4.53

2.85

3.94

5.98

3.19

1.65

4.05
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