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This paper shows that superparamagnetic iron oxide nanoparticles (SPIONs) conjugated to luteinizing
hormone releasing hormone (LHRH) (LHRH-SPIONSs), can be used to target breast cancer cells. They also act
as contrast enhancement agents during the magnetic resonance imaging of breast cancer xenografts. A
combination of transmission electron microscopy (TEM) and spectrophotometric analysis was used in our
experiments, to investigate the specific accumulation of the functionalized superparamagnetic iron oxide
nanoparticles (SPIONs) in cancer cells. The contrast enhancement of conventional T2 images obtained from
the tumor tissue and of breast cancer xenograft bearing mice is shown to be much greater than that in saline
controls, when the tissues were injected with LHRH-SPIONs. Magnetic anisotropy multi-CRAZED images of
tissues extracted from mice injected with SPIONs were also found to have enhanced MRI contrast in breast

cancer xenografts and metastases in the lungs.

© 2008 Published by Elsevier B.V.

1. Introduction

In the United States, breast cancer is the second leading cause of
cancer death in women. In 2005, 40,410 deaths were attributed to
breast cancer in the United States alone [1]. In the absence of a cure,
the real clinical challenge is early detection. However, the early
detection of breast cancer is limited by the spatial resolution of the
methods that are currently used to detect cancer.

In the case of magnetic resonance imaging (MRI), the current
spatial resolution of detection is of the order of a few millimeters [2].
This corresponds to hundreds of millions of cancer cells, and therefore
a greater probability of it being a later stage of cancer. There is,
however, a need to further develop imaging methods that can
enhance the contrast and spatial resolution of tumor tissue in MRI.

Gadolinium based contrast agents have been used in MRI over the
past few decades [3,4]. These do provide enhanced contrast that can
overcome tissue heterogeneity, but the spatial resolution provided by
gadolinium contrast agents is still limited to a few millimeters.
Furthermore, the attachment of current gadolinium contrast agents is
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not specific, i.e. they do not have ligands that bind specifically to
tumor sites.

Besides gadolinium ion complexes, MRI contrast agents based on
superparamagnetic iron oxide nanoparticles (SPIONs) are also
commercially available (See Table 1). Dextran coated iron oxides are
biocompatible and are selectively taken up by the reticuloendothelial
system, a network of cells lining blood vessels whose function is to
remove foreign substances from the blood system. These SPIONs
accumulate in the liver and are later excreted via the liver after
treatment. Hence, they can specifically enhance the MRI contrast of
liver tissue [5].

Smaller iron oxide nanoparticles with sizes of ~10 nm have a
longer half-time in the blood stream and are collected by reticulo-
endothelial cells, which are also distributed in lymph nodes and bone
marrow [6]. However, since tumor cells do not have reticuloendothe-
lial systems, their relaxation times are not affected by such contrast
agents. Nevertheless, these small nanoparticles have already been
used to identify malignant lymph nodes [7], liver tumors [8] and brain
tumors [9]. However there is still a definite need to develop ligand-
bound magnetic nanoparticles that can attach specifically to other
tumors.

Ligand conjugated superparamagnetic iron oxide nanoparticles
(SPIONSs) offer an alternative that can be used to overcome some of the


mailto:soboyejo@princeton.edu
http://dx.doi.org/10.1016/j.msec.2008.09.039
http://www.sciencedirect.com/science/journal/09284931

1468 J. Meng et al. / Materials Science and Engineering C 29 (2009) 1467-1479

Table 1
Commercially available SPIONs for MRI contrast enhancement and their specific
indication place.

Name of drug Indication in MRI

Feridex® Liver

Endorem™ Liver

GastroMARK® Bowel marking

Lumirem® Bowel marking

Sinerem® MR angiography vascular, staging of RES-directed liver diseases,
lymph nodes

Resovist® Liver lesions

http://www.mr-tip.com/.

limitations of existing gadolinium and SPION contrast agents. First, the
attachment of specific ligands to such nanoparticles offers the
potential for the design of systems that can target specific tumors
[10]. In the case of breast cancer, prior work has shown that luteinizing
hormone releasing hormone (LHRH) receptors are over-expressed on
breast cancer cell membranes [11]. This stimulated Kumar et al. [11,12]
and Leuschner et al. [11-16] to design superparamagnetic iron oxide
nanoparticles conjugated to LHRH that can be used to target breast
tumor sites. Hence, these entities have potential applications in cancer
drug delivery and cancer diagnosis [17,18]. These highly specifically
functionalized nanoparticles are often referred to as LHRH-SPIONS.

Transmission electron microscopy studies by Zhou et al. [19] later
showed that the LHRH-SPIONs accumulate specifically in breast
cancer xenografts in-vivo. Shannon et al. [20] have also conducted
multi-CRAZED MRI experiments on the same breast cancer xenografts
that were used in the TEM experiments of Zhou et al. [19]. The
resulting MRI of tumor tissue samples showed that contrast enhanced
in female mice breast tumor tissue injected with LHRH-conjugated
superparamagnetic iron oxide nanoparticles (LHRH-SPIONs). How-
ever, there have been no prior reports of nanoparticle enhanced T2
MRI images of LHRH-SPIONs-containing breast tumors. There have
also been relatively few in-vitro experiments designed to provide
controlled insights into the time-dependent uptake of such
nanoparticles.

This paper presents the results of systematic in-vitro and in-vivo
experiments designed to quantify the uptake of unconjugated and
LHRH-conjugated magnetite nanoparticles by breast cancer cells. It
also extends the work by Shannon et al. [20] by comparing new multi-
CRAZED images with T2 images of female mouse breast tumor tissue
injected with LHRH-conjugated superparamagnetic iron oxide nano-
particles (LHRH-SPIONs). The intracellular LHRH-SPIONs provide
significant contrast enhancement in conventional T2 images of breast
cancer xenografts and in bulk T2 measurements. Enhanced MRI
contrast is also shown to be provided by multi-CRAZED MRI images of
the breast cancer xenografts and their metastases in the lungs. Finally,
the possible implications of these results are discussed for the early
detection and treatment of breast cancer.

2. Multi-Crazed MRI

In conventional magnetic resonance imaging, spin echoes are
analyzed to determine relaxation times. Even 20 years ago, it was
possible to calculate the effect of thousands of pulse sequences [21].
However, it was found that certain simple pulse sequences, which
should theoretically give no signal, experimentally give strong peaks
with a signal size 10% of the macroscopic magnetization, but 1000
times larger than the background noise. This conflict between theory
and experiment leads to what are called “CRAZED” sequences [22]. At
this time, it has been clearly established that this effect is related to the
dipolar interactions between distant spins in solution [23].

The CRAZED sequences are in the form of: 90°-delay 7 — Gradient
Pulse, area GT — 6 — Gradient Pulse, area nGT-delay, TE — 180°-delay

(TE — nT), acquisition, as shown in Fig. 1 [20]. This produces signals
from intermolecular n-quantum coherences involving spins separated
by a “correlation distance,” dc =/ ("yGT), where y is the gyromagnetic
ratio, and GT is the gradient pulse area. The contrast mechanism of the
iMQC signal is based on the intrinsic sensitivity to magnetization and
the susceptibility structure over a sub-voxel distance, which is
different from conventional contrast.

As shown in Fig. 1, by adding new gradient pulses, an arbitrary
number of echoes of different coherence orders can be acquired
simultaneously. The ratio of the first two correlation gradients is 1:2,
so the first acquisition window gives a +2-quantum image (DQC
image). Subsequent echoes that are separated by a period 7 can be
acquired, as shown in Fig. 1. The associated correlation gradients
provide + 1-quantum imaging (SQC image), 0-quantum imaging
(ZQCimage), — 1-quantum imaging (MSQC image), and — 2-quantum
imaging (MDQC image). The signals for a multi-CRAZED sequence can
be expressed as introduced in Ref. [20].

3. Experimental procedures
3.1. Materials preparation

Five different kinds of SPION types were used in our experiments.
The 15 nm SPIONs and 15 nm LHRH-SPIONs were prepared using the
method described by Kumar et al.[12]. In order to prepare 15 nm SPIONS,
1.622 g of FeCls and 0.994 g of FeCl, - 4H,0 were placed in a three-necked
flask which was evacuated and flushed with nitrogen three times to
remove oxygen. The iron salts were dissolved with stirring in 25 ml of
water, and then 2.5 ml of 28% NH,4OH solution was added dropwise to
this solution at room temperature. A black precipitate was obtained,
which was heated at 80 °C for 30 min, washed several times with water
followed by ethanol, and then finally dried in a vacuum oven at 70 °C. To
prepare LHRH-SPIONS, 60 mg of 15 nm SPIONs were dispersed in 6 ml of
water by sonication under nitrogen. A freshly prepared carbodiimide
solution (42 mg in 1.5 ml of water) was added, and the solution was
sonicated for a further 10 min. The mixture was then cooled to 4 °C
before adding a solution of LHRH (3.7 mg in 1.5 ml of water). The
reaction temperature was then maintained at 4 °C for 2 h, with
occasional swirling of the flask. After 2 h, the flask was placed on a
permanent magnet, and the nanoparticles were allowed to settle.
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Fig. 1. Multi-CRAZED sequence to acquire multiple echoes. The multi-CRAZED sequence
takes advantage of the difference in echo timing to acquire multiple echoes at full
intensity. The 4+ SQC (+ 1 or single-quantum coherence) and MSQC (— 1 or single-quantum
coherence) images have primarily conventional contrast; the DQC (+ 2-quantum), ZQC
(0-quantum), and MDQC (—2-quantum) coherences have contrast from subvoxel
variations in magnetization density or resonance frequency. Additional gradient pulses
permit image acquisition in the standard way (single-line acquisition shown here)
(adapted from Ref. [20]).
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The 5 nm and 10 nm SPION solutions were synthesized from the
thermal decomposition of iron carbonyl in the presence of oleic acid
[24,25]. In order to prepare 5 nm and 10 nm particles, 1.062 g iron (III)
acetylacetonate and 3.952 g 1,2-hexadecanediol were mixed in the
presence of 2.85 ml oleic acid, 4.05 ml oleylamine and 30 ml diphenyl
ether under argon flow. To produce 10 nm nanoparticles, the mixture
was heated to 215 °C at a rate of 10 °C/min. It was then kept at 215 °C for
2 h. To produce 5 nm nanoparticles, the mixture was heated to 200 °C at
arate of 10 °C/min and was kept at 200 °C for 30 min. In both cases the
mixture was subsequently refluxed at 265 °C for 30 min and then cooled
to room temperature. Once cooling, the nanoparticle solution was
precipitated by the addition of 60 ml ethanol and washed by centrifuge
to remove the excess surfactant. The particles were then re-dispersed in
20 ml hexane with 100 pl oleic acid and 100 pl oleylamine.

The Fe;04 nanoparticles were changed from a hydrophobic to
hydrophilic character by the addition of a bipolar surfactant (tetra-
methylammonium-11-aminoundecanoate in dichloromethane)
which facilitated an aqueous dispersion [24].

The 30 nm SPIONs were purchased directly from Aldrich-Sigma
(St. Louis, MO 63178).

3.2. Characterization of nanoparticles

Transmission electron microscopy (TEM) was used to characterize
the five different nanoparticle types and determine their size
distributions. In order to prepare TEM specimens, the nanoparticles
were dispersed in deionized water under sonication for 30 min. One
droplet of the solution was then transferred onto continuous carbon
film supported on a 300 mesh copper TEM grid. The 5 nm and 10 nm
SPION solutions were dried at 50 °C on TEM grids tilted to a 60° which
facilitated their self assembly in to well ordered nanoparticle arrays.
The other TEM grids were dried in air at room temperature for one
day, during which time the water to fully evaporate. The specimens
were then observed in a LEO 912AB TEM (Zeiss, Thornwood, NY).
Micrographs of the nanoparticle materials were then analyzed using
Adobe Photoshop (Adobe, San Jose, CA) software in order to
determine their respective particle size distributions.

3.3. In-vitro experiments

In-vitro experiments were used to study how the particle size and
LHRH coating on magnetite nanoparticles affect their uptake into breast
cancer cells. Both SPIONs and LHRH-SPIONs were suspended in a cell
culture medium by sonicating them for 1 h. The concentration of
different kinds of nanoparticle solution was controlled to be the same, i.e.
0.04 mg/ml in the TEM experiments and 0.005 mg/ml in the spectro-
photometry experiments. Human breast cancer cells Hs 578T (HTB 126
from ATCC, American Type Culture Collection, Manassas, VA 20108 ) were
cultured separately in these different media for different time periods.
The cells were then used for transmission electron microscopy (TEM)
and spectrophotometric studies of nanoparticle uptake.

3.3.1. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to study the
intake of LHRH-SPIONs and SPIONSs into breast cancer cells. Cells that had
been incubated with two kinds of nanoparticles (15 nm LHRH-SPIONs
and 15 nm SPIONs) for different time periods were fixed for 2-3 h with
2% glutaraldehyde in a 0.2 M sodium cacodylate buffer with a pH of 7.2.
The cells were then washed a few times in a 0.2 M sodium cacodylate
buffer (pH 7.2) in order to remove any residual nanoparticles that existed
outside the cells.

After post-fixing on ice with a 1% 0sO4 in sodium veronal buffer for
1 h, the cell specimens were stained with 0.25% toluidine blue in 0.2 M
sodium sacodylate buffer for another 60 min. They were then left
overnight in the dark in 2% uranyl acetate in a 0.05 M sodium maleate
buffer. Dehydration of the cell specimens was done by immersing

them gradually in EtOH with increasing concentrations from 30% to
100%.

After dehydration, the cell specimens were embedded in epoxy
resin. The resin was then allowed to polymerize overnight in an oven
that was operated at 60 °C. TEM samples were prepared by cutting
60 nm thick sections from the resins using a Reichert Ultracut E
Microtome (Reicher-Jung®). The thin slices were then mounted on
standard hexagonal mesh copper grids for TEM observation, which
was carried out in a LEO 912AB TEM (Zeiss, Thornwood, NY).

3.3.2. Spectrophotometry

Spectrophotometric analysis was used to study the intake of dif-
ferently sized SPIONs and LHRH-SPIONSs into breast cancer cells. This was
done after the cells had been incubated with five kinds of nanoparticles
(5 nm SPIONs, 10 nm SPIONs, 15 nm SPIONs, 30 nm SPIONSs, and 15 nm
LHRH-SPIONs) for different time periods. Subsequently, a spectro-
photometric analysis technique was used to determine the concentration
of these various nanoparticle types inside cells. This was achieved by
measuring cell density with a standard Hemocytometer. The cells were
then separated from the medium using a centrifuge (125 xg for 7 min).

The separated cells, as well as any nanoparticles that had been
incorporated into them, were dissolved in 2.5 ml of 12 M HCl solution. This
ionizes the Fe;0, into iron cations that form highly colored complexes
when reacted with the thiocyanate ion. The solution was then mixed with
a 1.5 M potassium thiocyanate solution that turned red in color upon
absorption of light with a wavelength of 447 nm. A Unico 1200 spectro-
photometer (United Products & Instruments, Inc, Dayton, NJ) was used to
measure the absorbance of each solution. The measured absorption was
then converted into the concentration of iron cations in each solution. By
considering the concentration of cells in each solution, the average mass of
nanoparticles contained within each cell was estimated.

3.4. In-vivo experiments

Both TEM and MRI were used in the studies of breast cancer
xenografts and metastases in the lungs of athymic nude mice. Tumors
were induced by the injection of human breast cancer cells into the
interscapular region, which were then allowed to grow for 30 days.
During this period, tumors developed in the mice, and metastases
occurred in the lungs [11]. LHRH-SPIONs were then injected into the
lateral tail vein, and the mice were sacrificed after 20 h. Subsequently,
the primary tumors and metastases in the lungs were preserved for the
TEM and MRI experiments. All of the animal experiments were
designed and conducted at the Pennington Biomedical Center of the
Louisiana State University. They were in compliance with the
institutional animal care and use committee and the principles of
laboratory animal care of the National Institute of Health (NIH), USA.
The following TEM and MRI studies were performed on these samples:

3.4.1. Transmission electron microscopy

The tumor tissues were fixed in glutaraldehyde (2.5% glutaraldehyde
in 0.1 M sodium cacodylate with 2 mM CaCl,, pH 7.3) and then cut into
small pieces of ~1 mm [3], which were stained overnight using 1% uranyl
acetate in the dark. The stained tissue specimens were dehydrated and
embedded in resin using a method similar to that employed in the in-vitro
TEM studies. Subsequently, the samples were cut into 60 nm foils and
mounted on Cu mesh grids for TEM observation [19].

3.4.2. Magnetic resonance imaging

The magnetic resonance imaging experiments were conducted on
a 7 T animal imager Magnex magnet, interfaced to a Bruker Biospect
spectrometer. The MRI experiments involved the imaging of speci-
mens that were excised from mice injected with LHRH-SPIONs or
saline solution, before sacrificing the mice to extract the organs. The
samples (approx.1 cmx1 cmx 1 cm) were placed in a specific plastic
thin-wall box. To prevent the samples from drying, the tubes were
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Fig. 2. TEM micrographs of SPIONs: (a) 5 nm SPIONs; (b) 10 nm SPIONs; (c) 15 nm SPIONSs; (d) 15 nm LHRH-SPIONSs; (e) 30 nm SPIONs.

filled with D,0 and the whole box was sealed with Parafilm. Standard
T2 images of breast tissue were acquired using a FOV [6.5, 6.5] cm and
a slice thickness of 2 mm.

T2 measurements were also acquired at room-temperature, on an
excised tissue, before and after injection of LHRH-SPIONs. The RF

sequence used for these T2 measurements was a standard spin-echo
sequence: 90 — TE/2 — Crush Gradient Pulse (7 G/cm, 1 ms) —180° —
Crush Gradient Pulse (7 G/cm, 1 ms) —TE/2., where the echo time
(TE) was varied. The echo intensity was then measured at different TE
values and the T2 number was obtained by fitting the signal decay
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Fig. 3. Histogram plots of size distribution of five different SPIONs.

with a mono exponential curve exp{—TE/T2}. The multi-CRAZED
experiments of lung samples (0.5 cmx1 cmx 1 cm) were conducted
on a 600-MHz Varian Unity”""*-Inova NMR spectrometer, following a
similar procedure to that used by Shannon et al. [20].

Control MRI experiments were also performed on grapes to see if
the contrast enhancement provided by injected nanoparticles could
overcome tissue heterogeneity. Grapes were chosen for their inherent
contrast and high water content. These grapes were injected with
SPION nanoparticles before investigating them in the same 7T MRI
system that was used in the tissue MRI experiments.

4. Results
4.1. Nanoparticle
TEM micrographs of the five different nanoparticle types used in

this study are shown in Fig. 2, and the corresponding size distribution
histograms are presented in Fig. 3. It is clear that the nanoparticles have

roughly spherical morphologies with varying size dispersions. The
nominal 5 and 10 nm SPION preparations have the tightest size
distributions which facilitates their self-assembly into ordered
hexagonal monolayer arrays upon solvent evaporation (Fig. 2(b) and
(c)). The 15 nm and 30 nm SPION preparations on the other hand have
awider spread in their size distributions, which results in them having
a tendency to form more irregular 3D aggregates upon drying (Fig. 2
(c), (d) and (e)). It is also interesting to note from Figs. 2(c), (d) and 3,
that the 15 nm SPIONs and 15 nm LHRH-SPIONs have very similar
distributions, which confirms that no significant size change resulted
from incorporating the LHRH coating on the SPIONs.

4.2. In-vitro experiments

4.2.1. TEM results

TEM micrographs of cells incubated for different time durations
with 15 nm SPIONs are presented in Fig. 4, while the corresponding
images of cells incubated with 15 nm LHRH-SPIONs are shown in
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Fig. 5. From the images, it is clear that the number of nanoparticles
that accumulate inside cells increase as the incubation time increased.
After ~180 min of incubation, the cell intake of LHRH-SPIONs was also
far greater than that of SPIONs (shown in Figs. 4(c) and 5(c)). Since
the two kinds of nanoparticle solutions have the same nanoparticle
concentration, this increased intake of LHRH-SPIONS is attributed to
the over-expression of LHRH receptors on the membranes of the
breast cancer cells.

The observed nanoparticle interactions with cancer cell mem-
branes are shown in Figs. 6 and 7. In the case of Fig. 6, the mechanism of
nanoparticle entry is shown to be analogous to the endocytosis
mechanism by which food particles enter cells. The cell/nanoparticle
interactions generally result in the perturbation of the cell membrane
(Fig. 6(b)), presumably as a result of the receptor-mediated endocy-
tosis of nanoparticle clusters. The nanoparticle clusters are then
encapsulated, as shown in Fig. 6(c). In this micrograph an encapsulated
LHRH-SPION nanoparticle cluster can be observed that has just
entered into the cell membrane from the surrounding environment.

The material transport mechanisms that are involved in the entry
of the LHRH-SPION clusters are shown even more clearly in the TEM
micrograph presented in Fig. 7. In addition to the nanoparticle-
induced membrane perturbation, the image shows different stages of

how the nanoparticle clusters are transported into the cancer cells.
First, the evolving curvatures trap the nanoparticle clusters along the
perimeter of the cell membrane. The clusters are then transported into
the cytoplasm, as shown in Fig. 7(b). Most of the nanoparticle clusters
remain in the cytoplasm, where their presence may be used to
promote enhanced contrast in MRI imaging.

4.2.2. Spectrophotometric analyses

The measured uptake of SPION is presented in Fig. 8, in which the
nanoparticle uptake per cell is plotted as a function of cell culture time.
Most importantly the results show that the uptake of LHRH-SPIONS is
greater than that of SPIONs alone. Also, the uptake of larger SPIONS is
greater than that of smaller SPIONs, at least in the 5 to 30 nm particle
size ranges. Furthermore, the initial rates of uptake are relatively fast,
during the first 25 min of cell culture.

However, in the case of the 15 nm LHRH-SPIONs, the uptake
reaches a plateau of ~1400 ng per cell after cell culture duration of
~25 min. A slight decrease in nanoparticle content is shown for the
unconjugated 15 nm SPIONSs, after reaching a peak value of ~800 ng
per cell during the first 25 min of cell culture. When compared to
15 nm SPIONS, an increased level of nanoparticle content is noted for
30 nm SPIONS, after reaching a peak value of ~850 ng per cell during

Fig. 4. TEM micrographs of breast cancer cells incubated with 15 nm SPIONs: (a) image of cell incubated with SPIONs for 10 min; (b) image of cell incubated with SPIONs for 60 min;

(c) image of cell incubated with SPIONs for 180 min.
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Fig. 5. TEM micrographs of breast cancer cells incubated with 15 nm LHRH-SPIONs: (a) image of cell incubated with LHRH-SPIONSs for 15 min; (b) image of cell incubated with

LHRH-SPIONSs for 30 min; (c) image of cell incubated with LHRH-SPIONSs for 180 min.

the first 25 min of cell culture. In contrast, a significantly lower level of
nanoparticle content is found for 5 nm and 10 nm SPIONSs, as shown.

Hence, the current in-vitro studies clearly show that the LHRH-
SPIONs enter preferentially into breast cancer cells. The spectro-
photometry results also show that the amount of LHRH-SPION uptake
is about twice as much as that of the SPIONs that have not been
functionalized with LHRH. In-vivo evidence of nanoparticle uptake
will be presented in the next section along with T2 MRI images that
show improvements in T2 contrast can be achieved by the injection of
SPIONs and LHRH-SPIONSs.

4.3. In-vivo experiments

4.3.1. Control experiments

The MRI imaging results obtained from the control experiments on
grapes are presented in Fig. 9. The T2 contrast associated with the
injected stream of nanoparticles can be distinguished clearly from the
heterogeneous structure of the grape, as shown in the longitudinal
section Fig. 9a. Also, the transverse cross-section of Fig. 9b reveals the
presence of a dot labeled with the arrow in Fig. 9b corresponding to
the effect of the injected nanoparticles on the local T2 contrast. The
results from the control experiments, therefore, suggest that the local

contrast enhancement is provided by the injected nanoparticles and
overcome the heterogeneity of the grape structure.

4.3.2. T2 imaging of tumors

The T2 images obtained from the breast cancer xenografts from
mice injected with LHRH-SPIONs are compared with those of tumor
tissue without magnetic nanoparticles in Fig. 10. It is clear that Fig. 10
shows an enhancement in MRI contrast over a larger area, with the top
set of image of the LHRH-SPION injected breast cancer tissue having a
much greater contrast than the lower set of images from a virgin
breast cancer xenograft without injected nanoparticles.

Furthermore, the average bulk T2 measurements on tumor tissues
exhibit a decrease of ~10-15% in T2 number when the excited tissues
are injected with nanoparticles. In particular, a T2 of 76 ms was found
for the excised tumor tissue before injection. A T2 of 63 ms was found
for the same tissue after the LHRH-SPION injection.

The results, therefore, suggest that classical T2 measurements may
be used to provide evidence of the specific attachment of LHRH-SPIONs
in tumor tissue. The specific attachment of LHRH-SPIONs is shown
clearly in Fig. 11a in which LHRH-SPION clusters are revealed in the TEM
image of tumor tissue from a female mouse injected with LHRH-SPIONS.
The composition of the SPIONs has also been verified using energy
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Fig. 6. Comparison of an endocytosis schematic diagram with TEM micrographs of breast cancer cells incubated with LHRH-SPIONs for 30 min(a) Schematic representation of

Endocytosis (http://www.emc.maricopa.edu/faculty/farabee/BIOBK/endocytosis.gif). (b) Micrographs of nanoparticles LHRH-SPIONs that were about to enter cells with curved
cell membrane. (c) Micrographs of encapsulated LHRH-SPIONs or SPIONs in the cytoplasm of a cancer cell.

dispersive X-ray spectroscopy (XEDS), as shown in Fig. 11b. Note that the 4.3.3. Multi-CRAZED imaging

Cu Ky and Kp peaks correspond to a fluorescence effect from the copper A montage of multi-CRAZED images of the breast tumor specimens are
TEM grids, while the Fe K, and K peaks are a signature of the Fe;0, presented in Fig. 12 [20]. These show that the incorporated LHRH-SPIONs
nanoparticles. enhance the contrast in multi-CRAZED magnetic anisotropy images of the

Fig. 7. TEM micrographs illustrating how LHRH-SPIONSs are interacting with breast cancer cells: (a) Nanoparticle cluster interaction with cell membrane; (b) entry and transport of
nanoparticle clusters within cytoplasm.
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Fig. 8. Plot of average nanoparticle mass inside breast cancer cells against incubation
time.

breast tumor specimens. The terms DQC, SQC, ZQC, -SQC and -DQC have
already been defined in Section 2 and elsewhere [20]. In any case, the fact
that multi-CRAZED images provide enhanced contrast should be of
clinical significance.

Similarly, contrast enhancement was observed in the multi-CRAZED
images of lung tissue in which metastases were observed (Fig. 13a-j).
This is consistent with prior TEM observations of significant LHRH-SPION
accumulation in the metastases in the lungs of tumor bearing mice [19].
Additional TEM micrographs of LHRH-SPIONs and SPIONs accumulated
in the metastases in the lungs are presented in Fig. 14. Such high
concentrations of contrast enhancement agents enable the increased
contrast in the multi-CRAZED images of the metastatic lung tissue shown
in Fig. 13f-j. Note that the concentration of SPIONs is much less in the
absence of LHRH (Fig. 14b). Hence, the preliminary data suggests that
LHRH enables the specific targeting of breast tumor (Fig. 11a) and
metastatic lung tissue (Fig. 14a). Also, once attached, the LHRH-SPIONs
provide valuable MRI contrast enhancement (Figs. 10, 12 and 13).

Nanoparticles

4.3.4. MRI and nanoparticle accumulation in tumor cells and peripheral
organs

The body distribution of LHRH-SPIONs and SPIONs in tumor
bearing mice is strongly dependent on the type of nanoparticles
injected. Up to 60% of the injected LHRH-SPIONs accumulated in the
tumors and lungs of tumor bearing mice, while 5% were recovered in
the liver. In contrast, unconjugated SPIONs accumulated preferentially
in the liver, and only 8% of the nanoparticles were found in breast
tumor tissue [11,19,29]. It is also interesting to note here that the
accumulated nanoparticles in the liver can also give rise to MRI
contrast enhancement. In the case of bulk T2 measurements, this
results in a change in T2 from 8 to 4 ms.

5. Modeling
5.1. Single particle model

Receptor-mediated endocytosis is one of the most important
methods through which viruses and bio-materials enter cells [26,27].
However, the effects of nanoparticle size would affect their uptake
into cells are still unclear. This stimulated Gao et al. [28] to
theoretically analyze the factors that contribute to this size effect. In
their model, they considered a cell membrane containing diffusive
mobile receptors that wrap around individual spherical particles with
compatible immobile and uniformly distributed surface ligands. Since
the nanoparticle size ranges from a few nm to hundreds of nm, which
is much smaller than the cell membrane dimensions (tens of
microns), the cell membrane can be approximated to a flat membrane.

When the nanoparticle comes into contact with the initially flat
membrane, the cell membrane starts to wrap around the particle,
while the receptors on the cell membrane diffuse to the wrapping site
and bind with the ligands on the particle surface, as shown in Fig. 15.
In this process, the binding between ligands and receptors lowers the
free energy of interaction at the cost of the elevated elastic energy
associated with increased local curvature of the membrane, and the
reduced configurational entropy associated with receptor
immobilization.

The receptors on the cell membrane are assumed to be uniformly
distributed with density &g before the nanoparticle comes into contact
with the cell, and §; is the ligand density on particle surface. Once
nanoparticle contact occurs, the receptor density in the contact region
is raised to the level of the ligand density, &, in the region surrounding
the contact, the receptors are driven to the edge of the contact zone by

Nanoparticles

Fig. 9. MRI images of grape injected with a line of magnetic nanoparticles; (a) image of longitudinal cross section of the grape; (b) image of one transverse cross section of the grape.
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Fig. 10. T2 MRI images of breast tumor tissue. The top sample is the breast cancer xenograft from mice injected with LHRH-SPION, while the lower sample is the breast tumor tissue

from saline control samples prepared without SPIONS.

diffusion, and the receptor density on other parts of the cell
membrane can then be described as a distribution function §(s,t).
The free energy F(t) is given by [28]:

a(t) 1 'L
F(t) = kBT{/O (—{LeRL + ngn% + jBKf,)als + /amglngods} 1)

where kg is the Boltzmann constant, T is the absolute temperature, a
(t) is the radius of the contact region, L is the membrane radius, and
kgTeg, is the energy of a single receptor-ligand bond. The parameters
kgTIn % and kgT In io are the free energy per receptor associated with the
loss of configurational entropy of the bound receptors and free receptors,

e3 i

e

(¢ individual LHRH-SPIONs

0.0 20 4.0 6.0 8.0 10.0
keV

Fig. 11. (a) TEM micrographs of breast cancer cells from a female mouse injected with
LHRH-SPIONSs. Both individual particles and particle clusters distributed in the cell. (b).
An XEDS spectrum collected from SPIONs distributed in tumor cells.

respectively, while the quantity%BkBTh‘fJ is the elastic bending energy of
the membrane wrapping around a sphere. The optimal size for
nanoparticle entry arises from an interplay between kinetics and
thermodynamics — wrapping small particles is thermodynamically
costly (and hence slow) due to rapid increase in the elastic bending
energy, while wrapping large particles is energetically more favorable
but slow due to diffusive nature of the receptor transport.

5.2. Particle cluster model

Experimental studies have shown that nanoparticles can also enter
cells as clusters of nanoparticles [19]. Since nanoparticle clusters may
well change the overall surface energies, a new model is derived here
to take into account the surface energy effects on cell uptake of
nanoparticle clusters.

Fig. 12. Multi-CRAZED images of a mouse breast tumor embedded with 15 nm LHRH-
SPIONSs (left) and without nanoparticles (right). 0-quantum (ZQC image); 1-quantum
(SQC image); 2-quantum (DQC image); — 1-quantum (MSQC image); —2-quantum
(MDQC image) (adapted from Ref. [20]).
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Fig. 13. Multi-Crazed MRI images of lung sections with metastases. The top row of images (a)-(e) are those without nanoparticles and the bottom row of images (f)-(j) are two small
samples together: one with magnetic nanoparticles and one with LHRH conjugated magnetic nanoparticles. (a) and (f) are 0-quantum (ZQC image); (b) and (g) are 1-quantum
(SQC) image; (c) and (h) are 2-quantum (DQC) image; (d) and (i) are — 1-quantum (MSQC) image; (e) and (j) are —2-quantum (MDQC) image.

We still assume that the ligand density on the nanoparticles
surface is § and the receptor density on the cell membrane is &
before the particle clusters come into contact with the cell membrane.
Similarly, after the contact begins, receptors on the cell membrane will
be driven to the contact region and the receptor density on other part
of the cell membrane are described as a distribution function §(s,t).

However, in addition to the free energy term defined in Eq. (1), an
additional surface energy term must be included in the nanoparticle
cluster model. We assume that the nanoparticles form close packed
spherical clusters so every nanoparticle inside the cluster has 12 near-
neighbor particles. Hence, each particle on the surface of the cluster
has 6 near-neighbor particles, as in a face-centered cubic crystal
structure. At the same time, considering the fact that the nanoparticles
are mixed with cell culture medium (in-vitro) or body fluid (in-vivo),
the surface energy between liquid and nanoparticles should also be
considered. Suppose that the contact area between two nanoparticles
is Ac and the surface energy between two nanoparticles is y;. We can
also write the surface energy between the nanoparticle-cell culture
medium and body fluid as 7, and the surface energy between
nanoparticle cluster and cell membrane as <ys. Then, assuming the

nanoparticle radius is r and cluster radius is R, we can obtain the
following surface energy terms:

Usurface = Unanoparticle—nanoparticle + Uparticle—medium + Unanoparticle—cell membrane

(2)

4nR?

4nR’ /3 4R’
nR?

4 /3 W) Y1 X BAc x

(3)

Unanoparticle—nanoparticle =Y X 12AC X (

2 4anR® /3 4nk?
Unanoparticle—medium =Y X (41'[1‘ - 12AC> X (41‘[7‘3;3 - T[R2 (4)

(®
+ v, x (411R2 —/u cls)
0

~a(t)

Unanoparticle—cell membrane — Y3 X /0 ds. (5)

By incorporating these additional surface energy terms into the
free energy expression, we obtain the following expression for the free

Fig. 14. TEM micrographs of LHRH-SPIONs and SPIONs accumulated in metastatic cells in lungs. (a) A significant amount of LHRH-SPION clusters in metastatic lung cells. (b) TEM

micrograph of lung cell from a mouse injected with SPIONs. No SPIONSs in lung cells.
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Fig. 15. Schematic illustration of the single particle interaction with cell membrane. (a)
An initially flat membrane containing diffusive receptor molecules wraps around a
ligand-coated particle. (b) The receptor density distribution in the membrane becomes
nonuniform upon ligand-receptor binding; the receptor density is depleted in the near
vicinity of the binding area and induces diffusion of receptors toward the binding site
(adapted from Ref. [28]).

energy required for the nanoparticle cluster to enter the cell
membrane:

F(t) = kBT{/O‘am( few + §Lln§L + ZBK )ds + / eins ds} )

+ Usurface energy*

Since in Egs. (3)-(5), some terms are time independent terms, such
terms are not important to the wrapping dynamics. We will, therefore,
consider these terms as constant in the wrapping process. Only the last
term in Egs. (4) and (5) contain time dependent term that can affect
the wrapping dynamics. Hence, Eq. (6) can be simplified as:

F(t) = kBT{ jg@( e + ELlngL + g )ds + 51n£ds}
o 2 =T

+ J80(y; — y,)ds + CONSTANT TERMS = k;T @

a(t)
X{/o <—5L(9RL + (Y2 —v3) /&) + 5Llﬂ% + B" )ds + / §ln7ds}

+ CONS. TERMS

The equation above clearly demonstrates that inclusion of the
surface energy terms leads to a new, effective interaction energy
between the ligand-receptor pairs, and thus affects wrapping
dynamics. Further work needs to consider the dynamics on the
process of nanoparticles forming cluster, which determines the
optimal size of cluster to enter cells. In that case, the first few terms
in Egs. (4) and (3) will also be time dependent. However, this is
beyond the scope of this paper.

5.3. Comparison of models and experiments

For a finite-sized membrane, it is not possible to obtain a closed-
form analytical solution for &, the diffused receptor distribution.
Hence, Gao et al. [28] solved this problem numerically. For a single
nanoparticle entering a cell, the optimal particle radius for cell uptake
is in the range of 27-30 nm, which is very consistent with our
experimental results.

While for LHRH coated nanoparticles, the ligand density, &, on LHRH
SPIONSs is much greater than that for SPIONs. Hence, for LHRH-SPIONS,
the first term in Eqs. (1) and (6), kgT§ err, is much bigger than that

obtained for SPIONSs. This decreases the free energy of LHRH-SPIONs
entering cells. Hence, the cell uptake of LHRH-SPIONS is greater than
that of SPIONs. This is consistent with the spectroscopic data presented
in Fig. 8.

To study the surface energy's effect, the difference between surface
energy vy, and 'y; are needed in our cluster model. These numbers are
unknown. However, their approximate range can be estimated. Cell
culture medium and body fluid are composed mainly of water, y, can
be estimated as the surface energy between SPIONs and water. The
cell membrane also consists primarily of a thin layer of amphipathic
phospholipids which have hydrophilic heads and hydrophobic tails.
Since glycerol has a similar structure, we estimate that 3 should be
comparable to the surface energy between glycerol and SPIONs.

Li and Logan [30] have studied the contact angle of water droplet
on Fe,05 surface and glycerol droplet on Fe,05 surface. Based on their
contact angle data, surface tension data of water and glycerol [31,32],
we can calculate the surface energy between Fe,03 and water, surface
energy between Fe,03 and glycerol through the Young Equation.
Although SPIONs are Fes04 and not Fe,0s, we estimate that their
surface energies are similar since both Fe304 surfaces and Fe,03
surfaces are composed of iron and oxygen atoms. In this way, we
estimate (y, —y3)/ & to be about 340 kgT. From Eq. (7), we can also
see this positive (y,—y3)/§ number significantly increases the
thermodynamic driving force for particle clusters to enter cells. Hence,
it is favorable for the cell uptake of nanoparticle clusters. This is
consistent with our TEM observations (Figs. 4-7) in which several
clusters were observed. Further work is clearly needed to measure the
contact angle data on Fe;0,4 surfaces.

With the exception of the surface energy terms, we used the same
range of parameters and an approach described in Ref. [28] to study
the nanoparticle clusters entering the cells. For a finite cell membrane
with a size of 10 pum, the cluster model indicates that the cell can take
in nanoparticle clusters with sizes up to ~500 nm. This is in good
agreement with our TEM study as shown in Figs. 6(b) (c) and 7, which
indicates that the cell can uptake nanoparticle clusters with cluster
diameters as large as a few hundred nanometers.

Furthermore, the model predicts that analytically it takes around
5 min for a cell to take in spherical particle clusters with cluster
diameter in the size range of ~300 nm. If we consider that the cell has
finite size, the numerical solution predicts a little bit longer time but
one that is still comparable to 5 min. Our TEM studies, as presented in
Figs. 4(a) and 5(a), showed that after cells were incubated with
nanoparticles for 10 or 15 min, the nanoparticle clusters had already
entered the cells. Hence, the wrapping time predicted by the model is
also consistent with our experimental results.

6. Discussion

The implications of the above results are quite significant. First, the
results confirm our earlier hypothesis of using LHRH-SPIONs as
specific contrast agents to provide sub-millimeter spatial resolution
for the detection of breast cancer [11]. This could translate in practice
into the detection of much earlier stages of cancer. Such early
detection could therefore, potentially enhance the range of clinical
options that are available to the patient for cancer treatment.

In addition, the cellular accumulation of the LHRH-SPIONSs in tumors
could enhance the localized treatment of breast cancer. This could
enable clinical interventions by localized drug delivery [17,33-35] and
hyperthermia [36,37] in ways that could result in a reduction of cancer
mortality rates.

The general implications of the localized nature of the specific
attachment of LHRH-SPIONs are also worthy of discussion. This
targeted detection can in principle be combined with localized drug
delivery in which cancer drugs are attached to LHRH-SPIONs. Such
targeted drug delivery could facilitate the localized treatment of
breast tumors, and could also significantly reduce the side effects of
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currently used systemic applications of chemotherapy, since the drugs
could be delivered in a highly targeted fashion, only to those sites that
express the correct receptors.

Also, targeted drug delivery could require smaller volumes of
cancer drugs to have a therapeutic effect. It is pertinent to mention that
magnetically modulated drug delivery system utilizing LHRH-SPIONs
are currently under development [17], and the concept of controlled
release from nanosystems using oscillating magnetic fields has
recently been demonstrated [38].

Furthermore, targeted drug delivery could be combined with
hyperthermia (oscillating magnetic fields to induce local heating and
the destruction of cancer cells) [39]. In such cases, the LHRH-SPIONs
could provide an enhancement of the local magnetic fields that induce
the heat due to the hysteresis in the induced deformation of the tumor
tissue. A potential challenge for future work is in the development
of cancer treatment strategies that utilize synergistic interactions
between local hyperthermia and drug delivery.

7. Conclusions

This paper presents the results of in-vivo and in-vitro studies of the
intake of LHRH-SPIONSs and SPIONSs into breast cancer cells. The results
show how these nanoparticles enter and accumulate in the breast
cancer cells as a function of particle size and exposure time. The uptake
of the LHRH-SPIONS is also shown to be much greater than that of the
unconjugated SPIONs in both in-vitro and in-vivo experiments. The
increased uptake of intracellular accumulated LHRH-SPIONSs is shown
to provide T2 contrast enhancement that could lead to improved
spatial resolution in MRI by classical T2 imaging. Such improved
detection could be very significant for the early detection of cancer.
Two models were discussed to study the mechanism of single
nanoparticles and nanoparticle clusters entering cells. Primary results
from the models are in good agreement with experimental results.
However, further work is needed to get precise surface energy terms to
improve the model. Furthermore, it is important to explore the use of
LHRH-SPIONs in live mice (not just tissue) and larger animals. The
potential conjugation of cancer treating drugs to LHRH-SPIONSs also
offers the potential for the design of specific targets that can be used to
detect and destroy breast cancer.
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