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Background. The chemotherapeutic treatment of cancer suffers from poor specificity for targeting the tumor cells and often results
in adverse effects such as systemic toxicity, damage to nontarget tissues, and development of drug-resistant tumors in patients.
Increasingly, drug nanocarriers have been explored as a way of lessening or overcoming these problems. In this study, antibody-
conjugated Au-coated magnetite nanoparticles, in conjunction with inductive heating produced by exposure to an oscillating mag-
netic field (OMF), were evaluated for their effects on the viability of tumor cells in a murine model of breast cancer. Treatment
effects were evaluated by light microscopy and SEM. Results. 4T1 mammary epithelial carcinoma cells overexpressing the folate
receptor were targeted with an anti-folate receptor primary antibody, followed by labeling with secondary antibody-conjugated Au-
coated magnetite nanoparticles. In the absence of OMF exposure, nanoparticle labeling had no effect on 4T1 cell viability. However,
following OMF treatment, many of the labeled 4T1 cells showed extensive membrane damage by SEM analysis, and dramatically
reduced viability as assessed using a live/dead staining assay. Conclusions. These results demonstrate that Au-coated magnetite
targeted to tumor cells through binding to an overexpressed surface receptor, in the presence of an OME, can lead to tumor cell

death.

1. Introduction

Gold nanoparticles have been used extensively for a wide
range of research and medical applications. The utility of
these nanoparticles is due in part to the ease with which
highly uniform colloidal gold nanoparticles of a specific
size can be produced and the wide variety of functionalized
nanoparticles that have been described. The majority of pro-
teins that are noncovalently adsorbed onto the surface of
colloidal gold nanoparticles retain function [1]. This quality
has made colloidal gold nanoparticles a mainstay of bio-
logical labeling for both transmission and scanning elec-
tron microscopic analysis. In addition, gold nanoparticles
have been used for numerous diagnostic applications [2].
Gold nanoparticles have also been used for hyperthermia
treatment of tumors. Specifically, gold nanoparticles and
nanorods absorb strongly in the near-infrared wavelengths,

and release this energy as heat. This bulk heating of cells and
tissues has shown some antitumor efficacy [3, 4] and has also
been combined with traditional chemotherapy to enhance
its effects [5]. However, there are significant drawbacks of
current hyperthermia protocols, including limited penetra-
tion of the near-infrared light to and through the tumor
and heat-induced damage to the surrounding normal tissue.
Alternatively, an approach that uses highly localized induc-
tive heating could address the issue of nonspecific tissue
damage. This could be accomplished by the active targeting
of nanoparticles composed of a magnetic iron oxide, such as
magnetite or maghemite, to the cell surface membrane and
subsequent exposure to an oscillating magnetic field (OMF).
Heating in the region of the membrane-bound nanoparticles
would then cause cell damage and, potentially, cell death.
Magnetite nanoparticles that are coated with gold would
offer advantages of both materials—inductive heating in an



OMEF and relatively easy conjugation with virtually all types
of proteins that could be used for specific tumor targeting.

A major hurdle to the use of nanoparticles in vivo is their
efficient localization to an appropriate target site, such as a
tumor. In some cases, passive targeting of nanoparticles to
solid tumors can occur through a mechanism termed the
“enhanced permeability and retention” (EPR) effect [6]. The
EPR effect allows the accumulation of nanoparticles in the
tumor due to the increased permeability of the newly formed
blood vessels feeding the tumor and a relative lack of lym-
phatic vessels draining it. However, passive targeting of
tumors is far from precise or reliable, and thus intense
research effort has focused on developing active targeting
mechanisms. Many active targeting strategies have been
employed to direct the localization of nanoparticles, includ-
ing targeting cell-surface markers or receptors on the tumor
cells, or targeting the blood vessels supplying the tumor. True
tumor-specific markers are rare, and therefore most active
targeting strategies take advantage of cell surface molecules
that are relatively overexpressed on tumor cells as compared
to normal cells. One of the molecules most widely used for
active targeting is the folate receptor (FR) [7]. The essential
vitamin folate is taken up by a number of folate binding
proteins, among which the reduced folate carrier is the most
ubiquitously expressed in normal tissues and responsible for
the majority of physiologic folate uptake [8]. By contrast, the
high-affinity FR has a more restricted expression pattern in
normal tissues but is often highly expressed in tumor tissues
including breast, ovarian, cervical, brain, nasopharyngeal,
colon, renal, and lung [7, 9]. This increased expression of FR
likely supports the increased need for folate by the rapidly
dividing tumor cells. Indeed, studies have reported a positive
correlation between increased FR expression levels and a
poor prognosis for cancer patients [10, 11]. The FR is not
accessible to the blood stream in normal tissues due to its
localization to the apical surface of polarized epithelium
[12]. However, transformed cells loose their polarization,
thus making FR available to agents introduced via the blood
stream. Together with its high-level expression in many
tumors, this makes the FR a highly attractive molecule for
directed tumor targeting. Therefore, many groups, including
ours, have used folic acid to functionalize a variety of vesicles
and nanoparticles to selectively target tumor cells.

In this study, direct targeting of FR expressed on murine
4T1 tumor cells was performed using antibody-conjugated,
Au-coated magnetite nanoparticles. The murine 4T1 mam-
mary epithelial carcinoma is a widely used model of human
breast cancer [13]. The 4T1 tumor shares many features of
human stage IV breast cancer including metastatic behavior
in mice, with spontaneous metastasis to lymph nodes, lung,
liver, bone, and brain while the primary tumor is still grow-
ing [14-17]. Importantly, 4T1 cells overexpress FR, and we
have successfully used folic acid-functionalized vesicles and
nanoparticles to target and deliver chemotherapeutic drugs
to these cells [18-22]. In addition to using ligands for tar-
geting of FR, antibodies directed against the receptor can be
used effectively for selective targeting [23, 24]. Through use
of antibody-conjugated, Au-coated magnetite nanoparticles,
efficient and rapid killing of the targeted tumor cells was
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accomplished by exposure of the labeled cells to an OME.
Significant cell membrane damage assessed by low-voltage,
high-resolution scanning electron microscopy (SEM) was
correlated with dramatically reduced cell viability. These
results demonstrate the potential use of targeted magnetic
nanoparticles to selectively kill tumor cells.

2. Materials and Methods

2.1. Cell Culture. The murine 4T1 breast tumor cell line,
which was originally isolated from a spontaneous breast
tumor in BALB/c mice [13], was obtained from ATCC (Man-
assas, VA, USA) and maintained in RPMI 1640 medium, sup-
plemented with 10% FBS (Atlanta Biologicals, Lawrenceville,
GA, USA), 2mM L-glutamine, 100 units/mL penicillin,
100 pg/mL streptomycin, and 55 uM 2-mercaptoethanol (all
from Life Technologies, Grand Island, NY, USA). The cells
were subcultured at 70% confluency.

2.2. FR Expression

2.2.1. Flow Cytometry. 4T1 cells were cultured and lifted
using Cellstripper (Mediatech, Manassas, VA, USA) prior
to antibody labeling. Cells (0.5 x 10°) were labeled with
polyclonal rabbit anti-mouse/rat/human FR IgG (FL-257,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted
to 10 ug/mL in culture medium for 30 minutes on ice.
The cells were washed with 2% normal horse serum in
PBS (PBS/NHS) and labeled with polyclonal DyLight 649-
conjugated goat anti-rabbit IgG F(ab’), fragment (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) sec-
ondary antibody diluted to 7.5 yg/mL in PBS/NHS for 30
minutes on ice. Control cells were incubated in the secondary
antibody alone. Following labeling, the cells were washed
as above, fixed in 1.5% formaldehyde in PBS, and analyzed
using a FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA). Ten thousand cells/sample were analyzed
with fluorescence intensity displayed on a 4-decade log scale.

2.2.2. Fluorescence Microscopy. 4T1 cells (0.15 x 10°) were
cultured on 10 mm round no. 1.5 glass coverslips (Ted Pella,
Redding, CA, USA) for 18 hours. Coverslips were labeled
as above except that incubations were performed at 37°C.
Following labeling, cells were fixed in 1.5% formaldehyde
in PBS, mounted on glass slides in ProLong Gold (Life
Technologies), and analyzed on a Nikon Eclipse TE2000-
U inverted epifluorescence microscope. Digital monochro-
matic images were acquired at a constant exposure setting
through a Nikon Plan Apo 60x oil immersion objective using
a CoolSNAP ES CCD camera (Photometrics, Tucson, AZ,
USA) and MetaVue software (Universal Imaging Corpora-
tion, Downingtown, PA, USA).

2.3. Au and Au-Coated Magnetite Nanoparticles

2.3.1. Synthesis. All reagents were of ACS grade or higher.
Colloidal gold nanoparticles with an average diameter of



Journal of Nanomaterials

approximately 18 nm (18 nm Au) were prepared as previ-
ously described [25]. Magnetite nanoparticles were prepared
by an aqueous coprecipitation method [26] using a solution
containing 0.64 M anhydrous FeCl; and 0.32 M anhydrous
FeCl, (both salts from Sigma-Aldrich, St. Louis, MO, USA)
in 0.4M HCI under argon. Five mL was added to 50 mL
of 1.5M NaOH, and the resultant magnetite was allowed
to settle. Nanoparticles were washed by centrifugation at
3,000 g three times in degassed water and once in 0.1 M
tetramethylammonium hydroxide (Alfa Aesar, Ward Hill,
MA, USA). Nanoparticles remaining in suspension following
a final 6000 g centrifugation were aged at least three days
in 0.1 M tetramethylammonium hydroxide before coating
with gold. Gold growth on the magnetite was initiated
by adding 120 uL of a 4% HAuCl,-3H,0 (Sigma-Aldrich)
solution to 100 mL nanoparticles diluted 1: 100 in 0.00275%
hydrazine hydrate (Sigma-Aldrich) with stirring, similar to
the procedure described in [27]. The resultant Au-coated
magnetite nanoparticles were of a diameter similar to that
of the Au nanoparticles, with batch averages ranging from 16
to 22 nm.

2.3.2. Conjugation of Secondary Antibody to Nanoparticles.
Antibody conjugation to nanoparticles was as previously
described [28]. Briefly, conjugation of goat anti-rabbit IgG
F(ab’), fragments (Jackson ImmunoResearch) to 18 nm Au
nanoparticles was performed at pH 9.5 and 10 yg/mL final
protein concentration. Goat anti-rabbit IgG (H+L, Southern
Biotech, Birmingham, AL, USA) was conjugated to both
Au and Au-coated magnetite nanoparticles at pH 7.0 and
20 yg/mL final protein concentration. All nanoparticle con-
jugates were stabilized by addition of 0.004% final con-
centration polyethylene glycol (average MW 20,000, Sigma-
Aldrich). After conjugation, free protein was removed by
centrifugation at 16,000 g for 5 minutes to pellet the nano-
particles. The nanoparticles were resuspended in HBSS sup-
plemented with 2 mM Ca?" to an approximate concentration
of 2.5 x 10" particles/mL for Au and 2.2 x 10'? particles/mL
for Au-coated magnetite. The maximum possible final anti-
body concentration was 100 yg/mL for the whole molecule
and 50 yg/mL for the F(ab’), fragment.

2.4. Cell Targeting and Killing Assays

2.4.1. Cell Labeling with Nanoparticles. 4T1 cells (0.15 X
10°) were cultured on 13 mm round Thermanox coverslips
(Nalge Nunc Int., Rochester, NY, USA) for 18 hours prior
to labeling. Cells were labeled with polyclonal rabbit anti-FR
(FL-257) IgG diluted to 10 yg/mL in culture medium for 30
minutes at 37°C. Cells were washed three times in PBS/NHS.
Secondary label incubation with freshly-prepared Au or Au-
coated magnetite nanoparticle conjugates was for 12 minutes
at 37°C. After labeling, cells were washed three times in HBSS
containing 2mM Ca?".

2.4.2. OMF Treatment. Cells exposed to the OMF were
placed in a water-cooled device coil designed and built in-
house. The system includes a RF amplifier (T&C Power

Conversion, Rochester, NY, USA), a hand-turned copper coil,
and a series of fixed capacitors in parallel with a variable
capacitor. For OMF treatment, samples were exposed to an
8 mT, 500 kHz field for 12 minutes. The temperature of the
coil and cooling water was monitored during this time and
never exceeded 30°C. Control samples that were not exposed
to the OMF were incubated at room temperature for the
same length of time, well outside the area where the magnetic
field could be detected.

2.4.3. SEM Preparation and Imaging. Cells were fixed in 1%
glutaraldehyde, 1% tannic acid in 0.1 M HEPES, pH 7.3,
for 30 minutes. The samples were washed 3 times in 0.1 M
HEPES and postfixed in 0.05% OsO4 in 0.1 M HEPES for
15 minutes. Samples were dehydrated using a graded ethanol
series and dried using the critical point drying method. Spe-
cimens were made conductive by sputtering 4nm Ir onto
their surface. Imaging was performed on a Hitachi S-4800
SEM at 1kV for secondary and 25kV for backscattered elec-
tron signals.

2.4.4. Cell Viability Assay. Cell viability after labeling and/or
OMEF exposure was assessed following incubation in culture
medium containing calcein-AM (1 uM, Life Technologies)
and propidium iodide (PI, 1 yg/mL, Sigma-Aldrich) for 30
minutes at 37°C as previously described [29]. The samples
were analyzed by epifluorescence microscopy using a Nikon
Plan Apo 20x objective as described above.

3. Results

3.1. FR Expression on 4T1 Tumor Cells. To monitor FR
expression on 4T1 tumor cells, cells were labeled with anti-
body against FR and analyzed by fluorescence microscopy
and flow cytometry. 4T1 cells demonstrated strong staining
for FR that occurred in a distinctive punctate pattern on the
cell membrane (Figure 1(a)). All cells in the sample appeared
to express FR at a relatively equivalent level of intensity. To
quantify the level of FR expression, 4T1 cells were labeled
and analyzed by flow cytometry. Results showed that >95%
of 4T1 cells expressed FR and that expression was uniform
in the population (Figure 1(b)). Therefore, 4T1 tumor cells
were used for development of FR-targeted therapy using Au-
coated magnetite nanoparticles.

3.2. Nanoparticle Labeling of FR. To determine the efficiency
of nanoparticle targeting to 4T1 cells via the FR, cells were
labeled with FR-specific antibody followed by secondary
antibody nanoparticle conjugates and were analyzed by SEM.
Both 18 nm Au conjugates, which are routinely used for bio-
logical labeling and can be considered as a standard, and
Au-coated magnetite conjugates were used. Figures 2(a)—
2(c) show labeling with 18 nm Au conjugates of goat anti-
rabbit IgG F(ab’), fragments. In agreement with the punctate
pattern observed by light microscopy, specific labeling was
found to occur in nanoparticle clusters. These are especially
apparent in backscattered electron images (Figure 2(c)), in
which features composed of higher atomic number elements
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FIGURE 1: FR expression by 4T1 cells. (a) 4T1 cells were labeled with
anti-FR antibody. Left panels show differential interference contrast
(DIC) images; right panels show the fluorescence image of the same
field. Negative control cells were labeled with the secondary anti-
body alone. Images were taken at 600x magnification. (b) Cells were
labeled as above and analyzed by flow cytometry. Marker indicates
positive staining for FR.

(e.g., Au nanoparticles) appear brighter than their organic
surroundings. Nanoparticle clusters were found on both the
cell body and on microvilli. Control cells incubated with the
Au conjugates, but without FR-specific antibody, demon-
strated minimal nanoparticle binding to their surface (not
shown). Nanoparticle clustering was not observed in the
control samples. FR labeling detected with Au-coated mag-
netite conjugates of goat anti-rabbit IgG showed a pattern
indistinguishable from that observed with Au conjugates
(Figures 2(d)-2(f)).

3.3. SEM Studies of OMF-Induced Effects. Exposing labeled
cells to the OMF produced effects dependent on the type
of nanoparticles used. Cell damage was readily observed
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in samples that were targeted with Au-coated magnetite
nanoparticles. Examples of the type of cell damage that
resulted from exposing cells labeled with Au-coated mag-
netite specifically targeted to the FR to the OMF are shown
in Figure 3. Cell remnants, or “ghosts,” (Figure 3(a)) could
be found. The most common type of damage observed was
unusually flat cells that appeared to have been emptied of
their contents (Figures 3(b) and 3(c)). Nanoparticle clusters
were often found very near to or associated with these
cells. The amount of membrane-bound cellular debris was
higher on the samples labeled with specifically targeted Au-
coated magnetite nanoparticles and exposed to the OMF
(Figures 3(d) and 3(e)) than that in control samples. Clusters
of nanoparticles were frequently found associated with the
debris, suggesting that the material originated from the
membranes of labeled cells. Control cells labeled with non-
magnetic Au conjugates and exposed to the OMF showed
no differences from unlabeled cells with or without OMF
treatment, cells labeled with either Au or Au-coated mag-
netite conjugates but not exposed to the OMF, or cells labeled
with Au-coated magnetite conjugates but lacking primary
antibody specific for the FR (not shown). Thus, both mag-
netite and specific targeting antibody were required to pro-
duce visible results in our system.

A potential means by which the cell damage occurs can
be seen in Figure 4, which shows a highly damaged cell
surrounded by significant debris. Closer inspection demon-
strates that the membrane is absent in multiple areas, reveal-
ing what appears to be the underlying cytoskeleton. Nano-
particle clusters are closely associated with the regions in
which cytoskeleton has been exposed. The loss of membrane
that has been damaged in areas near the Au-coated magnetite
labels is likely to be a result of localized inductive heating
during exposure to the OMFE.

3.4. Viability Assay. To determine the extent to which Au-
coated magnetite nanoparticle-mediated membrane damage
to the 4T1 cells following exposure to OMF produced
cytotoxicity, cells were labeled, exposed to the OMF, and
incubated with calcein-AM and PI. Calcein-AM is mem-
brane permeable and nonfluorescent but is rapidly hydro-
lyzed by intracellular esterases and converted to the highly
fluorescent molecule calcein. Calcein is membrane imper-
meable and is thus concentrated in the cytoplasm, thereby
staining live cells green. PI is an intercalating dye that has
intense red fluorescence when bound to double-stranded
DNA or RNA. Since PI is membrane impermeable, it only
stains cells that are dead or have membrane damage that
allows its access to the cell interior. 4T1 cells labeled using
18 nm Au nanoparticles, with or without exposure to the
OME, showed no change in viability compared to that of
unlabeled control cells (not shown). Similarly, 4T1 cells
labeled with Au-coated magnetite nanoparticles and not
exposed to the OMF showed high viability with only the
occasional dead cell (Figure 5). By contrast, 4T1 cells labeled
with Au-coated magnetite nanoparticles and exposed to the
OMF had dramatically reduced viability, with the majority



Journal of Nanomaterials 5
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FIGURE 2: Detection of FR using secondary antibody conjugated to Au-coated magnetite is indistinguishable from that done using 18 nm
Au conjugates. (a)—(c) labeling with Au conjugate; (d)—(f) labeling with Au-coated magnetite conjugate. (a) and (d) Representative 4T1 cell
morphology; size bars = 2 ym. The areas indicated by the white boxes are shown in higher magnification in (b) and (e) as secondary electron
images, and in (c) and (f) as backscattered electron images. Arrows in the backscattered images indicate clusters of nanoparticles. Size bars
in (b)-(c) and (e)-(f) = 0.2 ym.
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FIGURE 3: Labeling with targeted Au-coated magnetite, followed by exposure to the OMF, produces damage to cells. (a) Cell remnant or
“ghost.” (b)-(c) Secondary and backscattered images, respectively, of a cell with an unusually flat appearance. Arrows in (b) delineate the peri-
meter of the damaged portion of the cell. Arrows in (c) indicate nanoparticle clusters either associated with the edge of the cell membrane, or
possibly left behind as the damaged membrane retracted. (d)-(e) Membranous debris commonly found on specifically labeled samples
following exposure to the OME. (d) Secondary image, (e) backscattered image. Arrows in (e) indicate nanoparticle clusters. Size bars: (a) =

10 ym; (b)~(<) = 2 am; (d)-(e) = 1 .

of the cells staining with PI. Increased presence of what
appeared to be cellular debris was observed on these sam-
ples, in agreement with results from SEM analysis. These
results clearly demonstrate that FR-targeting of magnetic
nanoparticles and application of an OMF can effectively kill
tumor cells in vitro.

4. Discussion

The results presented in this study demonstrate that FR
expressed on tumor cells can be effectively labeled by Au-
coated magnetite nanoparticles in a manner indistinguish-
able from that seen with 18 nm Au. Labeled cells exposed to
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FIGURE 4: Nanoparticle clusters are found closely associated with areas of membrane damage that reveal the underlying cytoskeleton. (a)
Morphology of the damaged cell. The area in the box is seen in higher magnification in (b) as a secondary image and (c) as a backscattered
image. Arrows indicate nanoparticle clusters. Size bars: (a) = 2 ym; (b)-(c) = 0.2 ym.

FR-labeled, —OMF
Calcein-AM

FR-labeled, +OMF

Calcein-AM Overlay

FIGURE 5: 4T1 cells were labeled for FR using Au-coated magnetite nanoparticles without (—~OME, upper panels) or with (+OME, lower
panels) exposure to the OMF prior to staining with calcein-AM and PI. In the overlay, yellow indicates colocalization of green and red
fluorescence. Apparent cell debris or cell remnants are indicated by the arrow in the lower phase image. Images taken at 200x magnification.




an OMF experienced damage that was dependent upon the
presence of both the magnetic iron oxide and the magnetic
field. The damage observed by SEM analysis was accom-
panied by a dramatic reduction in cell viability. Thus, specific
killing of the carcinoma cells was accomplished.

The potential treatment described here has numerous
advantages over other approaches. Highly localized inductive
heating in the area immediately surrounding the labels on
the targeted tumor cell surface largely avoids bulk heating
effects that would damage surrounding normal tissue. To
exert killing, passively targeted nanoparticles depend on non-
specific concentration within the tumor. Whether utilizing
a hyperthermia or drug delivery approach, normal cells in
the vicinity of the nanoparticles would be susceptible to
damage or killing. The present method relies on damage to
the labeled cell membrane, previously described as “mem-
brane melting” [30], which then results in a loss of cell via-
bility. Theoretically, an unlabeled normal cell next to the
tumor cell would not show effects. Studies investigating this
are currently underway. In addition, direct conjugation of
the FR-specific antibody to the Au-coated magnetite nano-
particles is likely to be desirable both for localizing nanopar-
ticles more closely to the tumor cell surface and for ease of
administration in potential in vivo applications. These expe-
riments will be conducted based on the proof of principle
demonstrated here.

While folic acid is more commonly used to target FR
on tumor cells, the use of antibody directed against FR may
have advantages for the current application. It is generally
accepted that FR is diffusely distributed across the cell mem-
brane and upon binding of soluble ligand becomes inter-
nalized via the GPI-anchored protein-enriched endocytic
compartment (GEEC) pathway [31]. By contrast, antibody
cross-linking of FR results in its clustering within caveolae
before internalization [32]. This clustering of FR was readily
apparent in the present study using both fluorescence- and
nanoparticle-mediated detection. Clustered nanoparticles
may be more effective in generating localized membrane
damage than would occur with diffuse receptor labeling. Fur-
ther studies are necessary to address this question.

The use of targeted magnetic nanoparticles and inductive
heating has the potential to be used alone or in combination
with other standard anticancer therapies. For example, one
of the major shortcomings of chemotherapy is the develop-
ment of multidrug resistance (MDR) in tumor cells [33].
Development of MDR is associated with overexpression of
a number of transporter proteins that actively efflux a wide
array of chemotherapeutic drugs out of the tumor cells, ren-
dering them insensitive to further drug treatment. The use
of antibody-targeted therapy (immunotherapy) to overcome
MDR in tumor cells is an active area of investigation [34].
The antibody-targeted magnetic nanoparticles described
here could be an additional strategy for treating tumor cells
that have developed MDR.
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