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ABSTRACT

Magnetic nanoparticles (MNPs) were synthesized from Fe’” and Fe*" by the co-
precipitation method. Two nanoparticle surface coatings (gum arabic and sodium citrate)
provided additional functionalization and cell selectivity. The incorporation of surface
modifiers to the synthesized nanoparticles generated three nanoparticle systems from
which the research was based. The physical and chemical properties were determined
with a variety of standard characterization techniques. Upon characterization of the
nanoparticles, in vitro cell culture experiments were conducted. Nanoparticles were
allowed to co-exist with prostate cells for 48 hours under sterile conditions. A range of
iron oxide nanoparticle concentrations (0.5 x 10'°— 50 x 10'° particles/mL) were studied
and compared for their effects on cell viability, intercellular uptake and quantitative
analysis of prostate cell selectivity.

Nanoparticles have a natural tendency to agglomerate; therefore, the addition of
gum arabic as a stabilizing agent provided increased electrostatic repulsion which freely
dispersed the particles and greatly contributed to more stabilized particles in both water
and cell nutrient media. Sodium citrate was an excellent capping agent for nanoparticles
in water but not in serum rich nutrient media. The contents of the media contributed to
the destabilization of the
nanoparticle solution; hence, particle size measurements decreased over time for sodium
citrate coated particles in media as well as non-coated nanoparticles in media, which

Xii



formed larger particles (350 — 375 nm), then gradually fell out of solution. Initial
measurements for sodium citrate MNPs were more than four times greater in media as
compared to stabilized sodium citrate particles in water (160 nm). Non-coated
nanoparticles demonstrated agglomeration in water and size measurements increased to
700nm over the 48 hour period. Despite the degree of particle stability, prostate cells
intracellularly received nanoparticles from each of the three nanoparticle systems.
Cellular encapsulation of iron nanoparticles by prostate cells was demonstrated with
TEM. Iron filing and cell mobility in response to a magnet was captured with video. The
gum arabic nanoparticle system exhibited the highest differential uptake (ratio 6.8) at a
lower nanoparticle concentration (2.5 x 10'). There is possibility of greater specificity

when the size of prostate cancer and normal cells are compared.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Second to heart disease, cancer is the leading cause of death in the United States.
The combined totals for heart disease and cancer account for almost 50% of total reported
U.S. deaths. Among the various types of cancers, prostate cancer is the number one killer
specific to men, with an occurrence just behind lung and tobacco cancer, the primary
killer for both men and women. The current therapies are not adequate treatment for
prostate cancer. They are invasive and occur with high incidence of life changing side
effects, which negatively impact the quality of life. An alternative treatment is required

and the current tools of technology may provide the means for effective treatment.

1.2 Background

1.2.1 Prostate Cancer

The prostate is a gland that is present only in the male anatomy (Figure 1.1) (1).
A normal, healthy prostate is about the size of a walnut. It is located just below the
bladder and in front of the rectum. The primary function of the gland is to control

urination and the



The need to urinate, as it presses directly against the part of the urethra it surrounds. It
participates in production of the fluid composition of semen and physically supports the
urethra (urine tube). In the case of prostate cancer, the gland enlarges (Figure 1.1). The
earlier stages of prostate cancer may not demonstrate any symptoms and is therefore,
best diagnosed with a prostate specific antigen (PSA) test and/or a digital rectal exam
(DRE). Symptoms that may be experienced and denote abnormality include either
slowed/weakened urine flow or increased frequency to urinate. These are symptoms that
are also present in non-cancerous diseases of the prostate such as benign prostatic
hyperplasia (BPH). When prostate cancer is advanced, blood in the urine and erectile
dysfunction may be present. Advanced prostate cancer often spreads to the bones and
causes pain in the hips, back, and ribs. Infected bones of the spine can press on the spinal
cord or its nerves which can result in weakness or numbness in the legs or feet, or even

loss of bladder or bowel control.

A Male Reproductive Tract

Seminal
Vesicles

Normal
Prostate

Rectum

Vas Deferens

Testis

Prostate
Cancer

Scrotum

Epididymis’ Tunica Vaginalis 5 e = kl

Figure 1.1: Images of prostate anatomy (A) male reproductive tract, (B) normal
prostate, (C) prostate cancer



1.2.1.1 Prevalence

Prostate cancer strikes one in six American men. Cancer statistics compiled by the
American Cancer Society, estimates that more than 217,000 men in the United Sates will
be diagnosed with prostate cancer and more than 32,000 men will die from this disease
(2) (3) (4) (5). Unfortunately, non-smoking men are more likely to develop prostate
cancer than colon, bladder, melanoma, lymphoma and kidney cancer. More alarming is
the fact that African American men are affected by prostate cancer at an even higher rate
than other ethnic groups (4) (5) (6) (2) (3). The disease is more prevalent in North
America and northwestern Europe than in Asia and South America. Genetic studies have
shown that 5-10% of prostate cancers are due to familial predispositions, while data from
the Cancer Prevention Study suggests a correlation between development of the disease
to dietary practices (6) (7) (8). Ultimately, the cause of prostate cancer is unknown, and
the prevalence of the disease alone warrants a concentrated effort toward revealing a

solution which will reduce one of the leading causes of death among men

1.2.1.2 Current Therapies

According to the Prostate Cancer Institute, therapy is a “one shot deal” which
means that therapy can be administered once to stop or slow the cancer and will either
work or not work; leading to further attempts of treatment by more aggressive means (6)
(7) (8). To date, prostatectomy (surgical removal of the prostate) and radiation therapy
are the most commonly utilized treatments. Unfortunately, every available therapy is
followed by side effects, some more severe than others. Brachytherapy (radiation) and
cryotherapy (freezing) are minimally invasive treatments that can be applied more than

once. Cryotherapy utilizes ultra thin needles to deliver ice balls at sub zero temperatures.



Ultra sound is used to precisely place the needles and control the size and shape of the ice
balls. This method destroys the entire prostate gland and cancer cells within it.
Cryotherapy can be administered even after failed radiation attempts (6) (7) (8). A few
alternative therapies, such as hormone regulation and anti-angiogenic drugs are in clinical
trials. For example, the ITL Cancer Clinic utilizes immune therapies with the goal of
training the patient’s own immune system to recognize and destroy tumor tissue which is
said to aggressively treat cancer with no side effects (7). Another approach toward
providing an alternative therapy is with anti-angiogenic drugs which are designed to
starve proliferating cancer cells and in fact have demonstrated improved outcomes for
women with breast cancer and colorectal cancer according to the Prostate Cancer

Foundation (5).

1.2.2 Nanobiotechnology

Nanobiotechnology refers to materials in the nano-scale range that are
manufactured for use as tools in biologically related environments or situations to address
health based concerns, utilizing technical processes. Although dimensional
measurements in the nano-scale range are 10” meters, nanoparticles for cellular
applications are usually utilized in the 1-100 nm range. In addition to size, the intrinsic
properties of particular materials that can be created and utilized in the nano-size range

make nanoparticles attractive tools for solving biological challenges.

1.2.2.1 Biomedical Applications of Magnetic Nanoparticles

Areas of biological interest which require technological intervention exist in the
administration of drugs, separation of materials, diagnosis, and treatment. In the scope of
treatment, communication with biological cells is inevitable. Nanosized particles are

4



ideally appropriate in size for entrance into most micron-sized cells. The cell membrane
however is a very good guard for protection of the intra-cellular matter. The size, shape,
charge/electrophoretic mobility and surface functional groups are parameters that
determine the biocompatibility and acceptance of foreign materials by biological systems.
The targeting approach for evoking the desired biological response must be designed
based upon the intended reaction between the cell and nanoparticle at contact or
thereafter. The result may be a measureable structural or chemical conformational
change within the cell, a fluorescent indicator for visual or quantitative analysis, the
ability to quantify cellular uptake of magnetic material, or the ability the affect the fate of
the cell by controlling the overall temperature of the cell. Surface modification of
nanoparticles result in a “call and response” phenomena, for example magnetic
interaction can result in mobile particles (delivery systems) or temperature sensitive
particles (for activation or destruction). In many cases fluorescent molecules have direct
interaction with the surface of nanoparticles for the purpose of visual analysis or imaging
of static and dynamic molecules of interest.

Wei and coworkers synthesized PEI coated magnetic iron oxide particles for use
as gene vectors. It was shown that these 100 nm coated nanoparticles could bind and
condense DNA, in addition to expressing green fluorescent proteins (10). Utilization of
nanoparticles as delivery systems for therapeutic agents or for delivery of stem cells is
currently under investigation. The Baker group has synthesized PAMAM dendrimer-
based nanoparticles for drug delivery. Binding avidity was measured and found to be
greatly enhanced. Although rates of cellular internalization remained unchanged, the

binding avidity was increased by 5 orders of magnitude. The authors stated the



importance of residence time as compared to binding followed by enhanced rate of
endocytosis. From their experimental analysis, the principles of multivalency can be
effectively applied to synthesize targeted chemotherapies for in vivo studies (10).
Another interest for nanoparticle use is cell activation or cell destruction which requires
precise targeting techniques. Surface alteration of nanoparticles must be attractive to the
cells of interest for homing and ultimate association in vivo. Kettering and co workers
selectively accumulated nanoparticles onto human adenocarcinoma cells and applied an
alternating magnetic field in order to destroy them (11). The current research will
consider a similar approach to abolish human prostate cancer cells. The application of
nanoparticles to biomedical systems offers a marriage of technology, termed
nanobiotechnology, and a potential therapy which has shown promise toward impacting

lives which may have otherwise been lost.

1.2.2.2 Properties of Magnetite Nanoparticles

Magnetite is a well known ferrimagnetic material, but was considered
ferromagnetic until the1940’s when Néel provided the theoretical framework for
understanding ferrimagnetism In either case, when of the particle size of these materials
are reduced below a certain size, the surface energy provides a sufficient energy for
domains to spontaneously flip or change polarization directions because they exist as
single domain. The critical size where monodomain structures generally occur exist
between 10 — 100 nm, but is actually specific to the material. For magnetite, the critical
size is about 70 nm. In the presence of an applied magnetic field, the particle moment

changes, and is described by either Néel relaxation or Brownian relaxation.



The magnetization behavior of a collection of monodisperse superparamagnetic

particles in an applied field can be described using the Langevin function:

M(H):Ms(coth(%j—;—;j [eqn 1.1]

where M is the saturation magnetization, g is the particle moment, H is the applied field,
k is Boltzmann’s constant, and T is the absolute temperature (2). Collections, clusters or
agglomerated nannoparticles of superparamagnetic particles exhibit saturation
magnetizations that are comparable to yet smaller than those of the corresponding bulk

material.

1.2.2.3 Hypothesis and Specific Aims

Aim I: Generate surface modified magnetic magnetite nanoparticles

Hypothesis: The wet chemistry approach, specifically co-precipitation with ammonium
hydroxide will result in superparamagnetic magnitite nanoparticles with consistent

chemical and physical characteristics.

Aim II: Characterize the physical, chemical and magnetic properties of synthesized

magnetite nanoparticles

Hypothesis: The addition of surface modifiers, such as sodium citrate and gum arabic
will decrease agglomeration, increase colloid stability, and have a negligible effect on the

magnetic properties of the nanoparticles in aqueous solution.



Aim III: Demonstrate the uptake of surface modified iron nanoparticles within prostate
cells in different cell nutrient media concentrations and evaluate their effects on cell

viability

Hypothesis: The rate of magnetite nanoparticle encapsulation by prostate cells is
increased when the surface of nanoparticles is made more attractive with sodium citrate
or gum Arabic, therefore enhanced uptake will be observed as compared to non coated

nanoparticles and cell viability will not be negatively impacted.

Aim IV: Quantify the uptake of surface modified magnetite nanoparticles within prostate
cells which have been exposed to various concentrations of nanoparticles

Hypothesis: Prostate cells exposed to magnetite nanoparticles at higher concentrations
will enable greater cellular uptake, while lower concentrations will not allow sufficient

uptake for therapeutic effectiveness.



CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF MAGNETITE
NANOPARTICLES

2.1 Abstract

Magnetite nanoparticles were chemically synthesized by the co-precipitation
method. From the stock material of the nanoparticles, three experimental types of
magnetite nanoparticles were investigated; non-coated (NC), sodium citrate coated (SC),
and gum arabic coated (GA). Upon characterization of the magnetic nanoparticles
(MNP’s), positive identification of the material and its quantitative amount was achieved
with spectrophotofluorimetry Inductively Coupled Plasma-Atomic Emission (ICP-AE)
via an external source, which confirmed the material as iron. Further elemental analysis
was conducted with Energy Dispersive X-ray Spectroscopy (EDS). The hydrodynamic
diameters were obtained with a Malvern Zetasizer, while the particle size (dry mass) was
determined by Transmission Electron Microscopy (TEM), Atomic Force Microscopy
(AFM), and Vibrating Sample Magnetometry (VSM). From the size determination, the
concentration of mnp’s in the stock solution was calculated and the working
concentrations were extrapolated. The colloid stability was evaluated with the
combination of analytical methods. Temporal measurements of nanoparticle light
scattering were accessed with a Fluorescence
Spectrophotometer, while temporal size measurements were collected with the Malvern

Zetasizer. In addition, particles size distribution information obtained at the same time

9



with the Malvern Zetasizer contributed to the analysis of colloid stability. The degree of
magnetization also contributed to the characterization of MNP’s, which was accessed

with VSM. The three experimental types of nanoparticles responded differently in water
versus cell nutrient media (RPMI 1640). The hydrodynamic diameters, degree of colloid

stability and level of magnetization are discussed in this chapter.

2.2 Introduction

Synthesis and characterization of a material for experimentation is required for
analysis and comprehension of the results. The material composition, physical, chemical,
and magnetic properties of iron oxide nanoparticle must be determined in order to move
forward and incorporate non-biological material with human biological materials. The
size, surface morphology, and chemical composition are important concerns when micron
sized human cells are expected to receive an unfamiliar material through its cell
membrane into the cytosol. The surface morphology and the chemical composition of the
nanoparticle surface are huge determinants for acceptance into human cells. The addition
of functional agents on the surface of nanoparticles, such as sodium citrate and gum
arabic requires further analysis, since the surface modification alters the size, surface
morphology, colloidal stability, and magnetic properties. Quantification of the adherent
surface material to the nanoparticle should also be determined. The effect of the
functionalizing agents on the health of the cell must be known before continuing to the
next step of the work. For this reason, material characterization is mandatory. An
additional parameter to consider is the unique characteristic of magnetite, which is the
fact that it is a magnetic material. The expected result of this work relies upon the

density of magnetic material that each prostate cell will allow into its environment. The
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killing mechanism by hyperthermia is dependent upon this density, along with the
parameters for adjustment of the magnetic field. Characterization of the nanoparticles

before interaction with the nanoparticles

2.2.1 Co-Precipitation Technique

There are many techniques for synthesis of nanoparticles (13) (14) (15) (16) (17).
The method of synthesis employed for the production of superparamagnetic magnetite
nanoparticles is a well known bottom up approach termed co-precipitation. The 2:1
molar ratio of ferric to ferrous chloride, in the presence of aqueous ammonium hydroxide
formed magnetite. The aqueous ammonium hydroxide in water served as the reducing
agent (electron rich) which donated electrons to reduce the oxidation state of the metal
ions (electron poor). In the process, ionic bonding between the iron and chloride
molecules of the iron salts (FeCl, and FeCl;) was dissociated and the precipitation
reaction caused the chloride ions to bind with the ammonium of the original ammonium
hydroxide while the oxygen contributed to the development of FeO and Fe,Os. The two
oxidation states of iron (Fe*" and Fe’") provide the appropriate number of binding sites
for the formation of the two part magnetite complex composed of wusitite and hematite.
A typical reaction scheme is shown in Equation 2.1.

2 FeClz;+ 1 FeCl,+ 8 NH3 +4 H,O (1 Fe;04 + 8 NH4Cl [Eqn 2.1]

Magnetite has a cubic inverse spinel crystal structure and a schematic representation is

shown in Figure 2.1 (18) (19) (20).
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Figure 2.1: Base structure of magnetite; cubic inverse spinel.

2.2.2 Characterization Techniques

Several techniques have been utilized for nanoparticle characterization. Size,
morphology (i.e. shape and structure), and colloidal stability have been determined with
dynamic light scattering, various spectrophotometric techniques, such as energy
dispersive x-ray spectroscopy, x-ray diffraction (XRD), and x-ray photo electron
spectroscopy (XPS). Magnetic property information on nanoparticles alone typically
utilize techniques such as Mossbauer, vibrating sample or squid magnetometry.
Characterization of nanoparticles with or within human biological cells have made use of
scanning electron microscopy, transmission electron microscopy, Fourier transform
infrared spectroscopy (FTIR), XPS, XRD, magnetophoresis, and magnetic force

microscopy.

2.3 Materials and Methods

2.3.1 Method of Synthesis for Magnetite Nanoparticles
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Magnetite was utilized as the base material for the superparamagnetic iron oxide
nanoparticles (SPION) in the form of non-coated MNPs. A stock solution of magnetite
MNPs was synthesized in aqueous solution and aliquots were measured for preparation of
surface modified magnetite nanoparticles. The methods given below describe the

nanoparticles synthesis utilized in the experiments of this entire work.

Add 1to 2

1 = FeCl, + FeCl; (aq)

2 = NH,0H +H,0 Set stir plate to stir quickly, no heat

Figure 2.2: Schematic Set Up of Magnetite Nanoparticle Synthesis

2.3.1.1 Non-Coated Magnetite Nanoparticles

SPION were synthesized by co-precipitation of FeCl; and FeCl, (Fischer
Scientific Fairlawn, NJ) in a 2:1 molar ratio. Iron salts and de-ionized water (20 mL)
were stirred in Nalgene polycarbonate containers with a Teflon coated stir bar until
completely dissolved (approximately 20 minutes). At the same time a dilute ammonium
hydroxide solution, which contained 15 mL of NH4OH and 65 mL of de-ionized water

was prepared in a similar container and allowed to stir about 5 minutes. The 20 mL
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mixture of iron salts were then quickly poured into 80 mL of ammonium hydroxide
solution. The container was covered as the 100mL alkaline solution stirred at high speed
for 1 hour to create naked magnetite nanoparticles. The resulting mixture was a deep
brown almost black solution with a slightly acidic pH of 5.94, this iron oxide nanoparticle
solution was poured into plastic 50 mL centrifuge tubes, then ultra centrifuged for 10
minutes at 10,000 rpm. The supernatant was decanted and discarded. Fresh de-ionized
water was used as a medium to re-suspend the pelleted nanoparticles as they were
sonicated, (Fisher Scientific, New Jersey, USA). Centrifigation and sonication were
serially repeated until the nanoparticles were washed free of chloride ions. The length of
time required for each step increased as the nanoparticles became free of extraneous
material. Centrifugation cycles reached 1 hour and speeds up to 20,000 rpm, 10°C.
Sonication was aided with vortexing to help disrupt the pellet. One molar silver nitrate
was prepared in water and dropped into the supernatant received from ultra-
centrifugation of the nanoparticles. A cloudy precipitate formed in the presence of
chloride ions. This step for material purification was repeated until no precipitate was
formed. The particles were re-dispersed in ultra pure water and placed in a 4°C
refrigerator for storage. Surface modification of naked magnetite nanoparticles occured
post synthesis. Gum arabic and sodium citrate were materials applied post synthesis as

agents for colloid stability.

2.3.1.2 Gum Arabic Coated Magnetite Nanoparticles

Gum arabic (GA) was utilized as a 10% weight to volume solution; and was
prepared upon dissolving 1 gram of gum arabic in 9 mL of de-ionized water. This

solution was stirred for about 30 minutes, until the gum arabic was completely dissolved,
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then sonicated for 10 minutes. To avoid contamination, the gum arabic solution was
sterile filtered with a 0.22 micron filter. One milliliter of the nanoparticle stock solution
was dried and weighed. The weight of 1 mL of nanoparticles was equivalent to 0.035
gram. Utilizing a previously determined relationship for calculation of the amount of
gum arabic required for 1 g of nanoparticles, (0.2 g gum arabic : 1g SPION) and the
weight of the nanoparticle stock solution per mL, it was found that 70 pL of the 10 wt%
gum arabic solution was required for every 1 mL of SPION. From the nanoparticle stock
solution 5 mL was obtained, and 350 pL of the gum arabic solution was added. This
formulation was sonicated for 30 minutes and referred to as the working solution.
Dilutions from the working solution created the various concentrations utilized for the

experiments of this research.

2.3.1.3 Sodium Citrate Coated Magnetite Nanoparticles

The nanoparticles utilized for the production of sodium citrate coated
nanoparticles were obtained from the synthesized stock solution of SPION. A 1.5 molar
solution of sodium citrate was prepared (5g in 10 mL water). The ratio of sodium citrate
(stabilizing agent) to SPION was 62.5 pL in 5 mL of SPION (1.25 wt%) to form a more
colloid stable solution. This combination was sonicated for 10 minutes at room
temperature (25°C). The resulting nanoparticles were referred to as the working solution
of sodium citrate coated magnetic nanoparticles; while dilutions of the working solution
were used for experiments. The dilutions were made with Millipore water. The

concentrations of interest were created as follows:
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mnp stock RPMI media Final Concentration

5mL 5mL 50x10°

| mL 9 mL 10x10°°

750 L + 9.250 mL - 7.5x10°

500 L 9.500 mL 5x10°

250 ulL 9.750 mL 2.5x10°

100 ul 9.900 mL 0.1x 10"

50 uL 9.950 mL 0.5x 10"

Figure 2. 3: Formulation for a 10 mL volume of magnetite nanoparticles in media

2.3.2 Analytical Methods for Characterization of Magnetic Magnetite
Nanoparticles

2.3.2.1 Spectrophotofluorimetry Inductively Coupled Plasma-Atomic Emission
(ICP-AE)

The ICP method was utilized to determine compound composition of the material
contained in a water based solution which contained non-coated magnetite nanoparticles.
Four individual preparations of 100 mL were prepared. One milliliter of nanoparticles
was added to 100 mL of ultra pure water. Four 100 mL volume replicates of
nanoparticles in water were sent out for external analysis by Microbac Laboratories in
Baltimore, MD. The iron in solution was first digested, and then measured by ICP. The

resultant iron concentration provided by Microbac was expressed in gram per liter.

2.3.2.2 Energy Dispersive X-Ray Spectroscopy (EDS)

Positive identification of the synthesized SPION material was achieved by EDS.
This chemical microanalysis technique was performed in conjunction with the scanning
electron microscope (SEM). X-rays are emitted from the surface of the unknown

material as electrons from the electron beam bombard the surface. The emitted x-rays
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versus the resultant energy were measured by the EDS detector to evaluate and determine

the qualitative and relative quantitative elemental composition of the unknown specimen.

2.3.2.3 Size Measurements of Magnetite Nanoparticles in Liquid Phase by Light
Scattering

The Malvern Zetasizer Nanoseries nano-zs was used to obtain size measurements
of magnetite nanoparticles in aqueous medium. This instrument, obtains size information
by eliciting the intrinsic properties of particles dispersed in a liquid to exhibit Brownian
motion. The extent to which particles move in a liquid is also dependent on the size of the
particles, where, larger particles will move slower than smaller particles. Henceforth,
utilizing this information coupled with its relationship to a time-dependent diffusion
speed, particle size information can be accurately determined within reasonable error (+/-
3 nm). Utilizing this analytical technique, surface modified nanoparticles dispersed in
two different liquid mediums were investigated, specifically; nanoparticles in de-ionized
water and in Roswell Park Memorial Institute (RPMI 1640) media. These investigations
allowed for the determination of the physical and chemical changes that the magnetic
nanoparticles undergo when its surface is modified, and also when it is placed in a
cellular environment. It is hypothesized that the surface coating on the nanoparticles
dispersed in aqueous solutions will affect the size of the particles, which will have a

direct correlation to the colloid stability of the nanoparticles.

2.3.2.4 Colloid Stability of Magnetite Nanoparticles by Resonance Light Scattering
The Hitachi F-7000 Fluorescence Spectrophotometer was utilized to measure the
intensity and the wavelength distribution of the light emitted as it interacted with the

aqueously dispersed magnetic nanoparticles. The particular fluorescence
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spectrophotometer utilized for experimental analysis was equipped with an emission
detector positioned at an angle 90° to the excitation pathway. For this type of analysis, an
excitation emission matrix (EEM) was obtained in order to determine the region of
enhanced Rayleigh scattering (Resonance Scattering). This wavelength was then used to
analyze the physical and chemical stability of the nanoparticles over a period of 12 hours,

for particles dispersed in water and 48 hours for particles dispersed in media.
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Figure 2.4: Excitation Emission Matrix (EEM) of non-coated magnetite
nanoparticles, excitation at 550nm

The Hitachi F7000 fluorescence spectrophotometer utilized for the light scattering
experiments offers a unique feature which contributes to the sensitivity and precision in
measurements. The emission monochromator is placed 90° with respect to the incident
light. This arrangement ensures that the energy detected is that from the fluorescing
particle and not of the light source or any other variable. The explanation above
describes the nephelometer capability and approach utilized for the light scattering

experimentation
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Figure 2.5: Schematic Design of the Hitachi F7000 spectrophotometer optical
system.
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Figure 2.6: Configuration of a Simplified Fluorometer
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2.3.2.5 Visual Inspection of Size and Shape of Magnetite Nanoparticles

2.3.2.5.1 Transmission Electron Microscopy (TEM)

TEM is a widely used technique for visual analysis of nano- to micro- scaled
materials. Thin copper grids are required for the best clarity. A dilute solution of
nanoparticles was dropped on the grid. After the sample was dried at room temperature,
it was placed in the vacuum chamber of the TEM. Electrons pass through the material of
interest which are then magnified and focused by an objective lens. The image is

displayed on a monitor, which can then be photographed and printed for review.

2.3.2.5.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a spectrophotometric technique which provides
high resolution three dimensional images of an objects surface morphology. A high
intensity electron beam moves across the sample surface which causes it to emit
secondary electrons. A resulting pattern produces a three-dimensional image on the
screen of a cathode-ray tube. Dilute concentrations of nanoparticle solutions were
allowed to dry on clean, smooth silicon wafer chips. A pure titanium sample was used to
standardize and calibrate the SEM before making measurements on the nanoparticles of

interest.

2.3.2.5.3 Atomic Force Microscopy (AFM)
The Agilent 5500 with AC mode III module and 10 micron scanner was utilized.
Topography of the nanoparticle surfaces was imaged with a SiNi tip in contrast mode.

Scan sizes ranged from .2 to 1.5 microns. Three dimensional size and shape information
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can normally be obtained. Dilute concentrations of nanoparticles were allowed to dry on

smooth glass cover slips in an effort to reveal individual dispersions of nanoparticles

2.3.2.6 Magnetic Properties of Synthesized Magnetite Nanoparticles

A vibrating sample magnetometer was utilized to evaluate the magnetic
susceptibility and to determine the size of synthesized magnetite nanoparticles (dry
weight). Nanoparticle samples from the stock solutoin were dried at room temperature
for at least 48 hours. Two milliliters of nanoparticle solution was placed onto a glass
slide. Each sample was scraped from the glass slide with the edge of a clean glass slide.
The sample was placed into a sample holder and weighed before it was positioned in the
sample chamber of the VSM. The magnetic field was set at 50000e. Data collection and

computation was conducted with a computer interface.

2.4 Results and Discussion

2.4.1 Spectrophotofluorimetry Inductively Coupled Plasma-Atomic Emission

(ICP-AE)

Spectrophotofluorimetry inductively coupled plasma-atomic emission provided
the material content of the synthesized iron magnetic nanoparticles (non-coated). Five
samples from the stock solution was analyzed and averaged. Two separate batches of
nanoparticles were prepared on two different occasions. The material content and
concentrations were consistent. The actual values of the batches are present in Table 1.2.
The concentration of iron in 1 mL of magnetic nanoparticles was approximately 160 mg

as determined among the four samples.
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Iron Concentrations mg/mL
Batch 1 Batch 2
Sample 1 160 160
Sample 2 160 150
Sample 3 150 160
Sample 4 160 160
Avg 157.5 157.5

Table 2.1: Iron concentrations of synthesized magnetic nanoparticles

The actual iron concentration was determined as 157.5 mg/L. The iron
concentration value was rounded up to 160 mg/mL and utilized to calculate the magnetite
nanoparticle concentration of the stock solution. The computations can be found in the
appendix. The co-precipitation method yielded 209.69 mg of magnetite in 1 mL of

nanoparticle stock solution, and 7.77 x 10'® particles/mL.

2.4.2 Energy Dispersive X-Ray Spectroscopy Analysis (EDS)

Energy Dispersive X-Ray Spectroscopy is a semi-quantitative analysis which
identifies the elemental components of a sample by atomic and weight percent. The non-
coated MNPs were considered the base material. The characteristic peaks which identify
the elements, iron and oxygen, were results of the EDS analysis and this information in
the appropriate ratio confirmed the core material of the nanoparticles as magnetite. The
atomic percents should agree with the ratios for magnetite, Fe;O4. If the nanoparticles
were pure magnetite the atomic percents would be 3/7 = 43% for iron and 4/7 = 57% for

oxygen.
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Based on the atomic percents for the non coated nanoparticles,as seen in Figure
2.7, it was revealed that more oxygen was present, therefore,the nanoparticles became
oxidized when they were exposed to the air. The ratios however for iron (31.61%) and
for oxygen (68.39%) are relatively close to that for magnetite. The EDS analysis
qualitatively identified the elements present in the nanoparticles and quantitatively

confirmed them as magnetite.
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Figure 2.7: EDS analysis of non-coated magnetic nanoparticles (A) showing, (B) the

elemental analysis and (C), the compositional distribution

The other two nanoparticle systems demonstrated the material as magnetite, but

also revealed the presence of the additional surface material, as seen in Figures 2.8 and

2.9. Sodium contributed to the elemental composition (8.21%) of the sodium citrate

nanoparticle system, while iron and oxygen were also present in the appropriate

relationship for magnetite characterization
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Figure 2.8: EDS analysis of sodium citrate coated magnetic nanoparticles (A),
showing, (B) the elemental analysis and (C) the compositional distribution

The gum arabic nanoparticle system is composed of organic material which would be
detected as carbon in the EDS system; however, it was not identified as carbon most
likely because our system was not able to detect it. The iron and oxygen composition
was well represented as elements in proportion for the description of magnetite. Figure
2.10 revealed the atomic percentages for gum arabic, iron at48.28% and oxygen at
51.72%. These values correlate well with the atomic percentages for magnetite, iron

(43%) and oxygen (57%).
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Figure 2.9: EDS analysis of gum arabic coated magnetic nanoparticles (A), showing
(B) the elemental analysis and (C), the compositional distribution

2.4.3 Size Determination of Synthesized Magnetite Nanoparticles

2.4.3.1 Size Measurements by TEM

The transmission electron micrograph revealed clusters of fine round shaped particles.

The prepared particles were non-coated, which may be the cause of the clustering.

Smaller to individually sized particles were also visible in the micrograph, however there

seemed to be a
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range of nano-sized particles. Preparation of the sample for TEM did not involve

sonication before application to the grid.

Figure 2.10: TEM of non-coated MNP’s at 20,000X

2.4.3.2 Size Measurements by Scanning Electron Microscopy (SEM)

SEM was achieved with the Hitachi S-4700 and a GBC CCTV camera. The MNP
surfaces were scanned and viewed at high magnification (10,000 — 500,000X). Particle

size and shape was observed. Rounded nanoparticles approximately 20 — 30 nm were
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captured. Larger particles were present, however particles smaller than 20 nm were

difficult to resolve.
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13,0kV 10.6mm x50.0k

Figure 2.11: SEM of non-coated MNPs at 50,000X

13.0kV 10.6mm x500k

Figure 2.12: SEM of non-coated MNPs at 500,000X
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20.0kV 10.5mm x50.0k

Figure 2.13: SEM of gum arabic coated MNPs at 50,000X

20.0kV 10.5mm x500k

Figure 2.14: SEM of gum arabic coated MNP at 500,000X
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Figure 2.15: SEM of sodium citrate coated MNPs at 50,000X

13.0kV 10.5mm x500k

Figure 2.16: SEM of sodium citrate coated MNPs at 500,000X
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2.4.3.2.1 Nanoparticle Size Distribution

A scanning electron micrograph from each nanoparticle system was analyzed by
Scandium image analysis software, manufactured by Olympus. The various sizes of
particles present were obtained and plotted. The average particle size for each system

was calculated.
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Figure 2.17: SEM of non-coated mnp at 10,000X
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Figure 2.18: Particle cluster size distribution of non coated nanoparticles
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Figure 2.19: SEM of GA coated MNPs at 10,000X
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Figure 2.20: Particle cluster size distribution of gum arabic coated nanoparticles

Diluted nanoparticle aliquots were obtained from water solutions and allowed to

dry. The average particle cluster sizes resembled the trend observed for the
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hydrodynamic diameter of nanoparticles. The non coated nanoparticles had an average

particle size of

Figure 2.21: SEM of sodium citrate coated mnp at 10,000X
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Figure 2.22: Particle cluster size distribution of sodium citrate coated nanoparticles
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90 nm, while the gum arabic coated nanoparticles were 80 nm and sodium citrate coated
nanoparticles averaged 45 nm. The effect of sodium citrate on the size and stability of

nanoparticles in water was clearly demonstrated.

2.4.3.3 Size Measurements by AFM

Nanoparticle size measurements with the Agilent 5500 PicoPlus AFM revealed
particle sizes as small as 20nm. Non-coated MNP’s exhibited a high degree of
agglomeration, and in Figure 2.23 clustering of many smaller sized particles can be seen;

however, individual particle sizes could not be deciphered from this tight interaction.

Figure 2.23: AFM of non-coated MNP’s
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Figure 2.24: AFM of a 50 nm gum arabic coated MNP
A 50 nm gum arabic coated nanoparticle was clearly shown by AFM in Figure 2.24,
while sodium citrate coated nanoparticles of the same size were captured by AFM in
Figure 2.25. As a secondary source for size measurements of nanoparticles, AFM

confirmed the size measurements obtained by SEM.

263 nm

200 nm

0.16 nm

Figure 2.25: AFM of sodium citrate coated MNP's
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2.4.3.4 Hydrodynamic Diameter Measurements in water and media by Malvern
Zetasizer

The hydrodynamic diameters of surface modified magnetite nanoparticles dispersed in
water were compared to the hydrodynamic diameters of particles under the same
treatment conditions dispersed in cell nutrient media. Three sample groups were
analyzed based on the surface characteristics of the nanoparticles with the following
capping agents, non-coated (NC), sodium citrate (SC), and gum arabic (GA). The
numerical values of the hydrodynamic diameters are provided in tables below, while the

change in diameter over time is displayed in graphs below.

NC Magnetite Nanoparticles in Water
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Figure 2.26: Size measurements over time of non-coated magnetite nanoparticles in
water
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SC Coated Magnetite Nanoparticlesin Water
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Figure 2.27: Size measurements of sodium citrate coated magnetite nanoparticles in
water

GA Coated Magnetite Nanoparticles in Water

300.0 i~
250.0 u u u

~=200.0

BGA

nm

~150.0

Size

100.0

50.0

0.0

0 5 10 15
Time (hr)

Figure 2.28: Size measurements over time of gum arabic coated magnetite
nanoparticles in water

The impact of stabilizing agents, gum arabic and sodium citrate on MNP size in
water versus cell nutrient media was investigated. The average hydrodynamic diameters
for non-coated MNP over a 12 hour time period ranged from 564 to 708 nm. The size
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range of gum arabic coated MNP was minimal, 280 to 258 nm. The largest particles
were evident at the start of the analysis and the particle size quickly began to stabilize to
approximately 258 nm after 12 hours. The SC-coated MNP remained stable during the
same time period. Deviation between 167 nm and 161 nm supports sodium citrate as the

better stabilizer in water as compared to gum arabic and non-coated MNPs.

The same particles dispersed in cell nutrient media exhibited a different
phenomenon. The smaller more stable SC-coated MNPs became the larger and more
unstable system, which ranged in size from 730 nm to 360 nm. The non-coated MNPs in
RPMI decreased in size, and ranged from 379 nm to 288 nm. The sodium citrate and
non-coated MNP cell nutrient media systems demonstrated a flipped behavior as
compared to the same particles solvated in water. The hydrodynamic diameter of gum
arabic coated MNPs in RPMI did not deviate much from the gum arabic coated MNPs in
water, but actually showed a slight decrease in size. The hydrodynamic diameter ranged

from 264 nm to 229 nm.

NC Coated Magnetite Nanoparticles in RPMI
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Figure 2.29: Size measurements over time of non-coated magnetite nanoparticles in
media
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Figure 2.30: Size measurements over time of sodium citrate coated magnetite
nanoparticles in media
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Figure 2.31: Size measurements over time of gum arabic coated magnetite
nanoparticles in media
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2.4.4 Colloid Stability of Magnetite Nanoparticles in Water vs. Media

In order to accurately report the physical and chemical changes that magnetite
nanoparticles undergo in solution over time, stability investigations were conducted in
concert with size measurements. Two analytical techniques, specifically by
spectrophotometric analysis were simultaneously conducted, (1) temporal change in the
resonance light scattering is capable of capturing minuscule changes in the physical and
chemical nature of the nanoparticles and (2) size distribution of particles over time.
Additionally, the volumetric distribution of the average particle size was chosen as the
phenomenon of interest because this type of analysis provided a more detailed and
accurate depiction of the polydispersity of the colloidal system than an intensity
distribution of the average particles size.

The positioning of the emission detector 90° from the excitation pathway avoids
the detection of incidence light and allows the analysis of the scattered light via the
defined Rayleigh phenomenon. Using this approach, when a particular wavelength of
light is exposed to the colloidal solution, Rayleigh scattering occurs depending on the
concentration of the analyte. However, within a specific wavelength range, enhanced
scattering occurs. This enhancement in scattering behaves linearly with the concentration
of particles/analyte in solution. Based upon the size of the nanoparticles of interest,
Rayleigh scattering best describes the scatter behavior of the nanoparticle systems of this

work

2441 Inwater
The non coated magnetite nanoparticles showed evidence of self assembly in the

absence of stabilizing agents. This phenomenon has been well documented among
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magnetic nanoparticles. The difference in stable and non-stable dispersions can be seen
in Figure 2.32 where sodium citrate coated MNPs provide a dark colored solution (A),
while the other two MNP systems had deviated (B) and (C). The lighter colored (GA
MNPs) to almost clear (NC MNPs) aqueous mediums depict particles which were falling

out of solution.

Figure 2.32: Colloidal stability of magnetite nanoparticles in water after 18 hours.
(A) sodium citrate coated MNP, (B) gum arabic coated MNP, and (C) non-coated
MNP

2.4.4.1.1 Non-Coated MNP’s in Water

Upon investigation of the colloidal stability of the non-coated nanoparticles in
water, a general increase in the particle size distribution was noted over a period of 12
hours. Analysis of the data obtained from the resonance light scattering of these
particles, depicted an initial increase in scattering intensity for the initial 20 hrs. This
phenomenon, when observed for a further 24 hrs showed a subsequent decrease in
scattering intensity. This scattering trend is typical for multi-dispersed colloidal systems.

In these systems, particles of multiple sizes exist. Therefore, as the particles interact with
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incident light, a large degree of backscattering occurs because of inter-mingling among
larger particles and smaller particles, thus decreasing the amount of detected scattered
light. However, as time progresses, the generally less stable larger particles precipitate
from the colloidal matrix leaving the smaller, more stable particles in suspension. The
smaller particles were then able to exhibit the well documented linear dependence of
scatter intensity with particle size. These observations were further corroborated via
analysis of the volumetric distribution of aqueous dispersed non-coated magnetite
particles. These data depicted an overall tri-modal distribution pattern with three distinct
particle size ranges; 580 nm, 5400 nm, and 94 nm over a 12 hour time period. However,
during this time period a general decrease in the percentage of larger particles was
observed. Extrapolation of the particle size data would lead to the conclusion that as time
progresses, the percentage of larger particles in the colloidal matrix would tend to zero, as
they would eventually precipitate from solution (as seen in Figure 2.34). This hypothesis
is corroborated by the extended light scattering analysis which indicated an initial
increase and a subsequent decrease in light scattering. These two phenomenon represent
the initial precipitation of larger particles followed by the general destabilization of the

entire system respectively.

44



NC Magnetite Nanoparticles in Water
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Figure 2.33: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of non-coated magnetite nanoparticles in water.

45




Particle Size Distribution (PSD)
NC, water
diameter| vol% time
peakl 580.7 70 0
peak2 5680 23.2
peak3 94.89 6.8
peakl 600.2 80.3 3
peak2 5005 19.7
peak3 0 0
peakl 615 68.6 6
peak2 5024 27
peak3 129.8 4.4
peakl 601.4 68 9
peak2 4923 32
peak3 0 0
peakl 564.4 72.4 12
peak2 5040 27.6
peak3 0 0

Table 2.2: Particle size distribution by volume of non-coated magnetic nanoparticles

in water.

2.4.4.1.2 Gum Arabic Coated MNP’s in Water

The hydrodynamic diameters of gum arabic coated MNPs did not fluctuate much,
and the particle size distribution can be described as bi-modal. Two different size
categories were present, however the volume percent for the larger size particles
gradually decreased to 2.5% over the 24 hour period. The smaller particles became the

majority. The light scattering curve depicts the dynamic change in particle size which
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was observed by the detector. The greater quantities of larger particles were present at
the start of the analysis and their impact was manifested in the descending light scattering
curve as seen in Figure 2.34. The negative sloping trend represented the increase in
population of smaller particles in solution, since larger particles scatter more light than

smaller particles.
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Figure 2.34: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of gum arabic coated magnetite nanoparticles in water.
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Particle Size Distribution (PSD)
GA, water
diameter | vol% time

peakl 309.1 82.9 0
peak?2 121 17.1

peak3 0 0

peakl 265.9 82.9 4
peak? 4825 17.1

peak3 0 0

peakl 254 68.9 8
peak? 680.7 31.1

peak3 0 0

peakl 364.7 78 12
peak? 148.6 22

peak3 0 0

Table 2.3: Particle size distribution by volume of gum arabic coated magnetic
nanoparticles in water.
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2.4.4.1.3 Sodium Citrate Coated MNP’s in Water
The sodium citrate MNPs consistently provided hydrodynamic diameters within
160 — 167 nm. The light scattering data complimented the trend of consistency, without

much deviation. The particle size distribution also supports a fairly uniform system.
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Figure 2.35: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of sodium citrate coated magnetite nanoparticles in water.
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Particle Size Distribution (PSD)
SC, water
diameter] vol% time

peak 184.5 95 0
peak 4771 5
peak 0 0
peak 192.5 100 3
peak 0 0
peak 0 0
peak 212.6 70.1 6
peak 52.56 29.9
peak 0 0
peak 191.2 100 9
peak 0 0
peak 0 0
peak 182.1 100 12
peak 0 0
peak 0 0

Table 2.4: Particle size distribution by volume of sodium citrate coated magnetic
nanoparticles in water.

50



2.4.4.2 InRPMI

The six well plates displayed in Figure 2.36 contained prostate cancer cells (du-
145) which were exposed to various concentrations (50, 10, 7.5, 5, 2.5) x10'® of MNP’s
for 48 hours. The degree of opaqueness or color variability corresponding to the
concentration of MNP’s in RPMI media, and the colloidal stability can be observed in

Figure 2.36. Normal prostate cells were treated in the same fashion.

DU-145 cells, media DU-145 cells, media DU-145 cells, media
with SC coated MNPs i | with non coated MNPs i with GA coated MNPs

Figure 2.36: Nutrient media (RPMI 1640) which contains different concentrations of
MNP's in prostate cell culture

2.4.4.2.1 Non coated MNP’s in RPMI Media

There were larger particles in the first 10 hours of size and light scattering
analysis of non-coated nanoparticles. Larger particles scatter more light, as compared to
smaller particles. The size and light scattering curves show .a decrease in size after the
first 10 hours, Figure 2.37. As the particle size began to decrease, the scatter intensity
also decreased. The initial large scale particle measurements may be demonstrative of
nanoparticle complexation with particular ingredients of the RPMI media. Upon
appropriate time for chemical degradation of the media components, the particle size
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decreased. Explanation of this decrease in particle size may be representative of delayed
release of various initially formed complexes. The observed phenomenon was not
indicative of particle agglomeration, but supports the activity of formation, then

settlementation.
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Figure 2.37: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of non-coated magnetite nanoparticles in media.
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Particle Size Distribution (PSD)
NC, media

diameter |  vol% time

peakl 360.4 61.9 0

peak2 709 38.1

peak3 0 0

peakl 454 90.9 3

peak2 4770 9.1

peak3 0 0

peakl 456.4 93.3 6

peak2 5025 6.7

peak3 0 0

peakl 462.5 94.5 9

peak2 4493 5.5

peak3 0 0

peakl 471.2 98.5 12

peak2 4789 1.5

peak3 0 0

peakl 493 100 15

peak2 0 0

peak3 0 0

peakl 448.2 100 18

peak2 0 0

peak3 0 0

peakl 425.8 97.6 21

peak2 5211 2.4

peak3 0 0

peakl 433.2 100 24

peak?2 0 0

peak3 0 0

peakl 440.8 100 27

peak2 0 0

peak3 0 0

peakl 425.5 100 30

peak2 0 0

peak3 0 0

peakl 408.5 100 33

peak2 0 0

peak3 0 0

peakl 409 95.6 36

peak2 59.23 4.4

peak3 0 0

peakl 363.6 100 39

peak2 0 0

peak3 0 0

peakl 365.1 100 42

peak2 0 0

peak3 0 0

Table 2.5: Particle size distribution of non-coated mnp in RPMI media obtained
with Malvern Zetasizer.
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2.4.4.2.2 Gum Arabic Coated MNP’s in RPMI Media

Gum arabic coated nanoparticles demonstrated excellent particle stability in
RPMI media. The size revealed a slow decrease in size (260 — 235 nm) over the 48 hour
analysis period. Gum arabic is a long chain polynomial. The interaction between this

molecular structure of gum arabic and the ingredients of the RPMI media were favorable.
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Figure 2.38: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of gum arabic coated magnetite nanoparticles in media.
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Particle Size Distribution (PSD)
GA, media
diameter vol% time
peakl 363.8 94.1 0
peak2 4732 5.9
peak3 0 0
peakl 307.8 95.2 3
peak2 5307 4.8
peak3 0 0
peakl 327.1 92.1 6
peak2 5065 7.9
peak3 0 0
peakl 330.9 94.6 9
peak2 5060 5.4
peak3 0 0
peakl 356.7 100 12
peak2 0 0
peak3 0 0
peakl 330 100 15
peak2 0 0
peak3 0 0
peakl 385 87.2 18
peak2 34.32 12.8
peak3 0 0
peakl 352.8 100 21
peak2 0 0
peak3 0 0
peakl 318.8 100 24
peak2 0 0
peak3 0 0
peakl 322.2 100 27
peak2 0 0
peak3 0 0
peakl 327.5 100 30
peak2 0 0
peak3 0 0
peakl 327.5 100 33
peak2 0 0
peak3 0 0
peakl 335.3 100 36
peak2 0 0
peak3 0 0
peakl 330.6 100 39
peak2 0 0
peak3 0 0
peakl 308.1 100 42
peak2 0 0
peak3 0 0

Table 2.6: Particle size distribution of gum arabic coated mnp in RPMI media
obtained with Malvern Zetasizer
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2.4.4.2.3 Sodium Citrate Coated MNP’s in RPMI Media

Sodium citrate coated nanoparticles revealed a totally different interaction in
RPMI media as compared to its highly stable state in water. The size distribution over
the 48 hour period dramatically dropped. The particles initially formed large complexes
with the components of the media (see Appendix B), then decreased in size. The 720 nm
particles settled out of solution or dissociated from the formed complexes over time to

become 375 nm in size.
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SC Coated Magnetite Nanoparticlesin RPMI

Ol
700.0 B

600.0 -
5000 .
£.4000 "y w | USC
. 0
3000
(2]

2000

100.0

0.0

0 10 20 30 40 50
Time (hr)

LightScattering of SC mnp'sin RPMI

3500
3000 —@—0—@—
2500
2000

SC
1500 —&—

1000
500

Relative Absorbance

0 10 20 30 40 50
Time (hr)

Figure 2.39: Stability analysis, temporal size measurements (top), and light
scattering (bottom) of sodium citrate coated magnetite nanoparticles in media.
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Particle Size Distribution (PSD)
SC, media

diameter vol% time

peakl 682.6 87.4 0

peak?2 4960 12.6

peak3 0 0

peakl 929.5 88 3

peak?2 248 12

peak3 0 0

peakl 742.1 100 6

peak?2 0 0

peak3 0 0

peakl 778.3 94.4 9

peak?2 178.5 5.6

peak3 0 0

peakl 714.9 100 12

peak?2 0 0

peak3 0 0

peakl 686 100 15

peak?2 0 0

peak3 0 0

peakl 634.5 100 18

peak?2 0 0

peak3 0 (0]

peakl 571.9 93.3 21

peak?2 5039 6.7

peak3 0 0

peakl 577.4 100 24

peak?2 0 0

peak3 0 0

peakl 555.9 100 27

peak?2 0 0

peak3 0 0

peakl 535.3 100 30

peak?2 0 0

peak3 0 0

peakl 522.6 100 33

peak?2 0 0

peak3 0 0

peakl 495.3 96.6 36

peak?2 5333 3.4

peak3 0 0

peakl 500.4 100 39

peak?2 0 0

peak3 0 0

peakl 487.6 100 42

peak?2 0 (0]

peak3 0 0

Table 2.7: Particle size distribution of sodium citrate coated mnp in RPMI media
obtained by Malvern Zetasizer
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Summary of size and stability results

Measurement of particle size by the Malvern Zetasizer is computed based on the resulting
defracted pattern as particles scatter light. The scatter pattern is dependent on the size
and speed at which it travels. Therefore, the average hydrodynamic diameter is a
computed summary. Particle size obtained by the Malvern Zetasizer are measurements
made in aqueous medium. The hydrodynamic diameter may demonstrate larger diameter
readings in comparison to measurements made by other techniques in which the sample
is dry (without liquid).

The combination of size and dynamic light scattering data reveals the phenomena
of particle interaction and degree of colloid stability in two separate aqueous mediums.
Recognizable differences between water and cell nutrient media as solventss for the
mnp’s was observed. Magnetic nanoparticles dispersed in water showed an increase in
the hydrodynamic diameter from approximately 160 nm to 700 nm. Self assembly of
non-coated mnp’s produced agglomerates that reached 700 nm over a two day period.
The hydrodynamic diameter decreased greatly with the addition of capping agents. Gum
arabic helped to reduce the diameter to approximately 300 nm while sodium citrate
further reduced it to about 160 nm. The dynamic light scattering curves provided
additional information and enhanced the evaluation of the mnp colloid interaction. The
absorbance values of the dynamic light scattering curves corresponds to the amount of
scattered light received by the detector which correlates with the size and density of
particles in the detection region. As the size increases, the amount of light scatter

increases The individual particle size of magnetite particles formed during the synthesis
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process was obtained and verified for the true particle size with Vibrating Sample

Magnetometry, TEM, and AFM.
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Figure 2.40: Temporal size measurements of modified mnps in water; Gum Arabic
(GA), Sodium Citrate (SC) and Non-Coated (NC) obtained with Malvern Zetasizer
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Figure 2.41: Temporal size measurements of modified mnps in RPMI; Gum Arabic
(GA), Sodium Citrate (SC) and Non-Coated (NC) obtained with Malvern Zetasizer
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In order to further corroborate the stability of the mnps over time, light scattering
investigations were conducted. Size measurements of mnp’s in water were collected over
a period of 12 hours. These initial readings were assessed every 30 minutes in order to
capture any small interval changes. The size and consistency over this time period
provided information on how to proceed. The NC mnp’s were the largest particles, 600-
700 nm and fluctuated in size over time. The SC mnp’s were the smallest particles, 160
nm and most consistent while the GA mnp’s were a little larger, 250-280 nm and fairly
consistent in that size range over time. The SC mnp’s seemed to be the more attractive
coating since it provided the smallest particles and remained consistent over time. The
same particles in cell nutrient media however, did not perform as desired. Since the
particles would be presented to prostate cells in growth media, the nanoparticle
interactions with the ingredients of the growth media was a more pertinent analysis. The
size and stability of mnp’s changed with media as the solvent. The size of the NC MNP’s
in media were more stable than in water, and demonstrated a small decrease, 300-400 nm
over 48 hours.

The hydrodynamic diameters of the NC, GA, and SC coated mnps were affected
by the mediums which provided an aqueous environment during analysis. Comparison of
water to cell nutrient media as the dispersant for the mnps of this work, revealed the
differences among the properties of the prepared nanoparticles. Two of the three
nanoparticle systems demonstrated dramatic change in the measured particle sizes. SC
mnps increased in size from 164 nm to 532 nm (70%) while, the largest sized particles
(NC) in water decreased by nearly 50% when incorporated in cell nutrient media. The

GA coated mnps did not demonstrate a change in hydrodynamic diameter irrespective of
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the dispersant. The various components of RPMI 1640 (amino acids, vitamins, inorganic
salts, and a few other ingredients) are necessary for biological cell maintenance in
culture, however these compounds introduce a potential for increase or decrease physical
and/or chemical stability. For example, glutamine is the limiting nutrient in media when
utilized under standard conditions for cell culture. It has been reported that glutamine is
not chemically stable in cell culture media, which could complicate the analysis of
experimental data. The chemical decomposition of glutamine produces ammonia and
pyrrolidonecarboxylic acid.

Magnetite nanoparticles dispersed in water display a different size distribution as
compared to the same particles solvated in nutrient media. Naked, uncoated
nanoparticles produced the largest size particles, 645 nm, while the surface modified,
gum arabic and sodium citrate particles, exhibited smaller hydrodynamic diameters.
Gum arabic reduced the degree of agglomeration and hence decreased the average
particle size by 60% to 264 nm. The SC mnp system was even more stabilized as the
average hydrodynamic diameter of the particles was reduced by 75% to 164 nm. The
observed decrease in size of the coated magnetite nanoparticles was expected since
surfactants and capping agents are known to increase the steric hindrance between
particles due to the repulsive nature of the surface ligands thereby reducing the degree of

particle agglomeration and overall particle size.

2.4.5 Magnetic Properties of Magnetite Nanoparticles
The formation of magnetic magnetite nanoparticles by co-precipitation of Fe2+

and Fe3+ ions generated a distribution of nano-sized particles. Small and large particles
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comprised the particle size distribution. The VSM technique has the means to determine
both small and large particle distribution. The average small size particle was 5 nm and
the average larger sized particles were 35nm.

The saturation magnetization for the synthesized non-coated MNP’s of this work
was between 60 - 70 emu/g. The saturation magnetization for pure magnetite
nanoparticles is about 70 emu/g and increases with the size of nanoparticles present. In

bulk, it is about 90 emu/g (21).
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Figure 2.42: Hysteresis Curve for non-coated magnetite nanoparticles

The saturation magnetization for the surface modified nanoparticles was slightly
less than that for the non-coated magnetite nanoparticles. The hysteresis curve in Figure
2.43 for sodium citrate coated nanoparticles was approximately 50 emu/g, while it was
about 55 emu/g for the gum arabic coated nanoparticles, as seen in Figure 2.44. The

magnetic property measurements for each of the three nanoparticle systems were taken at

63



liquid nitrogen temperature. The magnetic property information obtained for the
synthesized nanoparticle systems were in agreement with known published values of

magnetite nanoparticles.
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Figure 2.43: Hysteresis curve for sodium citrate coated magnetite nanoparticles
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Figure 2.44: Hysteresis curve for gum arabic coated magnetite nanoparticles
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CHAPTER 3

EVALUATION OF CELLULAR INCORPORATION OF
SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES

3.1 Abstract

Nanobiotechnology encompasses a wide range of interest involving nano-scaled
materials for future biological therapeutics. One aspect of this field involves
nanoparticles formed from biocompatible materials which are currently being studied as
functionalized carries for delivery, activation, tracking, and/or reporting of biological
products or signals. Our particular focus seeks to target and destroy prostate cancer cells.
Iron oxide nanoparticles produced by a co-precipitation method yield dry particles with
an average size of 35nm in solid form and colloid stable sodium citrate coated iron oxide
nanoparticles approximately 150nm in aqueous medium. Nanoparticles were allowed to
co-exist with prostate cells for 48 hours under sterile conditions. Normal prostate cells
were utilized as controls. Four distinct forms of analysis provided evidence of prostate
cell uptake of iron oxide nanoparticles. Transmission Electron Microscopy, videography
with a charge-coupled device (CCD) camera, and cellular re-alignment due to iron filing
confirmed the presence of iron oxide nanoparticles within the intracellular space of

prostate cells, while quantification via VSM determined the average amount of
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nanoparticles per cell. Upon the 48 hour exposure period, properly washed
prostate cells were resuspended in fresh culture medium. At 400X magnification, the
cells demonstrated magnetic interaction and dynamic movement in response to a
neodymium (1.5 dia. x .25 inch) magnet which was placed 1.25 inches from the center of
view in four distinct locations (N, S, E, W). These data reveal proof of concept and will

lead to hyperthermia experiments for evidence of subsequent cell death.

3.2 Introduction

The idea of magnetic induction heating of superparamagnetic nanoparticles to
achieve localized hyperthermia in tissue is very interesting and has great therapeutic
potential, but is no longer novel (21) (22). The combination of biology with physics and
engineering presents many challenges since non-biological materials require high levels
of energy to destroy harmful cells which are tightly intertwined with normal cells.
Scientific research has made strides in the area of nanotechnology for therapy but has not
reached the level of fine tuning that is required for treatment of cancer in human beings.
Recent reports reveal the current status of thermotherapy with nanoparticles on prostate
cancer and express the need to further develop the techniques required for safe and
precise thermal ablation of carcinoma cells (23) (24) (26). The specific areas include (1)
the number of nanoparticles required for cell death without overdose and discomfort to
the patient (also referred to as the effective dosage of nanoparticles), (2) the correlated
field strength, and (3) the ability to direct nanoparticles to the carcimona cells of interest
with effective targeting techniques. A few laboratories outside of the United States
including Germany, Slovakia, Japan, and Korea have contributed to the body of work

concerning carcinoma cell death by hyperthermia, while the U.S. appears to progress at a
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rate slower than most. A German group has created a whole body magnetic field
applicator called the MFH 300F and magnetofluid MFL 082AS (26) (27). They have
conducted clinical trials and developed a non-invasive method for calculation of the 3-
dimensional temperature distribution via computed tomography. Although great
advances have been made by this research group, several concerns remain unanswered.
Utilizing the method of direct injection has led to suboptimal distribution of
nanoparticles; and the required high levels of magnetic field strength brought discomfort

to the patients.

3.3 Materials and Methods

3.3.1 Prostate Cells

3.3.1.1 Normal Human Prostate Cells

Normal human prostate cells, WPMY-1 (ATCC number CRL-2852) were
purchased from American Type Culture Collection (ATCC) Manassas, VA. The
conditions for propagation included regular growth media changes (every 2-3 days) and
cell passage at approximately 70% confluence. The cells were maintained in complete
RPMI with 10% fetal bovine serum (FBS), 100,000 U/L of penicillin and 100 mg/L of
streptomycin. The humidified incubator was regulated at 37°C and 5% CO,. Cells were

obtained from a 54 year old Caucasian male.

3.3.1.2 Cancer Human Prostate Cells
Human prostate cancer cells, DU 145 (ATCC number HTB-81) were purchased
from ATCC (Manassas, VA). The conditions for propagation included regular growth

media changes (every 2-3 days) and cell passage at approximately 70% confluence. The
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cells were maintained in complete RPMI with 10% fetal bovine serum (FBS), 100,000
U/L of penicillin and 100 mg/L of streptomycin. The humidified incubator was regulated

at 37°C and 5% COs,. Cells were obtained from a 69 year old Caucasian male.
3.3.2 Experimental Design for Cell Interaction with Nanoparticles

3.3.2.1 Directional Growth during Proliferation

Prostate carcinoma cells (approx. 30,000) were seeded in separate single wells (35
mm round). Within two to three days, the cells in culture reached approximately 60%
confluence. The normal RPMI 1640 growth media was replaced with media which
contained sodium citrate coated magnetite nanoparticles. One hundred microliters of the
nanoparticle stock solution was added to 9.9 mL of RPMI media, and 3 mL of this
reconstituted nanoparticle/media combination was introduced to the prostate cancer cells
in culture. A neodymium magnet was placed beneath the culture dish containing the cells
and this media cocktail for 48 hours, as illustrated in Figure 3.1. The cells were viewed

under a microscope and video was recorded.

round cell culture dish with
ij prostate cells

— neodymium magnet

Top View Side View

Figure 3.1: Schematic representation of set up for magnetic influence on cell
proliferation
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3.3.2.2 Cell Motility in Response to Neodymium Magnet Captured by Video

The prostate cells, normal and carcinoma were propagated separately in T-75
flasks. At the time of treatment, the cells were approximately 60% confluent. Twelve
milliliters of RPMI growth media with varying concentrations of sodium citrate coated
magnetite nanoparticles in the range of 10*-10'” nanoparticles/mL was added to each T-
75 flask for comparison of cellular uptake. After 48 hours of cell propagation with
magnetic nanoparticles, the process of cell removal involved decanting the media and a
wash with SmL of 1X PBS. To dissociate the adherent cells, ImL of trypsin/EDTA was
added and the flask was incubated for 5 minutes or less at 37°C. Fresh media (5 mL) was
added to the flask to counteract any further degradation of the cells. The cellular
suspension was removed from the T-75 flask and added to a clean 15 mL centrifuge tube.
It was then centrifuged at 1000rpm for 10 minutes to separate and remove the supernatant
along with any extraneous nanoparticles. Fresh media (SmL) was added in order to re-
suspend the cells. Two hundred microliters of the well mixed cell suspension was placed
on a standard sized glass microscope slide. A neodymium magnetic was strategically
placed (north, south, east, west), 7mm from the center field of view, which created a
magnetic field of magnitude 0.45 kG. A Nikon microscope (806651, Japan) with a 40X
objective was used in concert with a black and white Sony video monitor (model # PVM-
122), a charge-coupled device camera CCD100 (DAGE-MTI) and a standard Panasonic
DVD recorder (model # DMR-ES20) which captured the dynamic response of the cells
containing nanoparticles after experiencing the magnetic field applied due to the presence

of the strong magnet.
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Figure 3.2: Experimental set up for demonstration of cell mobility, (A) microscope
and video recording equipment and (B) placement of cells suspension on glass slide

3.3.2.3 Transmission Electron Microscopy (TEM)

Cells within a T-75 flask were treated with media which contained surface
modified nanoparticles of a specific concentration; therefore each flask represented an
experimental condition. The range of observed nanoparticle concentrations was between
1 X 10*and 1 X 10" nanoparticles per mL. Confirmation by visual observation of
magnetite nanoparticles within human prostate cells was performed with transmission
electron microscopy (TEM) and required sample preparation before imaging. After the
48 hour treatment/exposure period to magnetite nanoparticles, the treatment media was
discarded and 10 mL of FG fixative in 0.2M sodium cacodylate buffer pH 7.4 was added
to each T75-flask. The cells remained in fixative overnight. The fixed cells were then
scrapped from the surface with a rubber policeman, and collected into 15mL centrifuge
tubes. The samples were subsequently washed with 0.2M sodium cacodylate buffer,
followed by serial alcohol dehydration (35%, 50%, 75%, 95% and finally in 100%
ethanol 3 times @ 10 min each). The specimen were infiltrated using 1:1 spurs with
ethanol for 1hr at room temperature, followed by 100 % spurs for 1 hour before they

were transferred to capsules and incubated for polymerization. Thick sections (490nm)
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of the polymerized pellet were obtained with the Leica microtome until there was
indication that the experimental sample was present and available for thin sections. Thin
sections (90 microns) were collected on copper grids and stained with uranyl acetate
(stain 1) and lead citrate (stain 2) before observation with the Zeiss (Model 10CA)

transmission electron microscope.

3.3.3 Cell Viability after 48 Hour Exposure to Magnetite Nanoparticles by MTT
and Trypan Blue Exclusion

3331 MTT
The cytotoxic effect of magnetite nanoparticles on prostate cancer (DU- 145) and

normal prostate (WPMY-1) cells was assessed using MTT assay (ATCC#30-1010K).
MTT is a chemical known as 3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium
Bromide. It is taken up by cells through the plasma membrane potential and then reduced
to formazan by intracellular NAD(P)H-oxidoreductases. The absorbance was determined
by a microplate reader. The cells of interest were counted. A 100 pl cell suspension
provided 20,000 cells per well in a 96-well plate. The cells were incubated for 24 hours
at 37°C and 5% CO; before they were treated with different concentrations of magnetite
nanoparticles (0.5 x 10'°- 50 x 10'° particles /ml). There were two controls, cells with
normal culture media and culture media only, without cells. The 96 well plate were
incubated for 48 hours at 37°C in the presence of 5% CO, followed by washing with 1X
PBS before adding medium containing 10% (v/v) of 3mg/ml MTT (Darmani et al.,
2006). The plates were returned to the incubator for 3-4 hours before aspirating the
media and allowing the plates to dry overnight at room temperature. One hundred

microliters of a 0.04 N HCl in Isopropanol solution (Storch et al., 2004) was added to
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each well and incubated at room temperature in the dark for 30 minutes to dissolve the
formazan crystals. The absorbance was read at 570 nm wavelength using a microplate

reader.

3.3.3.2 Trypan Blue Exclusion

Trypan Blue Exclusion is a method for determination of cell viability in a cell
suspension that utilizes blue dye. It is based on the principle that live cells possess intact
cell membranes, and have the ability to exclude certain dyes, such as trypan blue, eosin or
propidium, while dead cells do not. The experiment involves the mixture of the cell
suspension in question with the trypan blue dye. Visual examination with an optical
microscope will reveal live cells with clear cytoplasms or dead cells with blue
cyctoplasms.

The protocol was conducted as follows, the cell suspension was centrifuged for 5
minutes at 100 x g and the supernantent was discarded. The cell pellet was resuspended
in 1 mL of PBS. A mixture of the cells (20 uL) and the dye (2 uL) was created and allow
to incubate at room temperature for 3 minutes Ten microliters of the mixture was placed
on a hemocytometer and cell counts were recorded. To obtain the total number of viable
cells per mL of aliquot, multiply the total number of viable cells by 2 (dilution factor for
trypan blue). To obtain the total number of cellsper mL of aliquot, add up the total
number of viable and nonviable cells and multiply by 2. Calculate the percentage of
viable cells as follows:

Viable cells (%) = (total number of viable cells per mL of aliquot/total number of cells

per mL of aliquot) x 100
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3.4 Results and Discussion

3.4.1 Dimensional Measurements of Prostate Cells

Prostate cells, normal (WPMY-1) and cancer (DU-145) were cultured separately
in standard T-75 cell culture flasks and allowed to propagate for several days. The
lengths of the cells were measured with an Olympus light microscope and Sony CCD-iris
video camera. The 10X objective was utilized with screen calipers that were calibrated
with a sample of known size. The normal prostate cells were 2-3 times larger than the
cancer prostate cells. The average prostate cancer cell length was 267.33 nm while the

average normal prostate cell length was 83.16 nm.

Length of Measured Cells (um) x 1.001pum
WPMY-1 DU-145
262 111
257 56
237 88
278 70
285 72
285 102

Table 3.1: Sizes of prostate cells measured from optical microscope

73



3.4.2 Cellular Re-alignment in Response to Neodymium Magnet during
Proliferation

Prostate carcinoma cells (DU-145) were allowed to divide and expand in the
presence of magnetite MNPs. Literature on cellular incorporation of nanoparticles has
not shown experimentation such as this. The idea was that successful incorporation of
nanoparticles into the cytoplasmic matter of prostate cells would create an effect when a
strong neodymium magnet was placed underneath the culture dish of cells. The magnetic
interaction between the nanoparticles and the magnet would guide the entire cell and
cause it to grow in the direction of the two opposing poles. The thought and driving
motivation behind this experimental set up was the expectation of elongated cells in
culture. It was designed after a typical general physics experiment which demonstrates
iron filing. It was interesting to observe the change in cell morphology in response to the
magnetic nanoparticles and the guiding forces of the applied magnet. Uni-directional
growth of prostate cancer cells can be seen in Figure3.3B, and compared to the
morphology of the controls, one without nanoparticles, and without magnetic field
(Figure 3.3A), while the negative control was without nanoparticles, but with the
magnetic field (Figure3.3C).The cells responded in the expected manner; however, the
question of whether the cells were influenced from the exterior or interior of the cell

membrane became the burden of proof.
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Normal growth of prostate cancer
cells free of MNPs and magnetic
field

Directional growth of prostate
cancer cells after 48 hr exposure
to MNP and B-field (B = 0.8 kG)

Unaffected growth of prostate
cancer cells in the presence of a
magnetic field, free of MNPs

Figure 3.3: Cellular re-alignment in response to a magnetic field. The micrographs
demonstrate re-directed growth due to MNP uptake among propagating prostate
cancer cells, (A) normal growth, (B) directional growth, (C) unaffected growth
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3.4.3 Magnetic Responsiveness of Prostate Cells Containing Magnetite
Nanoparticles

Prostate cells (normal and cancer) which were cultured in media with magnetite
nanoparticles for approximately 48 hours, demonstrated the ability to receive and take up

nanoparticles. Cell displacement was recorded and evidence of magnetic responsiveness was
noted. Still images from video has been captured and displayed in Figure 3.3. Upon
placement of a neodymium magnet on the west side of the glass slide, a single prostate
cancer cell entered the field of view from the top. It rotated and temporarily stopped
when the greatest mass of nanoparticles interacted with the magnetic field and resultantly

led it to the left, out of the field of view.
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A cell containing sc coated magnetite
nanoparticles entering the field of
view from the top

The same cell containing sc coated
magnetite nanoparticles at starting
position (Xo) and time (to)

The same cell containing sc coated
magnetite nanoparticles rotating in
response to placed magnet

The same cell containing sc coated
magnetite nanoparticles moving left
toward the applied field

The same cell containing sc coated
magnetite nanoparticles at ending
position, leaving the field of view

Figure 3.4: Prostate cell movement in response to applied magnetic field
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3.4.4 Visual Verification of Nanoparticles within Prostate Cells by Transmission
Electron Microscopy

The transport of magnetic iron nanoparticles (MNPs) from the external to the
internal portion of prostate cells was captured by transmission electron microscopy
(TEM). The initiation of the journey begins when nanoparticles which are present in the
nutrient media interact with microvilli on the surface of the prostate cell. Nanoparticles
are engulfed and allowed into the cell by endocytosis. Upon entry into the cell,
nanoparticles are collected and compartmentalized in small vacuoles. These vacuoles
which contain magnetic iron nanoparticles are clearly visible in Figures 3.5 — 3.8.
Smaller vacuoles may join to form larger vacuoles which increases the number of
compartmentalized nanoparticles and creates a greater concentration of MNPs within this
assembly of the cell cytoplasm. After fusion of smaller vacuoles into larger vacuoles, the
transport of nanoparticles seems to be toward the nucleus, where possible chromosomal
interaction may be the next order of interaction. The larger vacuole with a collection of
sodium citrate coated iron nanoparticles is displayed in Figure 3.8 and is adjacent to the

nuclear membrane.
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Figure 3.5: Sodium citrate coated magnetite nanoparticles within a vaculoe of a
prostate cancer cell at 15,000X

Figure 3.6: Sodium citrate coated magnetite nanoparticles within various vacuoles
of a prostate cancer cell at 15,000X
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Figure 3.7: Sodium citrate coated magnetite nanoparticles within a larger sized
vacuole of a prostate cancer cell at 20,000X

>

Figure 3.8: Sodium citrate coated magnetite nanoparticles densely populated within
a larger vacuole of a prostate cancer cell at 20,000X
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Prostate cancer cells were treated and observed for intracellular uptake of iron
nanoparticles. Treatment of the prostate cells involved an incubation period with growth
media which contained iron nanoparticles functionalized with sodium citrate. Physical
interaction with colloid stable nanoparticles allowed transport of magnetite nanoparticles
from the external side of the prostate cell, across the cell membrane and into the cytosol.
The cellular encapsulation process described above is termed endocytosis and the
resulting effect was experimentally demonstrated with TEM images. During the
incubation period, phagocytosis occured. One of three phenomena which describes
endocytosis, phagocytosis, allows cells to ingest large objects on a relative basis. The
cell membrane invaginates to collect the particulate matter in a pocket then pinches it off
to engulf it. The material of interest is sealed into vacuoles within the cytoplasm. This
result is clearly visible in Figure 3.6.The larger vacuoles may be a result of smaller
vacuoles which fused together, increasing the quantity of iron nanoparticles per unit area.
Before uptake was confirmed on the nanoscale with TEM, cell motility in response to a
strong magnet on a micro-and macro-level was accepted as valuable information. In an
effort to further confirm cellular uptake of nanoparticles, two additional experimental
approaches were implemented. A “call and response” relationship was observed when
biological cells became magnetically loaded vessels that were controlled by magnets.
Evidence of uptake was distinctly demonstrated with uni-directional cell alignment when
nanoparticles were placed with propagating prostate cells for 48 hours. The experimental
set-up displays the neodymium magnet that was placed beneath the round petri dish
during cell propagation which guided the patterned growth of prostate cells impregnated

with magnetic nanoparticles. After a 42 hour exposure period, prostate cancer cells were
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rinsed free of treatment media and external nanoparticles. The cells were re-dispersed in
fresh culture media, placed on a microscope slide, exposed to a neodymium magnet at a
known distance in four distinct positions (n, s, e, w) and observed with video. If a
connection or affiliation was made between propagating prostate cells and iron
nanoparticles during the incubation period, the applied magnet would generate a
translational response in the form of motion. Indeed motion was observed and recorded.
Cells containing iron nanoparticles “spun”/ rotated and travelled toward the neodymium
magnet. Video was analyzed and the velocity of cells in motion which contained
nanoparticles was determined. The speed of the cells was calculated. The velocity which
defines the direction of the speed was determined by the distance traveled over time.
This calculated value which describes the motility of cells in an aqueous environment is
affected by a phenomenon known as drag which varies based on surface texture, size and
shape. Drag must be considered during the quantitative analysis of cellular uptake of
nanoparticles. The appropriate equation for the force exerted due to drag considers low
Reynolds number, Re < 1. Since the particles move through the fluid at relatively slow
speeds and no turbulence is present, the Stoke’s Law was utilized,

Fq=-bv where, b is the drag constant and v is the velocity of the object
For small spherical objects moving slowly through a viscous fluid, Stokes derived an
expression for the drag constant, b = 6mnr where 1 is the fluid viscosity, and r is the
Stokes radius of the particle.

Therefore, drag force F4q= (-6mnr) (v) [eqn 3.1]
There are several differences between normal and carcinoma prostate cells. The higher

metabolic demand of prostate carcinoma cells is a well known characteristic of cancer
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cells. A surprising observation was the size disparity among the normal and carcinoma
prostate cells. Prostate cancer cells are much smaller than normal prostate cells. In
relation to mobility, larger sized prostate cells in the same aqueous environment will
experience a greater drag force. This relationship was observed in the resulting
calculations of the velocities measured in real time video, (still images in Figure 3.4).
Visual analysis via light microscope revealed a qualitative differentiation between cells
containing varying amounts of nanoparticles. A reddish color was observed from cell to
cell. This differentiation in color is thought to be related to the amount of nanoparticles
taken in per cell. Although each cell should theoretically have equal access to
nanoparticles in a colloid stable solution, it was not assumed that each prostate cell would
engulf the same amount of material throughout the exposure period. Therefore, the
number of nanoparticles per sample would have to be determined by experimentation and
analytical calculation.

The uptake of nanoparticles by prostate cells was compared quantitatively by
VSM. Prostate cells exposed to varying concentrations of nanoparticles ranging from 10*
to 10'7 nanoparticles per milliliter were analyzed for uptake. The range included
concentrations of nanoparticles at 104, 107, 109, 1011, 1013, 1015, and 10'7. Cells which
were exposed to concentrations of 10" and below did not give reliable readings for
determination of uptake. The highest concentration of 10'” was lethal, and did not

contribute to healthy cell proliferation.

3.4.5 Prostate Cell Viability after Exposure to Various Nanoparticle
Concentrations
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Preliminary experiments were conducted with lower concentrations of
synthesized magnetite nanoparticles. It was determined that concentrations between 10” -
10" were not dense nor concentrated enough to obtain magnetic property information via
VSM. At these concentrations, however, the prostate cells were not killed, and in fact
maintained a population above the positive controls. The working concentration range
for the nanoparticle solutions was determined based upon prostate cell samples that were

exposed to nanoparticles and provided a detectable and reasonable hysteresis curve.

10 X 1016 50 X 1016

Figure 3.9: Normal prostate cells in culture which have been exposed to non coated
magnetic nanoparticles at various concentrations, A) control, B) 2.5 x 10*®, C) 5.0 x
10'®, D) 7.5 x 10, E) 10 x 10'°, F) 2.5 x 10" nanoparticles/mL

Cell viability was verified by visual examination through an optical microscope,
Figure 3.9. Cell counts with a hemocytometer upon removal of cells from culture after
the 48 hour treatment period revealed the effect of the concentration on cell health and
survival. The highest nanoparticle concentration of 50 x 10'® nanoparticles/mL was

lethal to prostate cells. As the nanoparticle concentration per mL decreased, the cell
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survival increased. These findings were not recognized by MTT or Trypan blue
exclusion; however, they were found by visual inspection while cells were adherent and
in culture flasks. Cell aliquots (10 uL) for cell counts with a hemocytometer further
confirmed cell survival and viability. This quantitative information demonstrated greater
cell survival with decreasing concentrations of nanoparticle solutions in RPMI media.
MTT results were not reliable since the nanoparticles stained the walls of the wells and
interfered with the spectrophotometric reading of the plate reader. A particular research
group that was interested in determining the effects of iron oxide nanoparticles on a
particular cell type created a control for MTT analysis in an attempt to counteract the
deviation experienced with the light sensitive MTT reading. The use of Trypan blue for
exclusion of blue stained dead cells was not appropriate since the reddish stained living
prostate cells interfered with clear visualization and distinction between the living and

dead prostate cells.
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CHAPTER 4
QUANTIFICATION OF NANOPARTICLE UPTAKE BY
PROSTATE CELLS
4.1 Abstract

Quantification of nanoparticles received by cellular uptake is an important addition to
cancer research which utilizes the properties of magnetic heating for cell death. The
amount of magnetic material encapsulated in a cancer cell as compared to a normal cell
defines the parameters required for cell death of the cancer cell and preservation of the
normal cell. Prostate cancer and normal cells were grown separately in vitro and exposed
to various concentrations of nanoparticles (0.5 — 50) x 10'® nanoparticles per milliliter for
a period of 48 hours. The cells were rinsed well, centrifuged, resuspended in fresh
media, counted, placed on glass slides to dry, then prepared for vibrating sample
magnetometer analysis. The magnetic information per sample was obtained and the
number of nanoparticles per cell was calculated. It was found that prostate cells
intracellularly received nanoparticles among the three nanoparticle systems, but was
greater for the surface modified nanoparticle systems. Differential uptake for prostate
cancer cells increased with decreasing nanoparticle concentration for the non-coated
nanoparticle system. At the lowest nanoparticle concentration (0.5 x 10'®) nanoparticles

per milliliter, the differential uptake almost doubled the amount received by normal
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prostate cells. The sodium citrate coated nanoparticle system did not seem to be
concentration dependent, and remained around 2 times greater for prostate cancer cells.
The greatest uptake was achieved with the gum arabic coated nanoparticle system and
increased as the nanoparticle concentration per milliliter decreased. The most impressive
differential uptake by prostate cancer cells was demonstrated at 2.5 x 10'° gum arabic
coated nanoparticles per milliliter and occurred at a rate 6.8 times greater than the uptake

for normal prostate cells.

4.2 Introduction

The concept of quantifying magnetic material within biological cells that have been
exposed to iron oxide nanoparticles over a period of time is one which has been
considered in research but has not been extensively demonstrated, or well documented. It
is however a very important analysis which would greatly contribute to research for
cancer therapy. A known amount of magnetic material would determine the parameters
necessary for fine tuning the killing rate of carcinoma cells. Nanoparticles with surface
modifiers and specific biological tags for specific targeting of cancer cells will exist in a
concentrated fashion within these cells. The application of an alternating current
magnetic field, external to the body would magnetically interact with the encapsulated
nanoparticles, cause them to heat up to a temperature above 42°C and result in cell death
by hyperthermia (29) (30) (31) (32).

The goal of determining the uptake of nanoparticles within human cells has not
been extensively studied, but has been attempted by a research group with a method

known as magnetophoresis (28) (29) (30) (31) (37) (34). Our approach for quantification
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of nanoparticles within human prostate cells utilizing the method of vibrating sample
magnetometry has not been often attempted (35) (36). The results of this research will

greatly contribute to the nanobiotechnical, medical and health science fields.

4.3 Materials and Methods
4.3.1 Quantification of MNP’s within Prostate Cells by VSM

Prostate cells, normal and carcinoma, were seeded in separate 6-well plates at a
density of 30,000 cells per well. At approximately 60% confluent, the normal RPMI
1640 growth media was replaced by RPMI 1640 containing sodium citrate coated iron
oxide nanoparticles at various concentrations (10°-10'7 particles/mL). After 48 hours, the
media was discarded; the cells were washed with 1X PBS, and then dissociated with 200
puL 0.25 Trypsin/EDTA. Fresh media was added to the cell suspension upon a 5 minute
incubation period in 37°C, and centrifuged at 1000 rpm for 10 minutes to separate the
cells which contain iron oxide nanoparticles from free floating nanoparticles, waste and
cellular debris. Two milliliters of fresh media was added to resuspend the cells. The
cells in each well were counted to determine the number of cells per milliliter. The entire
cell suspension from each well (2 mL) was deposited on pre-cleaned and UV sterilized 75
x 38 cm microscope slides. The liquid deposits of cells were allowed to air dry in an
enclosed hood. The completely dried samples were then prepared for VSM analysis.
Collection of the sample for VSM was obtained by scraping the glass sample slide with
the edge of a clean glass microscope slide of the same dimensions and collected into the
sample holder of the vibrating sample magnetometer. The magnetic susceptibility curve
for each sample was generated and the magnetic properties were compared to the control

sample to determine the average amount of iron oxide nanoparticles per cell.
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4.3.2 Magnetic Measurements with Vibrating Sample Magnetometer

The stationary magnets produce a constant magnetic field which magnetize the
sample and cause the internal magnetic domains of the sample to align with the field. In
response, the magnetic dipole moment will create a magnetic field around the sample. As
the value of the magnetic field varies, the sample vibrates up and down. The change in
the sample magnetic field (alternating magnetic field) is a function of time, and will
cause an electric field in the pick-up coils (according to Faraday’s Law of Induction)
which will be amplified and relayed to the computer interface of the system. The flux
change caused by the moving magnetic sample causes an induction voltage across the
terminals of the pick-up coils which is proportional to the magnetization of the sample.
The greater the magnetization, the greater the induced current:

V(t) = C d(fi)/dt

where fi(t) represents the (changing) flux in the pick-up coils caused by the
moving magnetic sample. Software manipulation will provide the degree of
magnetization of the sample and the relationship between its magnetization and the
strength of the constant magnetic field. The output data is presented as a hysteresis curve

of magnetization by field strength.
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4.4 Results and Discussion

Vibration Unit

Sample

I / Keyboard
\ % Computer
Pick-up Coils
Magnet

Figure 4.1: Schematic representation of a vibrating sample magnetometer

4.4.1 Physical Verification of Nanoparticles within Prostate Cells by Vibrating
Sample Magnetometry

The burden of proof for demonstrating cellular uptake of nanoparticles was
achieved with a variety of methods. Nanoparticles were intracellularly received by
prostate cells and clearly observed with TEM (see Chapter 3). The goal of this chapter
was to quantify the uptake of magnetic nanoparticles among a known number of prostate
cells in vitro. The vibrating sample magnetometer is an instrument that utilizes a magnet

to interact with the magnetic sample and provide the magnetic properties, such as,
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saturation magnetization, magnetic susceptibility, coercivity, and with some manipulation
and calculation, the size of particles.

The hysteresis curve in Figure 4.2 provides magnetic property information for
prostate cancer cells that were exposed to MNP at a concentration of 10 x 10"
nanoparticles per milliliter. The magnetization for this sample was approximately 3

emu/g.
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Figure 4.2: Magnetization of prostate cancer cells exposed to magnetite
nanoparticles at 10 x 10'® MNP/mL for 48 Hours

The hysteresis curve in Figure 4.3 represents magnetic property information for
normal prostate cells which were exposed to MNPs at 10 x 10'® nanoparticles/mL for 48

hours. The saturation magnetization was approximately 1.5 emu/g for this sample.
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Comparison of the magnetizations between prostate carcinoma and prostate normal cells
exposed to the same concentration of nanoparticles demonstrate a 2-fold increase in
nanoparticle uptake for carcinoma cells (Figure 4.2 and Figure 4.3) respectively.
Although prostate carcinoma cells are 2 - 3 times smaller than normal cells, they take up
twice as much magnetic material.
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Figure 4.3: Magnetization of prostate normal cells exposed to magnetite
nanoparticles at 10 x 10'® MNP/mL for 48 hours

Each of the three MNP systems contained 14 sample types (2 cell types @ 7 mnp
concentrations for each). A table was generated to present the magnetic susceptibility

data, specifically the number of nanoparticles per prostate cell, as shown in (Table 4.1).
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The mathematical calculations below describe the method by which the number of
nanoparticles per cell was obtained.

Number of MNP/cell = [magnetization/cell]/[magnetization/particle] [Eqn 4.1]
The magnetization per cell was calculated by dividing the magnetization per sample by
the number of cells for the particular sample. The magnetization per particle was
determined by dividing the magnetization of a pure MNP sample by the number of
particles per gram for that sample (stock solution). Upon calculation, the value of the

magnetization per particle was fixed, and did not require alteration because the magnetite

nanoparticle stock solution remained the same.
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50 N/A N/A N/A N/A N/A N/A
10 9.40E+08 3.79E+08 2.76E+09 8.49E+07 2.17E+09 5.87E+07
7.5 8.33E+08 3.11E+08 2.89E+09 1.05E+08 1.33E+09 8.25E+07
5 4.82E+09 8.25E+07 1.65E+09 2.62E+08 2.77E+09 5.31E+08
25 4.66E+09 1.05E+08 7.27E+08 4.45E+08 1.46E+09 bad fit
1 4.87E+07 1.44E+08 N/A N/A N/A N/A
0.5 6.93E+06 5.31E+08 2.77E+08 1.00E+09 N/A N/A

Table 4.1: Number of nanoparticles per prostate cell obtained with VSM
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The prostate cells that were exposed to non-coated MNPs for 48 hours were
prepared for VSM analysis and the results showed a trend toward greater MNP uptake

with decreasing MNP concentration in media (Table 4.2).

MNP Concentration
in RPMIMedia Normal (N) Cancerous (C) C/N
x10°/mL

50 N/A N/A

10 9.40E+08 3.79E+08 0.257
7.5 8.33E+08 3.11E+08 0.545
5 4.82E+09 8.25E+07 1.054
2.5 4.66E+09 1.05E+08 0.696
1 4.87E+07 1.44E+08 1.011
0.5 6.93E+06 5.31E+08 1.971

Table 4.2: Non-coated magnetic nanoparticle uptake relationship
between prostate cancer and prostate normal cells as a calculated ratio

Since sodium citrate coated nanoparticles demonstrated excellent stability in water over
time, it was expected that the same effect would be displayed in cell nutrient media
(RPMI); however, the opposite effect was observed. In media very large particles initially
formed and over time fell out of solution. The resulting differential uptake of SC coated

MNPs may be related to the size and dynamics of nanoparticles in the media. Despite the
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range of MNP concentrations, differential uptake was independent of MNP concentration

in RPMI (Table 4.3). It should be noted however, that nanoparticles were received by

prostate cells.

50 N/A N/A
10 2.17E+09 5.87E+07 1.613
7.5 1.33E+09 8.25E+07 2.051
5 2.77E+09 5.31E+08 2.037
25 1.46E+09 N/A
1 N/A N/A
0.5 N/A N/A

Table 4.3: Sodium citrate coated magnetic nanoparticle uptake relationship between
prostate cancer and prostate normal cells as a calculated ratio

The greatest uptake and demonstration of cell selectivity was observed with the
gum arabic coated MNP system (Table 4.4). The disparity in the values noted for
quantitative uptake between prostate normal and prostate carcinoma cells is evident with
the ratios which are much larger than one. The greatest difference in uptake among the
cell types occurred when the MNP concentration was 2.5 x 10'® particles per mL. The

greatest number of nanoparticles that were intracellularly received (2.5102 x 10'®) was
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accomplished by prostate cancer cells exposed to gum arabic coated nanoparticles at the

lowest MNP concentration (0.5 x 10'®) particles per mL.

50 N/A N/A

10 2.76E+09 8.49E+07 5.738

7.5 2.89E+09 1.05E+08 5.804
5 1.65E+09 2.62E+08 3.623

25 7.27E+08 4.45E+08 6.801
1 N/A N/A

0.5 2.77E+08 1.00E+09 2.352

Table 4.4: Gum arabic coated magnetic nanoparticle uptake relationship between
prostate cancer and prostate normal cells as a calculated ratio

A global look of the uptake ratios among the three nanoparticle systems clearly
highlighted the effects of the coating material on intracellular uptake for prostate cells.
The greatest ratio for each system is presented in Table 4.5. It is important to mention
the concentrations for which the greatest uptake of nanoparticles was achieved. The
lower concentrations (1.5 — 2.5 x 10'®) nanoparticles per mL provided the cells in culture
an adequate pool of nanoparticles for uptake and an environment conducive for nutrient

exchange and cell proliferation.
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Non-Coated 0.5 6.93E+06 5.31E08 1.971
Sodium Citrate 5 2.77E+09 5.31E+08 2.037
Gum Arabic 2.5 7.27E+08 4.45E+08 6.801

Table 4.5: Comparison of prostate cell uptake ratios for the three nanoparticle
systems

The images in Figure 4.4 demonstrate the difference in dimensions between
prostate cancer and prostate normal cells. Prostate normal cells are 2 — 3 times larger
than prostate carcinoma cells, which is clearly recognizable. The comparisons stated
earlier for intracellular uptake by prostate cells were purely quantitative values from
VSM analysis; however, if we consider the sizes of the prostate cells, the differential
uptake would be much greater. The basic principle of density states,

D =m/v [Eqn 4.1]
where, D is density, m = mass, and v = volume
Density is inversely proportional to volume for a given mass, so if the volume of the
prostate cell is 2 — 3 times smaller than the volume a normal prostate cell, then the
density for a given mass is 2 — 3 times greater. This information greatly increases the
effectiveness of the nanoparticle coatings, the resultant properties of their system and
provides a mechanism for fine tuning the specifications required for precise targeting of

prostate cancer cells.
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Figure 4.4: Adherent prostate cells (A) cancer and (B) normal in cell culture
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CHAPTER 5

CONCLUSION

The co-precipitation method was a reliable technique for generating magnetite
nanoparticles. Uncoated nanoparticles demonstrated larger particle sizes; between 585 —
700 nm in water and between 280 — 390 nm in RPMI 1640 media. These measurements
were hydrodynamic diameters which were obtained by Malvern zetasizer. The reported
sizes were nanoparticle clusters which had agglomerated; since magnetic nanoparticles
have a tendency to self assemble due to their magnetic properties. This agglomeration
phenomena was confirmed by Vibrating Sample Magnetometry. Individual particle size
measurements between 5-35 nm were revealed. The addition of surface materials
improved the degree of agglomeration and increased the particle stability in aqueous
mediums. Steric stabilization was achieved in water with sodium citrate as the capping
agent for the magnetic nanoparticles, and showed a consistent particle size measurement
of approximately 160 nm by the Malvern zetasizer. Sodium citrate was not very effective
as a homogenizing agent in cell nutrient media. Particle size measurements obtained with
the Malvern zetasizer and particle stability via light scattering with a spectrophotometer
revealed the incompatibility among the SC coated nanoprticles and the required
ingredients of the cell culture media. Upon the addition of SC coated MNP’s into RPMI
1640 growth media; particles slightly larger than 700 nm were reported. Over the 48

hour period, the initially formed large sized complexes fell out of solution and the
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particle size gradually decreased to about 350 nm. Gum arabic, in turn was excellent as a
stabilizing agent in cell nutrient media, but not in water. The reported nanoparticle size
with gum arabic in media was consistently 250 nm over a 48 hour period. Although each
of the three nanoparticle systems offered different characteristics, it was found that gum
arabic provided the most stable nanoparticle solution over the 48 hour period with
consistent size measurements in the required cell nutrient media.

Intracellular uptake was achieved and confirmed with a variety of techniques. Cells
which were allowed to interact with nanoparticles in culture for 48 hours, were washed
free of the nanoparticle solution, and then exposed to a magnetic field for 24 hours,
which resulted in elongated, directional growth of cells. A second technique involved
mobility of unrestrained cells that were exposed to nanoparticles for 48 hours, washed,
then resuspended in fresh media. Prostate cells exposed to higher concentrations of
nanoparticles displayed distinctive movement in response to the externally applied
magnetic field. The third technique visually exposed the cross section of prostate cells
which undeniably showed nanoparticles within vacuoles of the cells. The results of these
three methods established the fact that magnetite nanoparticles are able to penetrate the
cell membrane of prostate cells and gain entry into the cytoplasm, particularly the
vacuoles. Cell viability after the 48 hour exposure to magnetite nanoparticles and
encapsulation of the material is a required necessity. It was found that the highest

observed concentration of 50 x 10'® nanoparticles per mL did not support cell survival.
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Nanoparticle concentrations between 10 x 10'® and 0.5 x 10" revealed increased viability
as the nanoparticle concentration decreased.

The uptake was further confirmed with the quantitative assessment of the three
nanoparticle systems. Magnetization outputs were recorded for each nanoparticle
concentration with each of the three nanoparticle systems. The degree of magnetization
varied per sample due to the concentration of nanoparticles that the cells were exposed to
and subsequently received internally. Prostate cancer cells received more nanoparticles
than normal prostate cells, especially within the coated nanoparticle systems. A ratio was
calculated to determine the uptake relationship between prostate normal and carcinoma
cells. The C/N value divided the number of nanoparticles received by prostate carcinoma
cells by the number of nanoparticles received by prostate normal cells. A value above
one demonstrated greater uptake for prostate carcinoma cells. The non-coated
nanoparticle system demonstrated C/N ratio’s between .257 — 1.971, and this trend of
greater uptake occurred as the MNP concentration decreased. The sodium citrate
nanoparticle system demonstrated differential uptake by the prostate carcinoma cells,
with C/N values between 1.613 - 2.051, but did not appear to be concentration dependent.
The nanoparticle system that revealed the greatest differential uptake was the gum arabic
coated nanoparticle system; and the most impressive differences occurred at the lower
nanoparticle concentrations. The highest C/N value among the three nanoparticle systems
occurred with the GA coated MNP system, C/N = 6.8 at 2.5 x 10'° nanoparticles per

milliliter. The greatest uptake of nanoparticles by prostate cells was achieved by prostate
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carcinoma cells which were exposed to the lowest concentration of MNP’s 0.5x10'°
nanoparticles per milliliter.

The VSM quantification method required the number of viable cells for the
calculation of the number of nanoparticles per cell, but is not an instrument for
measurement or determination of cell viability. The traditional methods for verifying cell
viability are MTT assay and trypan blue exclusion; however the nanoparticle treated
media could not be completely removed from the wells of the 96-well plates. If was
found that an additional control was required in order to compensate for the nanoparticle
residues that are easily detected by sensitive spectrophotometric measurements. The
color of iron inside prostate cells in combination with the blue dye of the trypan blue
stain provided a degree of difficulty since visual cell counts determine viability. The cell
counts utilized for VSM analysis demonstrated healthy adherent cells, and the counts
were utilized as indicators of cell viability. The highest nanoparticle concentration
(50x10'®) was not suitable for cell viability, while cell viability increased as the
nanoparticle concentrations decreased. The increased cell viability at lower nanoparticle
concentrations correlated well with the greater uptake values which also occurred at
lower concentrations. The magnetization values from the VSM did not consider the
difference in size of the prostate normal and prostate cancer cells. Utilization of optical
tweezers with an optical microscope provided a two-dimensional measurement of the
prostate cells. Prostate carcinoma cells were found to be 2 — 3 times smaller than prostate

normal cells.
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Differential uptake was observed for prostate carcinoma cells from VSM analysis,
however, increased potential for greater disparity between prostate carcinoma and
prostate normal cell uptake quantities was calculated when the size difference was re-
evaluated, thus increasing the density of nanoparticles within the prostate carcinoma
cells. This density difference should greatly aid in selectively heating prostate cancer
cells to mortality without killing normal prostate cells. Further fine tuning the
specifications required for precise targeting of prostate cancer cells may include the use
of prostate cancer specific antibody, determination of the time for magnetic field
exposure, frequency and field strength. The results of this research provided excellent
contributions to the various fields of research which define it as interdisciplinary, such as

nanotechnology, biology, physics and engineering.
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APPENDIX

Calculation of mass, volume, and magnetization of magnetite nanoparticles

Molecular Weight (MW) of Fe;O4:
MW =3 (55.85) + 4 (16)
MW = 167.55 + 64

MW =231.55

Determine the amount of Fe in magnetite:

167.55/231.55=0.763 = 76.3%

Igram of mnp contains .763g of Fe, and 160 mg Fe exist in 1L (Microbac Lab) which is
equal to the weight of iron/mL of the stock solution so, determine the amount of

magnetite in 160 mg Fe:

solve for x in the ratio:
1 g Fe;04=76.3 mg Fe
X ¢ Fe304 = 160 mg
x =160/76.3
x =209.69 mg magnetite in 1L (dilution = ImL in 100mL)

s0, the amount of magnetite in 1 mL of the mnp stock solution is 209.69 mg

Volume of one magnetic nanoparticle (mnp):
V=4/3nr

d=10nm so use, r =5 nm
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Inm =107 cm
V =(4/3) (3.14) (5 x 107cm)’

V=523x10"cm’

Mass of one mnp:

M =pV

Use, Pmagnetite = 5.18 g/cm3
Vmagnetite = 5.23 x 1077 cm’

M = (5.18 gm) (5.23 x 10"Pcm?)

M=27x10"%g

M=2.7x 10" mg

Determine the number of mnp in 1mL (stock) soln:

No. mnp/mL = amount of magnetite in ImL (stock) / mass of one mnp
No. mnp/mL = (209.69 mg) / (2.7 x 10™"° mg)

No. mnp/mL = 7.77 x 10'® particles/mL = The number of mnp in ImL (stock)

Determine the total mass of sample (# of mnp) in a 2 mL volume:

Consider the amount of magnetite in ImL mnp (stock):
209.69 mg/mL=0.21 g/mL
For 2 mL of sample, (0.21 g/mL) x 2mL)=0.42 g

The amount of magnetite in2 mL =042 g
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The following relationship in grams relates the amount of magnetite in 2mL of media
(dried) to the mass of dried media (only), 0.42 g magnetite (in 2 mL) = 0.0578 g (mass of

the media)

For example, in the case of WPMY-1, there were 880,000 cells/mL

So, in 2 mL, there are 1,760,000 =1.76 x 10° cells

From the relationship above, relate the number of cells in 2 mL media to the mass in 2
mL of media (only) to determine the number of cells/g

1.76 x 10°cells/ 0.0578 g =x/ 1

Therefore, x = 3.04 x 107 cells/g

Determine the number of particles per gram:

No. mnp/gram = 1/ (mass of one mnp)
No. mnp/gram = 1/ (2.7 x 10"%g)

No. mnp/gram = 3.69 x 10"

Determine the magnetization (mag) per particle; and per cell:

Use, magnetization = 60 emu/g for d = 10nm magnetite nanoparticles

and magnetization/gram = 2 emu (obtained from VSM for actual mnp only samples)
Mag/particle = (magnetization/gram for 10nm mnp) / (number of mnp/gram)
Mag/particle = 60 emu/ 3.69 x 10" = 1.66 x 10° emu

Note: The value for mag/particle will not change per sample, but will remain the same for

each sample
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Mag/cell = (magnetization/gram) / (number of cells/gram)
Mag/cell = 2 emu/ 3.04 x 10 cells/g = 6.578 x 10™* emu

Note: The values for the mag/cell will change for each sample being observed

Determine the number of particles per cell:

(mag/cell)/ (mag/particle) = (6.578 x 10™) / (1.66 x 10°) = 3.96 x 10° particles/cell
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MP Biomedicals, LLC

TECHNICAL INFORMATION

Telephone: 440/337-1200
Toll Free: 800/854-0530
Fax: 440/337-1180
mailto:biotech@mpbio.com
web: www.mpbio.com

29525 Fountain Parkway
Sclon, Ohic 44139

Catalog Number: 1060120, 1060121, 1060124, 1060122
RPMI 1640 Medium, powder, with L-glutamine, without sodium

bicarbonate

Description: This medium was originally developed by Maore and his colleagues at Roswell Park

Memorial Institute (RPMI). It was based on the RPMI 1630 line of media which utilized a bicarbonate
buffering system and alterations in the amounts of amino acids and vitamins . RPMI has successfully
been used for the cultivation of normal human and neoplastic leukocytes. It is now a popular general

purpose medium when properly supplemented.

A Dutch Modification of RPMI 1640 is also available through MP. The Dutch Modification contains 6400
mg/l sodium chloride instead of 6000 mg/l; contains 1000 mg/l sodium bicarbonate instead of 2000 mg/l;

and contains 20 mM HEPES.

Formulation :
Components mg/L Mol. Wt. Mol.
(ml)
Amino Acids
L-Arginine HCI 200.000 210.7 1.15
L-Asparagine H,O 56.820 150.1 0.38
L-Aspartic Acid 20.000 133.1 0.15
L-Cystine 2HCI 65.200 313.2 0.21
L-Glutamic Acid 20.000 1471 0.14
L-Glutamine 300.000 146.1 2.05
Glycine 10.000 75.07 0.13
L-Histidine 15.000 155.2 0.10
L-Hydroxyproline 20.000 131.1 0.15
L-Isoleucine 50.000 131.2 0.38
L-Leucine 50.000 131.2 0.38
L-Lysine HCI 40.000 182.6 0.22
L-Methionine 15.000 149.2 0.10
L-Phenylalanine 15.000 165.2 0.09
L-Proline 20.000 1151 017
L-Serine 30.000 105.1 0.29
L-Threonine 20.000 119.1 0.17
L-Tryptophan 5.000 204.2 0.02

RPMI 1640 Medium, powder, with L-glutamine, without sodium bicarbonate
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L-Tyrosine 2Na 2H,0 28.830 261.2 0.11
L-Valine 20.000 1171 0.17
Vitamins

Biotin 0.200 2443 0.0008
Choline Chloride 3.000 139.6 0.0215
D-Calcium Pantothenate 0.250 238.3 0.0010
Folic Acid 1.000 441.4 0.0023
myo-Inositol 35.000 180.2 0.1942
Nicotinamide 1.000 122.13 0.0082
para-Aminobenzoic Acid 1.000 137.1 0.0073
Pyridoxine HCI 1.000 205.6 0.0049
Riboflavin 0.200 376.4 0.0005
Thiamina HCI 1.000 337.3 0.0030
Vitamin B12 0.005 1355.4 | 0.000004
Inorganic Salts

Calcium Nitrate [Ca(NO,), 4H O] Tetrahydrate 100.000 236.2 0.42
Magnesium Sulfate [MgSQO,] 48.800 1204 0.41
Potassium Chloride [KCI] 400.000 74.55 5.37
Sodium Bicarbonate [NaHCO ] 0.000 84.01 0.00
Sodium Chloride [NaCl] 6000.000 58.44 102.67
Sodium Phosphate Dibasic [Na,HPO ] 800.700 141.96 5.64
Other

Dextrose 2000.000 180.2 11.10
Glutathione (reduced) 1.000 307.33 0.0033
Phenol Red Sodium Salt 5.000 376.4 0.01
Add

NaHCO, Powder (g/L) 2.00

NaHCO, 7.5% Salution (mL/L) 26.72

Availability :

1X Liguid :

Catalog Number Description Size

1260249 1X RPMI 1640 without L-glutamine, pH 6.9-7.2 100 mil

1260254 500 ml

1260354 1X RPMI 1640 with L-glutamine 500 ml

1260554 1X RPMI 1640 with 25 mM HEPES, 4750 mg/l sodium 500 ml

bicarbonate, without L-glutamine
1260654 1X RPMI 1640 with 25 mM HEPES, 4750 mg/l sodium 500 ml
chloride, L-glutamine
1260449 1X RPMI 1640 with 25 mM HEPES, without sodium 100 ml
1260454 bicarbonate, L-glutamine 500 ml

RPMI 1640 Medium, powder, with L-glutamine, without sodium bicarbonate
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1265254 1X RPMI 1640 without L-glutamine, pH 7.2-7 .4 500 ml
1260954 1X RPMI 1640 Dutch Modification without L-glutamine 500 ml
12653495 1X RPMI 1640 without L-glutamine, myo-inositol 100 ml
1265354 500 ml
1625140 1X RPMI 1640 without L-glutamine, L-lcucinc 100 ml
1629249 1X RPMI 1640 without L-glutamine, L-methionine 100 ml
1625254 500 ml
1645449 1X RPMI 1640 without L-glutamine, cystine, methionine, 100 ml
1645454 cysteine 500 ml
1645754 1X RPMI 1640 without L-glutamine, phenol red 500 ml
1645854 1X RPMI 1640 without L-glutamine, dextrosc 500 ml
1629749 1X RPMI 1640 with 850 mg/l scdium bicarbonate, without  |[100 ml
1629754 L-glutaming, phosphate 500 ml
10X Liguid :

Catalog Number 'Elescriptian Size
1460054 10X RPMI 1640 without L-glutamine, sodium bicarbonate  [500 ml
Powders.:

Catalog Number Description Size
1060120 RPMI 1640 with L-glutamine without sodium bicarbonatz 10 x 1 liter
1060122 1 x 10 liter
1060124 1 x 50 liter
1060222 RPMI 1640 with L-glutamine without sodium bicarbonate, (1 x 10 liter
1060224 phenol red 1 x 50 liler
1060520 RPMI 1640 with L-glutamine, 25 mM HEPES, without 10 x 1 liter
1060522 sodium kicarbonate 1 x 10 liter
References:

1. Moore, G.E., et. al,, "Culture of Normal Human Leukoctyes." JAMA, v, 199, 519-524 (1967).

2. Moore, G.E. and Woods, L.K., "Cullure media for hurman cells RPMI 1603, RPMI 1634, RPMI 1640
and GEM 1717." Tissue Culture Association Manual, v. 3, 503-508 (1976).

3. Moore, G.E., Gerner, R.E. and Minowada, J., "Studics of normal and ncoplastic cells. Studics of
normal and neoplastic human hamatopoigtic cells in vitro ."  Twenty-first Annual Symposium on
Fundamental Cancer Research, February 1967, p. 41-43.

4. Moore, G.E. and Kitamura, H., "Cell line derived from patient with myeloma." NY Siate Journal of
Medicine, v. 68, 2054-2060 (1S68).
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