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Abstract
Breast cancer is the second leading cause of cancer-related death in American women1. Current
chemotherapeutic treatments, while often effective, cause myriad side effects that can lead to serious
complications or inability to continue treatment. Calcium phosphosilicate nanoparticles (CPSNPs) are a
novel method of chemotherapeutic delivery that release smaller amounts of drug directly into the
cancer cell, minimizing the drug’s toxic effects on other parts of the body. These particles also allow for
a wide array of surface conjugations, including the addition of antibodies specific to a certain cancer
type2,3. In this study, CD71 was targeted due to its prevalence on breast cancer cells.
In previous studies, the particle binding and subsequent uptake of these nanoparticles was
studied under static conditions. While successful, this approach does not account for the physiological,
dynamic flow conditions encountered in vivo. This study seeks to use flow conditions to study the effect
of anti-CD71 bioconjugation of CPSNPs in cell-particle association (binding and/or uptake). In this study,
anti-CD71 conjugated particles and citrate-functionalized particles were tested using encapsulated
rhodamine WT in order to quantify particle-cell association using flow cytometry. The first step in this
process was to ensure successful conjugation of the particles. Next the particles were tested under static
conditions to determine a baseline from which to measure the shear results. Finally, the particles were
tested under both a low (62.5 sec-1) and high (200 sec-1) shear rate, induced by a cone plate viscometer.
Both the static and shear experiments required multiple experiments and improvements in order to
design an appropriate protocol.
The results revealed a significantly higher association of anti-CD71 functionalized CPSNPs with
breast cancer cells under both static and low shear conditions, but no significance was found between
particle types at high shear. It was also found that these particles are most likely associated by
encapsulation within the cell, rather than simply bound to the outside of the cell. However, the location
of particles requires further study, as does the therapeutic benefit of increased association and the
specificity this benefit has for breast cancer cells.
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1.0 Introduction
1.1 Background on Breast Cancer and Statistics
Breast cancer develops within the tissues of the breast and is either invasive or noninvasive,
depending on whether the cancer spreads from its starting position, usually the ducts or lobules of the
breast, into other tissues. There are various risk factors for breast cancer, including age, family history,
menstrual cycle, alcohol use, and age at first childbirth.
Certain genes have also been found to play a role in breast cancer4. HER2-positive breast cancer
leads to a more aggressive form of cancer, as well as an increased probability of disease recurrence.
Other genes involved in breast cancer development include BRCA1 and BRCA2, both of which normally
produce a protein that protects from cancer. Women with a defect in one of these genes have as much
as an 80% chance of getting breast cancer sometime in their life.
Breast cancer is one of the most common cancers among women, accounting for nearly 1 in 3
cancer diagnoses among women in the United States5. It is the second leading cause of cancer death in
American women, with 230,480 new invasive cases and 39,520 deaths expected in 20111. Breast cancer
even affects men, with an expected 2,140 new cases and 450 deaths in 2011. It is the leading cause of
cancer death in women throughout the world, as well as the most frequently diagnosed cancer,
comprising 23% of cancer cases and 14% of cancer deaths6. The incidence rate of breast cancer varies
between races, ranging from 125.4 per 100,000 in non-hispanic white females to 84.9 per 100,000 in
Asian Americans/Pacific Islanders1. Mortality rate also ranges, from 32.4 per 100,000 in African
Americans to 12.2 per 100,000 in Asian Americans/Pacific Islanders1.
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1.2 Current State of Chemotherapeutics
There are many different treatments used for breast cancer. Some of the options include
chemotherapy, radiation therapy, and surgery, and a combination of these treatments is selected
depending on how early the cancer was caught4. It is in Stage III, and increasingly in Stage IV, where
chemotherapy plays a major role. In some cases, hormonal therapy, namely estrogen receptor-positive,
is also an option.
Traditional chemotherapies use systemic delivery; that is, the drug is transported throughout
the body via the circulatory system, and comes into contact with healthy cells, not just tumors and
cancer cells7. This causes a number of problems, including many of the side effects associated with
cancer treatment. These side effects must then be treated in addition to the cancer. Systemic delivery
also limits dosing because the entire dose does not reaches the intended target. This results in the need
to balance the limited pharmacological efficiency of the drug, due to both inexact application and
degradation, against the physiological harm caused by high doses and the secondary management of
side effects. Side effects include neutropenia, diarrhea, constipation, blood clotting, sometimes
diminished vision, loss of appetite and weight loss, neuropathy, general malaise, and many other
possible side effects. The actual patient side effects due to a particular chemotherapy protocol are
specific to an individual patient and cannot be predicted before the onset of chemotherapy.
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1.3 Advantages of Using Calcium Phosphosilicate Nanoparticles to Target
Cancer
The systemic delivery of the typical chemotherapy leads to many detrimental and undesirable
side effects. It is therefore of interest to find a way to facilitate localized drug delivery. One way of
accomplishing this is to use calcium phosphosilicate nanoparticles to encapsulate and deliver drugs.

Figure 1.1: Image of Calcium Phosphosilicate Nanoparticle
Image depicts a CPSNP with encapsulated agent (green) with alternative payload (red) and full
surface functionalization (blue). Both chemotherapeutics and imaging agents can be encapsulated to
seek, treat, and track a cancer cells. The proteins on the surface can be antigens or small
polypeptides to target receptor sites on the cancer cell membrane. 8

The CPSNPs, as depicted in Figure 1.1, have many desirable features. Not only do they provide
the ability to specifically target certain tissue or cells, thereby reducing toxicity to other tissues and
reducing side effects, but they increase the solubility of drugs in circulation by giving drugs, particularly
hydrophobic ones, a hydrophilic exterior7. They also decrease the dose required by protecting the
encapsulated drug from degradation en route to the site of interest.
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Some of the benefits of calcium phosphosilicate nanoparticles are conferred by their
composition. Calcium phosphate is found naturally in the body9; in fact the components, Ca2+ and PO43are abundant in the bloodstream at millimolar quantities10. Calcium phosphate is also relatively
insoluble at physiological pH, regardless of the calcium to phosphate ratio11. However, the solubility
increases at decreasing pH, specifically below a pH of 6.5. This allows the particles to dissolve in
endolysosomes, which have a pH ranging from 4 to 511, as shown in Figure 1.2. Because of this change in
solubility, calcium phosphosilicate nanoparticles (CPSNPs) are able to keep their contents protected
from the outside environment, and then successfully release them upon entry into cells12. An example of
successful uptake of CPSNPs is shown in Figure 1.3.
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CPSNPs

Figure 1.2: Mechanism of Uptake of Calcium Phosphosilicate Nanoparticles
Calcium phosphosilicate nanoparticles are uptaken by the cell through endocytosis or, more
specifically, pinocytosis. The low pH of the endosome dissolves the CPSNP matrix and releases its
contents into the cytoplasm18

5

Figure 1.3: Image of Successful Uptake of CPSNPs
Microscope image showing the successful uptake of Gold CPSNPs in MDA-MB-231 breast cancer
cells, 24hr after treatment. Only if successfully internalized is the gold visible in these specially
designed particles.18

CPSNPs also confer the benefit of encapsulating the active agent within the calcium phosphate
matrix (Altinoglu). This preserves the pharmacological activity of the agent until it is released directly
into the cell, rather than in circulation. It also protects the host from the toxicity of the drug until it
reaches its target. CPSNPs that do not find their way to the targeted tissue are taken up by the liver,
transported down the hepato-biliary duct into the small intestine and excreted in the feces. In short, the
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particles protect the exterior environment from the payload of the particle, as well as the encapsulated
agent from influential exterior factors, such as degradation enzymes.
The size of CPSNPs is another benefit. These particles are approximately 20-100 nm in diameter
and are nonaggregating due to their designed colloidal properties12. The synthetic scheme for CPSNPs
also permits for the addition of passivating coatings and unique recognition sequences, a feature that
will be of prominent importance later in this paper, as well as for their flexibility in future applications8.
Other properties of CSPNPs in physiological environments are also important to its potential
use. These particles have been found to be highly stable at physiological conditions for a minimum of
two weeks12. They are also eliminated in vivo through enterohepatic biliary excretion, which minimizes
hepatic toxicity8.
All these factors combine to contribute to the application of a nontoxic, easily endocytosed
nanoparticle which releases its contents at the proper location, reducing side effects and dose
requirements. Not only do these particles have the potential to reduce complications of treatment, but
to reduce cost by requiring less of a potentially expensive drug.
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1.4 Material Chemistry of Calcium Phosphosilicate Nanoparticles
This study used calcium phosphosilicate nanoparticles with encapsulated rhodamine WT, a red
fluorescent nontoxic dye that can be imaged using flow cytometry. These particles were produced in Dr.
James Adair’s lab by Olisa Pinto, a graduate research assistant. The synthesis begins with two separate
microemulsions with a molar ratio of water to surfactant of 413. Microemulsion 1 is typically comprised
of 650μL of 1x10-1 M CaCl2 in CO2-free deionized water in 14 mL of a 29 vol % solution of Igepal CO-520
in cyclohexane. Microemulsion 2 is comprised of 65μL of 6x10-1 M disodium phosphate, 65μL of 6x10-1 M
disodium silicate, and 520μL of 1x10-1 M Rhodamine WT in CO2-free deionized water (pH 7.4) in 14 mL of
a 29 vol % solution of Igepal CO-520 in cyclohexane. The combination of the aqueous solution and the
cyclohexane/Igepal CO-520 solution in both microemulsions forms a self-assembled, reverse
microemulsion.
The individual microemulsions are allowed to equilibrate for 3 minutes before being mixed to
create microemulsion 313. This third microemulsion is allowed to undergo micellar exchange for 3
minutes, during which time Rhodamine WT (RWT) doped calcium phosphate nanoparticles precipitate in
the micelles. The particles are stabilized by the addition of 222μL of 1x10-1 M sodium citrate, reacted for
15 minutes. The microemulsion is then disrupted using pH adjusted (pH 7) ethanol and laundered using
centrifugation.
It is at this point that the particles can be tested for quality or functionalized further. These
steps will be discussed later, as it pertains to this study.
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1.5 Anti-CD71 and Its Use to Selectively Target Breast Cancer
The human transferrin receptor (CD71) is a type II transmembrane glycoprotein16. It is primarily found as
a homodimer (180 kDa) comprised of two monodimers linked by two disulfide bonds, as shown in Figure
1.4.

Figure 1.4: Image of the Transferrin Receptor (CD71)
The transferrin receptor is composed of two homodimers linked by two sulfide bonds. It is a type II
transmembrane receptor that aids in the uptake of iron via transferrin14

The transferrin receptor transports iron into the cell via interaction with transferrin. The
internalization of iron is accomplished when transferrin bound to iron in turn binds to the transferrin
9

receptor, which then undergoes receptor-mediated endocytosis, as depicted in Figure 1.5. It is believed
that the expression of the transferrin receptor is controlled by post-transcriptional means, based on the
intracellular concentration of iron16.

Figure 1.5: Mechanism of Iron Uptake Via Transferrin Receptor
The binding of iron-loaded transferrin to transferrin receptors causes vesicle formation and
subsequent release of Fe2+ into the cytoplasm14

Due to the relationship between iron and metabolic processes, cells with higher proliferation will
express higher levels of CD7114. While all cells show low level expression of CD71, many cells with higher
metabolic needs have been shown to have substantially higher levels. These cells include basal
epidermis, intestinal epithelium, brain capillary endothelial cells, as well as a number of cancerous cell
types. Some examples of cancers with high levels of CD71 are bladder transitional cell carcinomas,
gliomas, lung adenocarcinoma, chronic lymphatic leukemia, and non-Hodgkin’s lymphoma. More
relevant to this study is the identification of high levels of CD71 on breast cancer cells; specifically, CD71
10

is found in quantities four to five times higher in malignant breast cells as compared to benign breast
cells. It has also been found that CD71 is a marker for poor prognosis in breast cancer. There is a direct
correlation between the amount of CD71 expressed and mortality rate15. Previous studies have also
shown expression of CD71 on MDA-MB 231 cells, which are used in this study2.
Numerous studies have also displayed improved outcomes in a number of cancers, including
breast cancer, when anti-CD71 was conjugated to a wide array of therapeutics, including
nanoparticles18. It is this, in combination with the determination of CD71 as a marker for poor prognosis,
which led this study to the use of anti-CD71 to selectively target breast cancer.
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1.6 Bioconjugation of CPSNPs
As described to this point, the calcium phosphosilicate nanoparticles are citrate-functionalized,
with a free carboxylic acid. In order to successful bioconjugate anti-CD71 to the surface, a multi-step
process was undertaken. The first step generates PEGylated (polyethylene glycol) CPSNPs containing
sulfo-NHS (N-hydroxysuccinimide) ester groups3. These are then reacted with anti-CD71 (or any other
antibody, if desired).
In more detail, the first step of the process is to activate the citrate-functionalized CPSNPs with
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), then react with sulfo-NHS (Barth). This forms a
high-yield, semistable intermediate that is then be reacted with a combination of mPEG
(methoxypoly(ethylene glycol)) and carboxy-PEG. The first of these contains an amine, and the second a
carboxyl functional group.
After the above reaction is left to complete thoroughly, the reaction that adds the antigen can
then be undertaken. First, the particles must again be activated using EDAC, and then reacted with
sulfo-NHS. At this time, the antibody can be added to form the end target- specifically targeted
PEGylated CPSNPs. In this study, mouse monoclonal antibody for the human transferrin receptor, or
anti-CD71, was used (Invitrogen). This synthesis process is depicted below in Figure 1.6.
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Figure 1.6: Synthesis of Bioconjugated Calcium Phosphosilicate Nanoparticles
The addition of anti-CD71 to the surface of a CPSNP is a multi-step process using a number of
reagents3
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1.7 Physical Characterization of CPSNPs
To verify efficacy of the bioconjugation strategy, analysis of the zeta potential of the CPSNPs is
employed. Zeta potential is the potential at the solid-liquid interface and, due to the difference in charge
among citrate, PEG, and anti-CD71, particle electrophoretic light scattering can be used to verify that a
reaction occurred, and that the particles now have the desired surface functionalization. Dynamic light
scattering accompanying the zeta potential determination can be used to verify colloidal stability in
suspensions, by ensuring sufficient repulsive forces between particles to reduce the likelihood of
agglomeration during processing and during use in cell culture and in vivo animal models8,13.
Zeta potential is determined in this case in two electrophoretic light scattering modes: phase
amplitude light scattering (PALS) and PLUS. The Brookhaven Instrument ZetaPALS system operates using
the principle of laser Doppler electrophoresis to measure the phase shifts associated with particles
moving relative to an applied electric field16.

14

1.8 Significance and Use of Shear Conditions
Previous studies of calcium phosphosilicate nanoparticles have employed the use of static
conditions for in vitro studies2,3,8,. These studies have shown that, with bioconjugation, higher levels of
fluorescence or cell death are obtained. However, the static case does account for all variables in the
physiological case. Blood flows at varying rates through the circulatory system, and the binding and
uptake of CPSNPs within this flow depends on this condition. For this reason, shear flow conditions were
used in this study in order to better model the ability of particles and cells to associate in vivo.
A cone plate viscometer has been used in previous studies to study cell-cell interactions under
dynamic flow conditions17. A similar method will be employed in this study, instead studying particle-cell
association. This viscometer uses a stationary plate and a 1°-free rotating cone to produce a
programmed shear rate. This shear rate and the resultant flow of the liquid placed within causes both
the collision of cells and particles, as well as an increased barrier to binding. For this study, two different
shear rates were used to investigate the effects of increasing flow. These two shear rates (62.5 sec-1 and
200 sec-1) were selected due their previous use in other studies17.
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2.0 Methods
2.1 Cell Culture
2.1.1 MDA-MB-231
MDA-MB-231, human breast cancer cells (Dr. Mark Kester, Hershey Medical Center, Hershey,
PA), were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin streptomyocin (Pen Strep), and 1%
GlutaMAX. Cells were maintained at 37 °C and 5% CO2.
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2.2 Association of Rhodamine WT CPSNPs
Both static and shear experiments were performed to determine the association abilities of the
nanoparticles. For all experiments, two test cases were used: citrate-functionalized Rhodamine WT
CPSNPs and anti-CD71-functionalized Rhodamine WT CPSNPs. The protocols detailed below were
altered through a number of iterations, as will be detailed in the results and discussion sections. Here,
the final protocol for each experiment is shown.
2.2.1 Final Static Experiment Protocol
For the static experiment, MDA-MB-231 cells were harvested using 0.25% Trypsin-EDTA,
counted, then seeded evenly into the wells of 24-well cell culture cluster plates, using the standard
culture media detailed in 2.1.1. The cells were then allowed to become confluent.
Once confluent, one well was sacrificed for counting. Next, the cell media was removed and
replaced with DMEM/F12 + 2% FBS (100μL per 50,000 cells). Then wells were treated with the assigned
treatment, allowing three wells per time point as well as two wells without treatment to be used as
calibration for the flow cytometer. The concentrations of rhodamine were held constant at 1.45 x 10-9
M. The cells were then placed in an incubator at 37°C and 5% CO2 until the predetermined time point
was reached.
At each time point, media was removed from the desired cells, the cells were washed with
Dulbecco’s Phosphate-Buffered Saline (DPBS), and then they were harvested using 0.25% Trypsin-EDTA.
The cells were resuspended in 2.5% formaldehyde in DPBS for 10 minutes at 4°C, and then
resuspended once again in 200μL of DPBS in preparation for flow cytometry. Once resuspended, the
cells were placed at 4°C until all time points were completed.
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2.2.2 Final Shear Experiment Protocol
Shear experiments were conducted by first harvesting MDA-MB 231 cells. These cells were
allowed to recover in normal media at 37°C for 20 minutes on a rocker to ensure that surface proteins
had adequate time to recover. The cells were then counted and resuspended in DMEM/F12 + 2% FBS +
10mM HEPES (note: DMEM/F12 media formulation includes 15mM HEPES, creating a final HEPES
concentration of 25mM; also note: this is where the two sets of shear data differ in protocol) for a final
concentration of 500,000 cells/mL.
A cone plate viscometer (ThermoScientific HAAKE RotoVisco1) was used in this experiment to
apply shear force to the cells during incubation, after confirming with the field engineer that prolonged
use of the viscometer is safe. To begin the experiment, the resuspended cells and particles (rhodamine
concentration of 1.45 x 10-9 M) were added to the plate, being careful to evenly distribute the particles
throughout the plate. Once cells and particles were added, the viscometer program was executed (shear
rate: 62.5 or 200 sec-1, temperature: 37°C).
At the time points of 30min, 1hr, and 2hr, the plate lifted according to the program, and 2-3
100μL samples were collected. These samples were fixed by resuspending in 2.5% formaldehyde in DPBS
for 10 minutes at 4°C. They were then spun down, and resuspended in 150μL of DPBS in preparation for
flow cytometry.
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2.3 Flow Cytometry
Flow cytometry was used to quantify the efficiency of rhodamine association to the breast
cancer cells. Flow cytometry was done using GuavaExpress. Cells either grown in parallel in the 24-well
plate or separated from those cells used in the shear experiments before being placed in the cone plate
viscometer were used to adjust settings. Flow cytometry allowed for collection of fluorescence data
based on the encapsulated rhodamine WT.

2.4 Test of pH Change in Media Used for Shear Experiment
The pH change caused by two hours under shear stress in an open environment was tested
using a small volume pH meter. First, the pH of DMEM/F12 + 2% FBS and DMEM/F12 + 2% FBS + 10 mM
HEPES was tested directly from 4°C storage. Next, one mL of each media was added (in separate
instances) to the cone plate viscometer and sheared at 200 sec-1 for 2 hours. After two hours, the media
was pH tested once again.

2.5 Statistical Analysis
The results of the experiments completed in this study were analyzed using a two-sample
unequal variance t-test. Two tails were used in all cases. A significance level of p<0.05 was used in all
cases.
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3.0 Results
In this section, the results of the previously detailed experiments will be shown. These results
stem from experiments detailed in either the introduction or methods section. Those experiments
whose protocol is stated in the introduction were completed by members of other laboratories, and are
only included to validate the results of the experiments of this study. These experiments in this category
will be designated as such.

3.1 Characterization Results of CPSNPs
Credit for the data in this section goes to Olisa Pinto from Dr. James Adair’s Material Science
Laboratory. These particles were used in many of the experiments whose results follow. This includes all
shear experiments and the third static experiment.
The zeta potential analysis yielded a graph that showed the successful conjugation of CPSNPs
with first PEG, and then anti-CD71, as shown in Figure 3.1.
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Figure 3.1: Zeta Potential Distributions of Citrate, PEG, and Anti-CD71 CPSNPs
The mean zeta potential of Citrate CPSNPs was -48.70 ± 3.18 mV, while PEG CPSNPs showed a mean
zeta potential of -8.84 ± 6.30 mV and anti-CD71 CPSNPs -27.98 ± 1.70 mV

In addition, a TEM micrograph of Rhodamine WT CPSNPs is shown below in Figure 3.2. This
image shows the range in size of these particles, as well as the successful encapsulation of Rhodamine
WT.
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100nm

Figure 3.2: TEM Micrograph of Rhodamine WT CPSNPs
This TEM micrograph shows Rhodamine WT CPSNPs from a batch identical in formulation to the
majority of those used in this study. These dispersed particles range in size from 20 nm – 100 nm.
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3.2 Results of Rhodamine WT CPSNP Experiments
3.2.1 Results from Static Particle Experiments
The first static experiment was performed with a rhodamine concentration of 3.86 x 10-9 M,
using a particle batch different from the one detailed in 3.1.1. However, the method used to create
these particles was the same as included in the introduction, as well the particle batch in 3.1.1.
The only difference in protocol for this experiment was that these particles were diluted into
1mL of media consistently, rather than normalizing the volume to the average number of cells.
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Figure 3.3: Static Particle-Cell Association of Calcium Phosphosilicate Nanoparticles (First Test)
The mean fluorescence intensity of cells incubated with citrate or anti-CD71 CPSNPs was measured
at two and four hours. Anti-CD71 showed significantly higher association at two hours (p=0.00365)
but not at four hours (p=0.167). See data in Appendix A, Table A.1
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The results in Figure 3.3 show significantly higher mean fluorescence intensity for anti-CD71
CPSNPs compared to citrate CPSNPs at two hours (p-value of 0.00364). See Table A.1 for data.
The next graph, Figure 3.4, shows the second of three static experiments. This data was
collected using a different formulation of particles, in which the particles were washed using a more
aggressive and experimental centrifugation system. This system was meant to clear a higher percentage
of rhodamine WT from the extra-particular space. This lead to a lower concentration of rhodamine WT
per original volume, and therefore a concentration of 1.13 x 10-9 M was used. In this experiment, the
particles were diluted into media as in the first static experiment (1 mL), rather than based on cell
concentration (as in the final static protocol).
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Figure 3.4: Static Particle-Cell Association of CPSNPs (Second Test)
The mean fluorescence intensity of cells incubated with citrate or anti-CD71 CPSNPs was
measured at two and four hours. Anti-CD71 showed significantly higher association at four
hours (p=0.00112), but no significance was observed at two hours (p=0.133). See data in Table
A.2
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The second static experiment showed much lower mean fluorescence intensity overall.. In this
case, the data at four hours had a significant p-value of 0.00112, but two hours showed no significance
(p=0.133).
The third and final static experiment, shown in Figure 3.5, was run as detailed in the final static
experiment protocol (section 2.2.1). It was run using the particle batch whose characterization results
are shown in section 3.1.1, and which will be used in subsequent shear experiments.
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Figure 3.5: Static Particle-Cell Association of CPSNPs (Third and Final Test)
The mean fluorescence intensity of cells incubated with citrate or anti-CD71 CPSNPs was measured
at one and two hours. Anti-CD71 showed significantly higher association at one hour (p=0.015), but
no significance was observed at two hours (p=0.0657). See data in Table A.3

This third static experiment once again showed higher mean fluorescence intensity for antiCD71 functionalized CPSNPs compared to citrate-functionalized CPSNPs. However, a significant p-value
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was only observed at one hour (p=0.015), but not at two hours (p=0.0657). This data differs slightly in
that both particle types appear to decrease in fluorescence intensity from one to two hours. However,
upon further investigation, these values are not significantly different, with citrate and anti-CD71
showing p-values of 0.551 and 0.0831 respectively.
In conjunction with the previously described third static experiment, another static experiment
was done in parallel. This experiment followed the same protocol as stated in section 2.2.1, with one
exception: each well was washed three times with DPBS (instead of the normal one time). A graph of the
results can be found below in Figure 3.6, and raw data can be found in Appendix A, Table A.4.
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Figure 3.6: Static Particle-Cell Association with Triple Wash (Third Test)
The mean fluorescence intensity of cells incubated with citrate or anti-CD71 CPSNPs and washed
three times prior to harvest was measured at one and two hours. Anti-CD71 showed significantly
higher association at one hour (p=0.0368), but no significance was observed at two hours (p=0.106).
See data in Table A.4

This graph shows the same trend observed in all previous static experiments, with anti-CD71
showing greater mean fluorescence intensity than citrate-functionalized CPSNPs. As a comparison
between the two wash amounts, shown in Figure 3.5 and 3.6, there was no significant difference at any
time point, with either particle type (1hr/citrate, 1hr/anti-CD71, 2hr/citrate, 2hr/anti-CD71 had p-values
of 0.165, 0.378, 0.181, and 0.0514, respectively).
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3.2.2

Results from Shear Particle Experiments
The first full set of shear experiments (both particle types at both shear rates) was run identical

to the protocol detailed in section 2.2.2, with only one difference: no HEPES was added to the original
media (making the concentration of HEPES equal to 15mM, the original concentration of the stock
media). This first experiment, shown in Figure 3.7, was run at a low shear rate of 62.5 sec-1. Below is a
comparison of the results obtained from the citrate particles versus the anti-CD71 functionalized
particles. Note that these results were obtained at different times, as the cone plate viscometer is only
capable of running one experiment at a time. For raw data, see Table A.5.
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Figure 3.7: Particle-Cell Association under 62.5 sec-1 Shear Rate
The mean fluorescence intensity of cells incubated under low shear rate with citrate or anti-CD71
CPSNPs was measured at thirty minutes, one hour and two hours. Anti-CD71 showed significantly
higher association at one hour and two hours, but not at 30 minutes (p=0.0235, 0.0476, and 0.060
respectively). See data in Table A.5
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The data in Figure 3.7 shows an upward trend of both particles between time points, as well as
higher mean fluorescence intensity for anti-CD71 functionalized particles as compared to citratefunctionalized particles. This difference is significant at both 1 hour and 2 hours, but not at 30 minutes.
This next shear experiment, shown in Figure 3.8, was run at a higher shear rate of 200 sec-1.
With the exception of shear rate, however, it was run identically to the previous experiment. Below are
the results, and raw data can be found in Table A.6.
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Figure 3.8: Particle-Cell Association under 200 sec-1 Shear Rate
The mean fluorescence intensity of cells incubated under high shear rate with citrate or anti-CD71
CPSNPs was measured at thirty minutes, one hour and two hours. Anti-CD71 showed significantly
lower association at 30 minutes, but no significance was observed at 1 or 2 hours (p=0.010, 0.0814,
and 0.689 respectively). See data in Table A.6
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The data in Figure 3.8 shows an inconclusive trend between particle types at this higher shear
rate. Citrate-functionalized particles show a significantly higher mean at 30 minutes (p=0.010), but no
significance is observed at 1 or 2 hours.
The comparison between particle types at low and high shear rate also provides useful
information. These graphs are provided below in Figures 3.9 and 3.10.
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Figure 3.9: Comparison of Cells Treated With Citrate CPSNPs at two different shear rates
A comparison of mean fluorescence intensity of cells treated with citrate-functionalized particles at
both low and high shear rates, with time points at thirty minutes, one hour and two hours. All time
points showed a significant difference between shear rates (p=0.010, 0.0356, and 0.0235,
chronologically). Based on data from Table A.5 and A.6
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Figure 3.10: Comparison of Cells Treated with Anti-CD71 Functionalized CPSNPs at two different
shear rates
A comparison of mean fluorescence intensity of cells treated with anti-CD71 functionalized particles
at both low and high shear rates, with time points at thirty minutes, one hour and two hours. No
significance was seen at any time point (p=0.0677, 0.334, and 0.0782, chronologically). Based on data
from Table A.5 and A.6
These two graphs, Figure 3.9 and 3.10, re-illustrate data previously shown in order to determine
the relationship between low and high shear rates, and its effect on particle-cell association. The data
from citrate-functionalized particles shows higher association at the higher shear rate, while the data
from anti-CD71 functionalized particles is inconclusive, showing no significance at any time point.
It is at this point where the final shear experiment protocol was established and implemented.
This translates to the addition of 10mM of HEPES into the media used for all shear experiments (final
concentration of 25mM). The reasoning for and effectiveness of this change will be discussed in section
4.
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Each experiment from the non-HEPES shear experiments was completed again with the addition
of HEPES. Therefore, the results in Figure 3.11 show citrate versus anti-CD71 functionalized particles.
The raw data can be seen in Table A.7.
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Figure 3.11: Particle-Cell Association under 62.5 sec-1 Shear Rate (with HEPES)
The mean fluorescence intensity of cells incubated under low shear rate with citrate or anti-CD71
CPSNPs and the addition of 10mM of HEPES was measured at thirty minutes, one hour and two
hours. Anti-CD71 showed significantly higher association at all time points (p=0.00239, 0.0111, and
0.000116 chronologically). See data in Table A.7

This data once again shows a upward trend through time points, for both particles, as well as a
significantly higher mean fluorescence intensity for anti-CD71 functionalized particles as compared to
citrate-functionalized particles, with p-value of 0.00239, 0.0111, and 0.000116 for 30 minutes, 1 hour
and 2 hours respectively.
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The next experiment, shown in Figure 3.12, was to repeat the high shear particle-cell association
experiments with additional HEPES. The following graph shows the fluorescence intensity of cells
treated with citrate- or anti-CD71 functionalized CPSNPs, treated in media with 25mM HEPES.
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Figure 3.12: Particle-Cell Association under 200 sec-1 Shear Rate (with HEPES)
The mean fluorescence intensity of cells incubated under high shear rate with citrate or anti-CD71
CPSNPs and the addition of 10mM of HEPES was measured at thirty minutes, one hour and two
hours. Anti-CD71 particles did not show a significant difference from citrate particles (p=0.517, 0.148,
and 0.225 chronologically). See data in Table A.8

This data, shown in Figure 3.12, holds a similar trend to all previous studies (with the exception
of the first high shear study done without HEPES); however, no significance is observed, with p-values at
30 minutes, 1 hour, and 2 hours of 0.517, 0.148, and 0.225, respectively.
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The next two graph, Figure 3.13 and 3.13, show the relationship of experiments treated with the
same particle type under different shear rates. The first shows the mean fluorescence intensity of cells
treated with citrate-functionalized CPSNPs at 62.5 sec-1 and 200 sec-1.
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Figure 3.13: Comparison of Cells Treated With Citrate CPSNPs at two different shear rates (with
HEPES)
A comparison of mean fluorescence intensity of cells treated with citrate-functionalized particles at
both low and high shear rates, with time points at thirty minutes, one hour and two hours. The
mean fluorescence intensity was significantly different between shear rates at 1 and 2 hours
(p=0.0349 and 0.0301, respectively), but not at 30 minutes (p=0.185). Based on data from Table A.7
and A.8
These results in Figure 3.13 vary appreciably from the comparison of citrate CPSNPS under
different shear rates without additional HEPES. In that case, the fluorescence intensity under high shear
was significantly higher than low shear for all three time points. In this case, with HEPES, the
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fluorescence intensity under high shear is significantly lower at one and two hours (p=0.0349 and
0.0301, respectively), and shows no significance at 30 minutes (p=0.185). The importance and possible
reasons for these results will be discussed in section 4.
This second graph, Figure 3.14, shows the mean fluorescence intensity of cells treated with antiCD71 functionalized CPSNPs at 62.5 sec-1 and 200 sec-1.
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Figure 3.14: Comparison of Cells Treated With anti-CD71 CPSNPs at two different shear rates
(with HEPES)
A comparison of mean fluorescence intensity of cells treated with anti-CD71 functionalized
particles at both low and high shear rates, with time points at thirty minutes, one hour and two
hours. The mean fluorescence intensity was significantly different between shear rates at all
time points, with p-value of 0.0469, 0.00787, and 0.0000216, chronologically. Based on data from
Table A.7 and A.8
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Figure 3.14 illustrates the significant decrease at all time points (p= 0.0469, 0.00787, and
0.0000216, chronologically) between low and high shear rate experiments. These results can be
compared to those shown in Figure 3.?, where citrate particles are shown to have a lower fluorescence
intensity a high shear as compared to low. It can also be compared back to the similar comparison done
in Figure 3.?, in which the opposing trend was shown for anti-CD71 particles without HEPES, but without
significant differences between low and high shear conditions.
Finally, as a means of testing the consistency of the experiment, as well as the lifespan of the
CPSNPs, a third high shear experiment was conducted using anti-CD71 functionalized particles, following
the same protocol as detailed in section 2.2.2 and used in the “with HEPES” experiments above. The
results for this experiment are graphed below in Figure 3.15, and raw data can be found in Appendix A,
in Table A.9.
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Figure 3.15: Comparison of two anti-CD71 functionalized CPSNP, High Shear Experiments (with
HEPES)
A comparison of two identically run anti-CD71 CPSNP, high shear (200 sec-1) experiments. The
only difference was the date on which they were run, with run #2 being the later date. Only the
data at two hours showed a significant difference (p=0.0357), while no significant difference was
observed at 30 minutes and 1 hour (p=0.430 and 0.0640, respectively). Based on data from Table
A.8 and A.9

This data in Figure 3.15 shows that the second run had lower mean fluorescence intensity, but
the difference was only significant at 2 hours (p=0.0357). The significance of the data contained in the
previous section will be explored in section 4 and 5.

37

3.2.3 Comparing Shear Experiments with and without HEPES
The following graphs are simply graphical and analytical changes based on the data shown in
section 3.2.2. This first graph, Figure 3.16, shows the comparison between citrate, low shear CPSNP
experiments with and without HEPES. The data used to create this graph can be found in Tables A.5 and
A.7.
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Figure 3.16: Effect of HEPES; Cells Treated With Citrate CPSNPs at Low Shear
A comparison of mean fluorescence intensity of cell treated with citrate CPSNPs at low (62.5 sec-1)
shear with or without additional HEPES in media, with time points at thirty minutes, one hour and
two hours. The mean fluorescence intensity was not significantly different at any time point, with pvalues of 0.294, 0.330, and 0.330, chronologically. Based on data from Table A.5 and A.7

This next comparison, shown in Figure 3.17, shows the mean fluorescence intensity of cells
treated with anti-CD71 rhodamine WT CPSNPs, with or without additional HEPES in the media.
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Figure 3.17: Effect of HEPES; Cells Treated With anti-CD71 CPSNPs at Low Shear
A comparison of mean fluorescence intensity of cell treated with anti-CD71 CPSNPs at low (62.5 sec-1)
shear with or without additional HEPES in media, with time points at thirty minutes, one hour and
two hours. The mean fluorescence intensity was significantly different at 30 minutes and 2 hours
(p=0.00405 and 0.00154, respectively), but was not significant at 1 hour (p=0.0849). Based on data
from Table A.5 and A.7

Finally, the mean fluorescence intensity of cells treated with citrate or anti-CD71 CPSNPs at the
high shear rate with or without HEPES is shown in the graphs below, Figure 3.18 and 3.19.
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Figure 3.18: Effect of HEPES; Cells Treated With Citrate CPSNPs at High Shear
A comparison of mean fluorescence intensity of cell treated with citrate CPSNPs at high (200 sec-1)
shear with or without additional HEPES in media, with time points at thirty minutes, one hour and
two hours. The mean fluorescence intensity was significantly different at 30 minutes and 2 hours
(p=0.0164 and 0.0224, respectively), but was not significant at 1 hour (p=0.0512). Based on data from
Table A.6 and A.8
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Figure 3.19: Effect of HEPES; Cells Treated With anti-CD71 CPSNPs at High Shear
A comparison of mean fluorescence intensity of cell treated with anti-CD71 CPSNPs at high (200
sec-1) shear with or without additional HEPES in media, with time points at thirty minutes, one hour
and two hours. The mean fluorescence intensity was significantly different at 1 hour and 2 hours
(p=0.0485 and 0.0257, respectively), but was not significant at 30 minutes (p=0.0822). Based on data
from Table A.6 and A.8

The four graphs in this section, Figures 3.16 thru 3.19, show the effects of adding HEPES to the
media used during shear experiments. In the low shear cases, it had no effect on the citrate cases, but
showed an increase in anti-CD71 cases. On the other hand, a generally significant decrease was seen in
both particle types at high shear. The reasons for these observed trends will be discussed in section 4.
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3.3 Results of Test of Media pH Change
As described in section 2.4, the pH of media was tested before and after two hours spent in the
cone plate viscometer under 200 sec-1 shear rate. Table 3.1 shows the results of this experiment.

Table 3.1: Results of pH test on media with and without HEPES after two hour shear

t=0
t=2 hours
% Change

without HEPES
with HEPES
7.295
7.135
8.22
7.89
12.68%
10.58%

Also note that the percent increase between normal media (without HEPES) and media with
HEPES after two hours is 8.16%.
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4.0 Discussion
This section will analyze the results presented in the previous section. What can be deduced
from these results, what is suggested, and what is not yet clear will be discussed.

4.1 Discussion of the Static CPSNP Results
The static association experiments will be analyzed first, as they produce a baseline on which to
look at the shear experiments. This is because the static case offers the least variables and least barriers
to uptake of the particles. Because the particles are simply sitting on top of the cells, with no movement
to dislodge them, these data provide insight into the difference that anti-CD71 surface functionalization
makes to the ability of cells to uptake the particles.
In analyzing these experiments, they will first be taken individually, then combined to reach final
conclusions. The first (chronologically) of the static experiments, shown in Figure 3.3, used a particle
formulation similar to the one used by the bulk of the experiments in this study. However, it used a
concentration approximately 2.7 times the constant concentration later employed. This concentration of
particles was also in a larger volume of fluid (1mL compared to 200μL).
The results of this experiment, shown in Figure 3.3 and Table A.1, reveal a significantly
(p=0.00365) higher fluorescence intensity at two hours, but not at four hours (p=0.167). Taking this
experiment alone, a tentative conclusion can be drawn that anti-CD71 functionalized CPSNPs associate
with MDA-MB 231 (breast cancer cells) more than citrate-functionalized CPSNPs do. It is also suggested
by this data that this effect is time-sensitive. This means that, given enough time, citrate-functionalized
particles can “catch up” to anti-CD71 particles. In short, both particle types will reach the same
saturation point; however, anti-CD71 will reach it faster and, based on this data and set of conditions
(static, particle concentration), that point is after two hours, but around or soon after four hours.
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The second static experiment, its results shown in Figure 3.4 and Table A.2, used a different
particle formulation and concentration as compared to both the first and third. The particle cleaning
method used was more aggressive and, based on the loss of rhodamine WT from the sample, it is
believed that this cleaning method actually broke open some particles, causing a very low concentration
of both rhodamine WT and CPSNPs. This led to much lower values of fluorescence intensity; however,
because both types of particles were formulated the same, the trend still reveals important information.
This experiment showed significantly higher anti-CD71 particle association compared to citrate
particles at four hours (p=0.00112), but not at two hours (p=0.133). This is a reversal of the significance
observed in the first static experiment. Taken alone, this experiment may suggest to the observer that at
two hours, neither particle type has begun to significantly associate with the cells, but by four hours,
both have started, and anti-CD71 is doing so more quickly. Taken in conjunction with the first static
experiment, it’s reasonable to conclude that this experiment’s decrease in “substrate” (CPSNPs in this
case) is decreasing the rate of “reaction” (binding and/or uptake), due to less frequent collisions
between particles and cells. Therefore, one might expect to find another point, sometime after four
hours, where this experiment also reaches a saturation point, in which both citrate- and anti-CD71
functionalized CPSNP treated cells show the same level of fluorescence.
The third static experiment, shown in Figure 3.5, followed the protocol standardized and
described in section 2.2.1. The particle concentration was between that used in the first and second
experiments, and again, a different particle formulation, whose characterization is shown in Figure 3.1,
was used. Additionally, the volume in which the particles were placed was reduced in order to keep the
cell concentration consistent with later shear experiments. Specifically, the cells in this experiment were
counted, and it was found there were ~100,000 cells per well. Because 500,000 cells/mL are used in the
shear experiments, each well was given 200μL of total volume.
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The results of this experiment, shown in Figure 3.5 and Table A.3, show a significantly higher
association of anti-CD71 functionalized particles (p=0.015) at one hour, but not at two hours (p=0.0657).
These results resemble the first experiment, in that it appears the anti-CD71 particles are reaching a
saturation point earlier, allowing the citrate particle to “catch up”, and minimizing the difference
between them at the second time point. However, it is important to note that different time points
were used between the first and third experiments (due to considerations for the shear experiments).
This may suggest that a lower concentration of particles gives citrate-functionalized particles an edge in
catching up, due to the smaller “distance” over which they have to travel, but this conclusion is
speculation due to the minimal data available.
Based on the results of these three static experiments, a particle formulation similar to that
used in the first and third experiments, shown in Figures 3.3 and 3.5, should be used in the future. This
conclusion comes from both the higher concentrations of rhodamine WT given a concentration of
particle constituents and from the higher fluorescence intensity obtained.
It is important to recognize that, at the point cells are placed in the flow cytometer, it is possible
that the rhodamine WT CPSNPs are either inside the cell or bound to the surface. This extra wash
experiment was designed to increase the confidence that most particles, if not all, particles are inside
the cell, rather than just bound to the outside. Determining this difference is important because, if the
particles are simply bound, they will provide little efficacy in diagnosis and no drug delivery benefit. It
will also disturb the analysis of the data if, for instance, anti-CD71 functionalized particles bind in great
number to the outside of the cell, but do not enter, while citrate particles always enter the cell, though
in smaller quantities. Prior to running this experiment, research showed that these particles can be
taken up by cells both in vitro and in vivo2,8,12,18 and that it is possible (but undetermined) that the cells
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are dissolved prior to the fixation step (the method used to dissolve CPSNPs outside of a cellular
environment is with EDTA, a component of the trypsin formulation used).
With that in mind, the triple wash experiment, shown in Figure 3.6, was thought to increase the
likelihood that these extracellular particles would become dislodged and washed away, leaving only
intracellular particles associated with the cell and therefore read by the flow cytometer. This experiment
was run in parallel with the third static experiment, with identical protocol (aside from number of
washes). This experiment revealed a trend congruent with the third static experiment. At one hour, antiCD71 particle cells had a significantly (p=0.0368) higher fluorescence intensity, while at two hours, no
significance was observed (p=0.106). T-tests were also run to see if the fluorescence intensity between
comparable time points/particle types changed significantly. It was found that no set of data showed a
significant difference from its one wash counterpoint (1hr/citrate, 1hr/anti-CD71, 2hr/citrate, 2hr/antiCD71 had p-values of 0.165, 0.378, 0.181, and 0.0514, respectively). It can be very tentatively concluded,
therefore, that most particles are indeed within the cell, as no significant amount could be dislodged
from the surface, despite vigorous washing.
Taking all static experiments together, Figures 3.3-6, it can be safely concluded that anti-CD71
functionalization increases the association of CPSNPs with cells under static conditions. This suggests
that anti-CD71 increases the ability of cells to uptake the particle, as there is no significant barrier to
binding, as will be seen in the shear experiments. Because of the minimal change of fluorescence
intensity observed with increased washing, this conclusion is given stronger support, as the particles are
most likely internalized.
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4.2 Discussion of the Shear CPSNP Results
The first set of CPSNP shear experiments, shown in Figures 3.7-10, was completed without
additional HEPES, and will henceforth be referred to as “without HEPES”. These experiments were
completed before the possibility of an unstable CO2 level in the cone plate viscometer was considered,
and the pH experiment run. The results of these experiments will be discussed, then those with
additional HEPES, and then the two will be compared to each other, and the effectiveness of adding
HEPES will be considered.
The low (62.5 sec-1) shear rate experiment without HEPES, shown in Figure 3.7, was run with
both citrate and anti-CD71 functionalized particles, and the mean fluorescence intensity compared at
each time point. This analysis reveals a significantly higher fluorescence intensity of the cells treated and
sheared with anti-CD71 functionalized particles as compared to those sheared with citrate particles at
both 1 and 2 hours after combining particles and cells (p=0.0235 and 0.0476, respectively). However, at
30 minutes, no significance was found (p=0.060). Similar to the discussion of static experiments, this
suggests that anti-CD71 particles were better able to associate with cells under this shear rate than
citrate particles. It also suggests that this association has not reached saturation with either particle type
until after the two hour mark, because a significant difference is still observed at this point. This is
unsurprising, as the comparable static experiment appeared to be barely reaching this point at two
hours, and the difficulty of uptake is logically higher under shear conditions. It does, however, appear
that this saturation point is higher under these shear conditions (maximum value reached is 69.39 as
compared to 10.3 in the static experiment). It can be hypothesized that the higher collision rate caused
by shear conditions has a greater positive impact than the increased difficulty of binding has a negative
impact.
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At high shear rate (200 sec-1), shown in Figure 3.8, the results for the first time go against the
hypothesis that anti-CD71 will allow for greater association of CPSNPs to breast cancer cells under shear
conditions. In this experiment, citrate-functionalized particles show a significantly greater mean
fluorescence intensity than anti-CD71 particles at 30 minutes (p=0.010), but no significance at 1 hour
and 2 hours (p=0.0814 and 0.689, respectively). Taken alone, these results suggest the reverse of those
previously seen; that citrate-functionalization allows for faster initial association, and that anti-CD71 can
catch up given enough time (though in this case, the amount of time is significantly less than citrate
appears to require in other circumstances).
The next informative comparison comes from comparing citrate particle experiments at either
shear rate. This analysis, shown in Figures 3.9 and 3.10, reveals a significantly higher mean fluorescence
at all time points (p=0.010, 0.0356 and 0.0235, chronologically). This result was unexpected, as one
might expect that under a higher shear rate, particles have a more difficult time binding and uptaking
into cells, as the stronger flow is attempting to rip them apart. However, as mentioned before, if these
results are perfectly accurate, they suggest that increase in collision frequency overcomes the increase
in binding difficulty. However, these results raised a red flag, leading to a consideration of the
experimental protocol, and the eventual implementation of additional HEPES into the experimental
media.
The anti-CD71 particle results in Figure 3.10 were compared across shear rates as well, which
revealed no significance at any time point. This neither lends weight to the potential theory stated in the
previous paragraph, nor reverses the trend to the expected decrease at higher shear rate. In
combination with the high shear results comparison, these analyses raised the possibility that some
other, previously unaccounted for factor was influencing the data.
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This led to the consideration that, because the CO2 concentration is controlled in the incubator
environment (in which the static experiment is run) but not in the cone plate viscometer, the
consequential pH change could affect the results of the experiment. The simplest way to correct for this
change is to increase the concentration of buffer in the cell media. In this case, it was decided that
HEPES, at its maximal suggested concentration of 25mM, could offer a solution.
HEPES is a non-physiological buffer that can hold the pH of a solution closer to physiological
conditions, but that can potentially have adverse effects on cell physiology19,20. Though negative effects
have been shown with certain cell types, the effects that HEPES has on the cells used in this study is
unclear.
The cell media required the addition of only 10mM HEPES because it already contained 15mM.
To test the ability of the HEPES to buffer the pH change, the pH experiment was run and data collected
as described in sections 2.4 and 3.3. This data shows a lower starting pH with additional HEPES, as well
as a smaller percent increase, which leads to a 0.33 decrease in final pH. This allows the pH to remain
closer to physiological pH. With these results, a repeat of the previously detailed shear experiments with
the additional HEPES was deemed necessary and worthwhile.
The second set of low shear experiments, shown in Figure 3.11, revealed a similar trend as the
first. Anti-CD71 particles showed significantly higher mean fluorescence intensity compared to citrate
particles, with p-values of 0.00239, 0.0111, and 0.000116 at 30 minutes, 1 hour and 2 hours
respectively. The main difference between these results and the first set of low shear results is that
citrate does not appear to be catching up to anti-CD71 by the last time point. At this point, it is
important to note that a lower passage number of the same cell line was used to obtain these results, as
compared to the non-HEPES experiments. This is important due to the possibility that CD71 on the cell
surface is more intact in these newer, fresher cells, allowing anti-CD71 particles to bind more effectively
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to the cells and have greater association. This possibility will be explored again when non-HEPES and
HEPES experiments are compared.
The second set of high shear experiments, shown in Figure 3.12, showed much different results
from the first set. Instead of citrate having a significantly higher association at 30 minutes, and a higher
association at one hour, anti-CD71 now has the higher fluorescence intensity at all points, although no
significance was found (p=0.517, 0.148, 0.225). While this does not conclusively reverse the previous
findings, it does bring their accuracy into question, as well as demonstrates a trend more compatible
with every other set of data collected. The lack of significance (disregarding sample size due to
significance observed in other, similarly structured experiments) may be due to the lower overall mean
fluorescence intensities observed in these high shear experiments, and therefore the difficulty that both
particle types experience in associating with cells. Taken with the increased standard deviation between
samples (most likely due to the increased variability inherent in this experiment), it is easy to see why
significance would be harder to observe.
Once again comparing citrate particle experiments under high versus low shear rates, it can be
seen that the previous trend, in which the high shear rate showed significantly higher association than
did low shear, was reversed. In the case of citrate, shown in Figure 3.13, low shear showed significantly
higher association at both 1 and 2 hours (p=0.0349 and 0.0301, respectively), but not at 30 minutes
(p=0.185). These results suggest that at either shear rate, citrate particles have not substantially
associated with cells by the 30 minute time point. However, by 1 and 2 hours, citrate particles were able
to associate more with the cells under low shear rate than under high shear rate. This leads to the
conclusion that, while increased collision rates play an important role in the high association observed at
low shear rate, they are overcome by the increased probability that the cell and particle will be torn
apart before uptake of the particle can occur.
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A similar trend reversal was observed when comparing low and high shear rate experiments
with anti-CD71 particles and additional HEPES in Figure 3.14. At all three time points, a significantly
higher fluorescence intensity was observed at low shear (p=0.0469, 0.00787, and 0.0000216,
chronologically). This leads to the same conclusions detailed in the previous paragraph; namely that high
shear rate both increases collision frequency and decreases the likelihood that a particle and cell, upon
collision, will permanently associate.
As another means of adding confidence to the conclusions stated above, another anti-CD71,
high shear particle experiment was run several days after the first, shown in Figure 3.15. This
experiment revealed no significant difference in fluorescence intensity at 30 minutes and 1 hour
(p=0.430 and 0.0640), but did show a significant decrease from the first to the second at 2 hour
(p=0.0357). Because the protocol between experiments was identical, the only possible explanations are
normal variation or decrease in the intensity of the rhodamine WT encapsulated by the particles. If the
latter is true, it would be an unfortunate obstacle to consider when comparing experiments. However, it
is important to note that both types of particles were created at the same time, and that all anti-CD71
experiments were run after their citrate counterpart. Therefore, if anything, the potential steady loss of
fluorescence intensity would have decreased the difference between citrate and anti-CD71 which in
most cases is significant regardless. Therefore, these results simply suggest that decreasing time
between experiments and minimizing loss of fluorescence intensity of the rhodamine are highly
recommendable, but does not in itself negate the conclusions previously drawn.
In the next sub-section, the non-HEPES and HEPES experiments will be compared, and final
conclusions will be drawn. At this point, however, it can once again be concluded that anti-CD71
functionalization allows particles to associate more with cells than citrate functionalization under low
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shear conditions. The significance of this increased association under high shear conditions is not
conclusive, and would require further experimentation.
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4.3 Discussion of Comparison between non-HEPES and HEPES Shear
Experiments
The addition of HEPES to the experimental media caused some alterations in the results
observed, but not in all cases. Comparing citrate low shear experiments with and without additional
HEPES, shown in Figure 3.16, showed no significant change at any time point (p=0.294, 0.330, 0.330
chronologically). However, anti-CD71 particles at low shear did show a significantly higher mean
fluorescence intensity at 30 minutes and 2 hours (p=0.00405 and 0.00154, respectively), but not at 1
hour (p=0.0849), as shown in Figure 3.17. As alluded to previously, this change may be explained by the
change in cell passage number, as healthier cells lead to more intact surface proteins, therefore giving
anti-CD71 more opportunities to bind. This would mean that the addition of HEPES did not affect the
results of the low shear experiments. In order to improve confidence in this conclusion, more trials
would need to be run using the same cells.
The change in results at high shear, shown in Figure 3.18 and 3.19, was much more significant
than those at low shear (Figures 3.16 and 3.17). The experiment run with citrate particles at high shear
with additional HEPES showed significantly lower mean fluorescence intensity compared to without
additional HEPES at 30 minutes and 2 hours (p=0.0164 and 0.0224, respectively), but not at 1 hour (p=
0.0512). Similarly, anti-CD71 particles at high shear with HEPES had a significantly lower mean
fluorescence intensity at 1 and 2 hours (p=0.0485 and 0.0257, respectively) but not at 30 minutes
(p=0.0822). These results suggest that HEPES and the change of pH it enacted had some effect on the
cells’ ability to associate with particles. Whether this effect is caused by a change in binding, uptake, or
inaccurate readings due to dead cells, it is certain that more confidence can be found with the results of
those shear experiments done with additional HEPES because pH remains closer to physiological
conditions.
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5.0 Future Directions
The immediate future for this research would be to confirm the trends using a new batch of
particles and cells. This will allow for greater confidence moving forward with all aspects of this
research. A particle formulation similar to that used in two of three static experiments, and all of the
shear experiments should be used. It would also be ideal to bioconjugate the particles immediately prior
to experimentation, allowing less time for anti-CD71 to alter its form, as this factor may have lent itself
to the inconsistent data produced from anti-CD71 CPSNPs. Finally, placing the cone plate viscometer in
an environment with controlled COx is advised for the future, in order to eliminate the effect of changing
pH on the experiment.
Another future experiment, which may help to elucidate the precise causes of association
change between shear rates, would utilize cells in a monolayer, rather than in suspension. This would
reduce the impact of increased collision rate during increased shear rates. This, in addition to an
experiment to determine the change, if any, of CD71 on the surface of MDA-MB 231 cells under varying
shear rates, would help determine the true effect of increased shear rate on the ability of these cells to
associate with CPSNPs.
Additionally, a quantitative analysis of bound versus uptaken particles would aid substantially in
drawing conclusions about anti-CD71’s ability to more effectively deliver drugs into cells. This could be
accomplished in one of two ways: either by using confocal microscopy with software that allows for
quantitative output or by using a pH sensitive dye that will alter its fluorescence upon entry into the cell,
allowing for an optical measurement of intracellular particles.
Another future area of research that would provide vital information into the value of
bioconjugation of these particles would be to perform another set of experiments similar to those
discussed here. These new experiments would, however, use an alternative, non-breast cancer cell type,
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such as endothelial cells or smooth muscle cells. This would test for the specificity of anti-CD71 to breast
cancer cells, and be a proof of concept for the idea of targeted delivery.
Continuing in the thread of fluorescent particles, one path for this research is as a new cancer
diagnostic. With the use of fluorescent dyes encapsulated in targeted CPSNPs and the ability to image
these dyes, one could use this technology to gain a better image of a tumor. In particular, interest has
been expressed in conjugating these CPSNPs with a different antibody; specifically one that is targeted
to pancreatic cancer and allows these particles to traverse the blood-peritoneal barrier. While this
would require further research to develop such a conjugation, the product would allow doctors to image
and diagnose pancreatic cancer, something that is not easily done.
Another major step for this research is the inclusion of a drug inside the CPSNPs. It can then be
determined if bioconjugation with anti-CD71 will impact the drug delivery capabilities of CPSNPs to
breast cancer cells under shear conditions by monitoring the effect of the drug, whether that effect is
apoptotic or anti-migratory. Possible drugs under consideration are ceramide and docetaxel. Docetaxel
would provide a good control study, as this drug is widely used and studied in human breast cancer
protocols. Ceramide, on the other hand, would provide a good objective, as it is not used due to its
hydrophobic nature and requires the use of the CPSNPs to render it usable.
No matter the drug, a study such as the one in this thesis will be completed, allowing for a
determination of whether or not anti-CD71 increases therapeutic benefit to cells in vitro. The next step
will be to test dosing options. These options will include concentration and separation of doses over
time, and the information yielded from these experiments will provide vital information on the kinetics
of the CPSNP encapsulated drug, to be later used in determining ideal treatment plans for in vivo
studies.
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The long term goal of this research is to create to a new and novel method of treating breast
cancer, and cancer in general, by allowing for targeted and effective delivery of encapsulated drug to
cancer cells. Therefore, the overall trajectory of this research is to lead to in vivo studies of treatment
efficacy, and then eventually the clinical trials involved in testing these particles in humans.
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Appendix A: Experimental Data
Table A.1: Results of first static experiment
Citrate, 2hr Anti-CD71, 2hr Citrate, 4hr Anti-CD71, 4hr
14.91
29.82
19.17
30.89
18.51
26.78
23.5
25.93
18.02
25.69
Mean
17.15
27.43
21.34
28.41
SEM
1.13
1.24
2.17
2.48

Table A.2: Results of second static experiment
Citrate, 2hr Anti-CD71, 2hr Citrate, 4hr Anti-CD71, 4hr
5.19
6.44
7.96
5.67
7.63
6.13
8.34
5.37
6.73
6.36
7.87
Mean
5.41
7.18
6.31
8.06
SEM
0.14
0.45
0.09
0.14

Table A.3: Results of third and final static experiment
Citrate, 1hr Anti-CD71, 1hr Citrate, 2hr Anti-CD71, 2hr
8.35
9.35
7.17
9.5
6.67
10.37
7.26
7.73
7.04
11.08
6.49
8.63
Mean
7.35
10.27
6.97
8.62
SEM
0.51
0.50
0.24
0.51

Table A.4: Results of triple wash
Citrate, 1hr Anti-CD71, 1hr Citrate, 2hr Anti-CD71, 2hr
7.74
10.74
8.28
9.51
7.72
11.27
8.56
9.88
10.09
9.64
Mean
8.42
9.70
8.52
10.55
SEM
0.14
0.19
0.79
0.48
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Table A.5: Low shear experiment (w/o additional HEPES)
Citrate,
Citrate,
Citrate,
Anti-CD71,
30min
1hr
2hr
30min

Mean
SEM

16.31
18.88
17.60
1.29

26.4
21.3
23.85
2.55

45.22
33.43
39.33
5.89

Table A.6: High shear experiment (w/o additional HEPES)
Citrate,
Citrate,
Citrate,
Anti-CD71,
30min
1hr
2hr
30min
120.95
82.32
77.63
83.39
76.81
89.68
127.45
Mean
79.57
83.66
110.60
SEM
2.76
6.03
13.73

Table A.7: Low shear experiment (w/ additional HEPES)
Citrate,
Citrate,
Citrate,
Anti-CD71,
30min
1hr
2hr
30min
30.65
12.88
18.73
28.23
16.13
20.72
28.56
Mean
14.51
19.73
29.15
SEM
1.63
0.99
0.76

Table A.8: High shear experiment (w/ additional HEPES)
Citrate,
Citrate,
Citrate,
Anti-CD71,
30min
1hr
2hr
30min
25
10.95
11.53
22.85
9.39
12.79
19.84
Mean
10.17
12.16
22.56
SEM
0.78
0.63
1.50

Anti-CD71,
1hr
23.71
26.56
25.14
1.43

64.99
63.19
64.09
0.90

Anti-CD71,
1hr
37.92
43.54
40.73
2.81

52.97
61.29
57.13
4.16

Anti-CD71,
1hr
66.8
63.22
65.01
1.79

79.34
74.57
76.96
2.39

Anti-CD71,
1hr
9.87
20.57
15.22
5.35

16.88
14.57
15.73
1.16

Anti-CD71,
2hr
78.11
68.35
61.71
69.39
4.76

Anti-CD71,
2hr
145.64
123.1
90.35
119.70
16.05

Anti-CD71,
2hr
136.75
136
129.8
134.18
2.20

Anti-CD71,
2hr
27.46
22.66
33.24
27.79
3.06
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Table A.9: High shear (anti-CD71) repeat results (w/ HEPES)
30min
1hr
2hr
12.61
7.58
8.28
15.11
9.76
9.38
12.79
Mean
8.67
8.83
13.50
SEM
1.09
0.55
0.81
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