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T
he incidence and mortality rate of
malignant melanoma continues to
increase at an alarming rate world-

wide.1 Disseminated melanoma is not cur-

able using current clinical tools; traditional

chemotherapy is ineffective due to inherent

drug-resistant characteristics of the

disease.2,3

The pioneering studies of Gordon et al.

demonstrated induced intracellular hyper-

thermia using dextran magnetite nanoparti-

cles in a high-frequency magnetic field

(such as 500 kHz); the advantages of mag-

netic nanoparticles (MNPs), such as negli-

gible or low toxicity, biocompatibility, in-

jectability into the bloodstream, and

potential accumulation in the target tumor,

make them prime candidates for hyperther-

mia applications.4 However, the specific ab-

sorption rates (SARs) of those early systems

were low. It will be of great importance to

achieve a high monodispersity of the mag-

netic nanoparticles because only then can

the A/C excitation be optimized to achieve

very high specific absorption rates. Mag-

netic hyperthermia has recently garnered

new interest as a cancer therapy because

technological advances allow heat delivery

to be more precisely controlled and mea-

sured.5 Hyperthermia (not necessarily mag-

netic hyperthermia) as an adjunct to radio-

therapy or chemotherapy has been

clinically tested for multiple human can-

cers, including recurrent malignant mela-

noma, lymph node metastasis, glioblas-

toma, cervical carcinoma, and head and

neck squamous cell carcinoma.6�8 Cancer

cells were shown to be more sensitive to
heat treatment than other cells.9

Despite its promise, magnetic hyperther-
mia of disseminated or deep tumors is cur-
rently complicated because it is difficult to
target ferrofluid or magnetic nanoparticles
to the tumor. To date, most reports of local-
ized magnetic hyperthermia have described
the direct tumor injection of milligram
amounts of ferromagnetic materials. In
some cases, limited success has been real-
ized after antibodies or other ligands have
been attached to MNPs.10 However, further
improvements in tumor targeting are
needed.

Both direct killing effects and sensitiza-
tion to other treatment modalities are de-
pendent on distribution and duration of
temperature elevation.11 Bimagnetic par-
ticles (10�40 nm) are able to generate sub-
stantial heat within a magnetic field of low
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ABSTRACT Localized magnetic hyperthermia as a treatment modality for cancer has generated renewed

interest, particularly if it can be targeted to the tumor site. We examined whether tumor-tropic neural progenitor

cells (NPCs) could be utilized as cell delivery vehicles for achieving preferential accumulation of core/shell iron/

iron oxide magnetic nanoparticles (MNPs) within a mouse model of melanoma. We developed

aminosiloxane�porphyrin functionalized MNPs, evaluated cell viability and loading efficiency, and transplanted

neural progenitor cells loaded with this cargo into mice with melanoma. NPCs were efficiently loaded with core/

shell Fe/Fe3O4 MNPs with minimal cytotoxicity; the MNPs accumulated as aggregates in the cytosol. The NPCs

loaded with MNPs could travel to subcutaneous melanomas, and after A/C (alternating current) magnetic field

(AMF) exposure, the targeted delivery of MNPs by the cells resulted in a measurable regression of the tumors. The

tumor attenuation was significant (p < 0.05) a short time (24 h) after the last of three AMF exposures.

KEYWORDS: nanotechnology · cell-based · targeted delivery · magnetic
nanoparticles · magnetic hyperthermia · melanoma · neural progenitor cells
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strength and frequency.12 The bimagnetic nanoparti-

cles (MNPs) used here have a strong ferromagnetic iron

core, which produces high temperatures with short

AMF exposure,13 a magnetic iron oxide shell for MRI,14,15

an aminosiloxane-anchored oligoethylene glycol

stealth coating, and chemically attached porphyrins

(TCPP, tetra-4-carboxyphenyl porphyrin).

Our prior work revealed attenuation of melanomas

after AMF treatment when microgram amounts of

MNPs (with attached porphyrins) was given intrave-

nously.16 Many proteins have been found to be instru-

mental in the progression of melanoma.17�19 Two-

dimensional gel electrophoresis followed by MALDI-

TOF MS (matrix-assisted laser desorption/ionization-

time-of-flight mass spectrometry) is a powerful

proteomic approach as exemplified by its use in 2009

to find differentially expressed proteins in pancreatic

cancer tissue.20 This approach has been used to iden-

tify proteins highly over- or under-expressed in other

cancerous versus normal tissues.20�22 Here, we used this

approach to investigate protein expression after local-

ized AMF treatment.

Many attempts have been made to increase localiza-

tion of various kinds of nanoparticles, including mag-

netic nanoparticles for imaging or therapy, to tumors.

For example, particles have been tagged with antibod-

ies recognizing tumor-specific epitopes23,24 or peptides

binding to receptors on tumor cells or

neovasculature.25�27 Tumor-homing cells have been

used as delivery vehicles for targeted gene therapy for

preclinical models of cancer.28�32 In addition to being

used to deliver genes, bone marrow stem cells have

been loaded with iron oxide nanoparticles and used to

target murine lung cancer for MRI.33 Here, we report for

the first time the utilization of neural progenitor cells

(NPCs) as a sort of “Trojan horse” to target core/shell

MNPs to preclinical melanoma, with subsequent tumor

reduction after exposure to an A/C magnetic field.

There are several potential advantages inherent in this

paradigm beyond superior targeting. First, the MNP

cargo within the cells is hidden from the reticuloendot-

helial system. Second, the tumor-tropic cells them-

selves could be engineered to secrete proteins, such

Scheme 1. (A) L1: basic dopamine-based stealth ligand. (B) L1-
TCPP: targeting ligand for receptor-mediated cell uptake. TCPP
is targeting the low density lipid (LDL) receptor. (C) Reaction se-
quence for the synthesis of TCPP-linked Fe/Fe3O4/ASOX/stealth
nanoparticles: clusters of Fe3O4 nanorods are formed in reversed
micelles upon addition of sodium borohydride. Further addition
of NaBH4 leads to the formation of iron(0) cores within the indi-
vidual nanorods forming the clusters. The addition of
3-aminopropyltriethoxylsilane leads to the formation of aminosi-
loxane shells around the Fe/Fe3O4 nanoclusters. Addition of the
organic stealth ligand L1 in the presence of CDI (carbonyl diimida-
zole) attached a dopamine-anchored organic stealth layer around
the aminosiloxane layer. The final step consists of the addition
of TCPP-targeting units to the Fe/Fe3O4/ASOX/stealth nanoparti-
cles by reacting the terminal hydroxyl groups of the tetraethylene
glycol units with one carboxylic acid group of TCPP (tetra(4-
carboxyphenyl)porphyrin). EDC: 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide. HOBT:
1-hydroxybenzotriazole.

Figure 1. (A) TEM of Fe/Fe3O4 nanoparticles. (B) TEM of Fe/Fe3O4/ASOX/stealth nanoparticles.
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as cytokines, to enhance the effect of regional hyper-
thermia. Third, the homing cells could also potentially
carry other chemical payloads into the tumor. In this
way, both the MNPs and adjunct therapy could be tar-
geted to the tumor simultaneously.

RESULTS AND DISCUSSION
Nanoparticles. The nanoparticle synthesis is depicted

in Figure 1 and Scheme 1. Nanoparticle characteristics
are detailed in the Materials and Methods section.

Loading Studies of MNPs on NPCs. MNPs efficiently loaded
into NPCs. After Prussian blue staining, MNPs were de-
tected in NPCs as blue staining material (Figure 2A).
Electron microscope images of NPCs showed loaded
MNPs as aggregates in the cell cytoplasm (Figure 2B).
Close examination of additional TEM images revealed
that in some images the aggregates were surrounded
by fragmented unit membrane, indicating they were
possibly in an endosomal compartment (Figure S1, Sup-
porting Information). In most images, they did not ap-
pear to be so enclosed. On the basis of these results, we
believe that the MNPs are taken up via the LDL recep-
tor and traffic in the endosomal�lysosomal system but
cause endosomolysis with subsequent release of MNPs
into the cytosol. Interestingly, the high-resolution trans-
mission electron microscopy (HRTEM) images (Figure
1) of the MNPs show them as nanorod-like structures
forming clusters, which in turn appear to be associated
with each other. However, HRTEM is carried out in high
vacuum in which the oligoethylene glycols tend to
strongly adhere to one another. The loading efficiency
of MNPs into NPCs increased with increasing concentra-
tion of MNPs in medium. The highest concentration of
5 pg of iron per cell was identified in cells incubated
with medium containing 25 �g/mL iron (Figure 3).

Cytotoxicity of MNPs on Neural Progenitor Cells and B16-F10
Cells. MNP toxicity was tested based on iron concentra-
tion in MNPs. Media containing various iron concentra-
tions of MNPs were added to NPCs and B16-F10 cells
and incubated overnight. The toxic effect of these MNPs
increased with increasing iron concentration. Cell viabil-
ity assessment for varying concentrations of MNPs on

NPCs and B16-F10 cancer cells is shown in Figures 4

and 5, respectively. NPCs tolerated the MNPs well

through 20 �g/mL iron concentration (Figure 4), so

this MNP concentration was used for subsequent ex-

periments. However, the B16-F10 cell number was de-

creased upon exposure to only 10 �g/mL iron concen-

tration (Figure 5).

There are several possible reasons the mouse mela-

noma cells are more vulnerable to the MNPs than the

neural progenitor cells used in this study. One plausible

explanation could be that, since the interior of the can-

cer cells is more basic than most normal cells,34 biocor-

rosive damage to the aminosiloxane shell of the MNPs

could expeditite cytotoxicity due to increased oxidative

stress. Second, since the potentially toxic cetyl trimeth-

ylammonium bromide (CTAB) surfactant is located on

the interior of the silica shell, more of it could be re-

leased in the relatively more alkaline environment in

the interior of the cancer cell compared to a normal cell.

The increased cytotoxicity to B16-F10 cells does not ap-

Figure 2. (A) Bright-field image of NPCs loaded with MNPs showing positive Prussian blue staining for the presence of iron
and counterstained with nuclear fast red (magnification 20�). (B) Transmission electron microscopy image of NPC loaded
with MNPs (magnification 30 000�).

Figure 3. Loading efficiency of iron MNPs: iron concentration
per NPC cell loaded with various concentrations of MNPs. � Sta-
tistically significant (p � 0.05) when compared with the con-
trol. The fact that uptake increases rapidly at 15 �g/mL but
then remains stable at 20 �g/mL most probably reflects the
fact that, for unknown reasons, there was more variation in the
15 mg/mL group (as reflected by SE) than other groups.
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pear to be due to increased MNP uptake; uptake levels
are similar to those in NPCs (data not shown).

AMF-Induced Temperature Changes In Vitro. It was not pos-
sible to insert the optical probe into the melanomas be-
cause when this was attempted there was leakage of
the gelatinous tumor parenchyma from the entry
wound created by the probe. Hence, we mimicked the
tumor environment by overlaying agarose onto pel-
leted NPCs loaded with MNPs or NPCs alone; the agar-
ose was then allowed to gel in a microcentrifuge tube.
Temperature increase over time was compared be-
tween NPC controls and MNP-loaded NPCs (NPC-MNP)
(Figure 6). When we measured the temperatures at the
pellet, there was a significant 2.6 °C increase between
control and MNP-loaded cells (p � 0.1) after 10 min
AMF exposure time. When we mea-
sured temperatures farther from the pel-
let, in the middle of the agarose, there
was a small temperature increase in
both the groups due to residual heat-
ing; during AMF exposure, the induction
coil heats slightly and transfers its heat
to the tube through air.

NPC-MNP and A/C Magnetic Field Effect on
Melanoma. NPCs have tumor-tropic prop-
erties, and many groups have success-
fully used NPCs as therapeutic delivery
vehicles to tumors.29,35,36 Substantial
numbers of MNP-loaded NPCs were
identified in tumor sections 4 days after
IV administration (Figure 7D). On the ba-
sis of reports in the literature, which
have estimated 20�40% of trans-
planted stem cells homed to tumors in
rodents,37,38 we assume that about 20%
of the administered cells migrated to

the tumors. Other stem cells
shown to home effectively to tu-
mors include bone marrow stem
cells39 and adipose-derived mes-
enchymal stem cells.40 We have
previously shown that umbilical
cord matrix stem cells can effi-
ciently be used for cell-based
gene therapy in a preclinical
model for human breast
cancer.41�43

To test the hypothesis that
administration of NPCs loaded
with MNPs followed by AMF ap-
plication would reduce the tu-
mor burden, NPC-MNPs were in-
jected intravenously into
melanoma-bearing mice. Tumor
volume comparisons are
graphed in Figure 8. The small-
est tumor volumes were ob-
served in the group receiving

NPCs loaded with MNPs�AMF; the difference in tumor
volume when compared with the saline group was sig-
nificant at day 12 post-tumor cell inoculation. We did
not find any significant difference between tumor-
bearing mice receiving NPC-MNP but no AMF and the
saline group. There was tumor seepage after day 12 in
the saline group due to the increase in tumor sizes;
hence, the tumor volume measurements were not
taken after day 12. After 15 days, all of the mice were
euthanized and tissues were collected for further his-
tochemical studies.

We did not find MNP-NPCs in tumor tissues from

mice subjected to AMF exposure and evaluated at the

end of the experiment (Figure 7C). This absence may in-

dicate that the NPCs perished and released their cargo,

Figure 4. In vitro cell viability of NPCs cultured in medium containing increasing
concentrations of iron MNPs. � Statistically significant (p � 0.05) when compared
with the control.

Figure 5. In vitro cell viability of B16-F10s cultured in medium containing in-
creasing concentrations of iron MNPs. � Statistically significant (p � 0.05)
when compared with the control.
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which was subsequently removed from the site by ph-

agocytic cells.

The MNP-loaded NPCs themselves without A/C mag-

netic field exposure had a measurable but insignificant

tumor inhibition effect. We observed a similar effect in

previous work testing the MNPs alone.16 It is our hy-

pothesis that this effect could be due to biocorrosion

of the MNPs with subsequent release of iron (II/III), re-

sulting in oxidative damage to tumor tissue.44 Further-

more, we have shown that traces of surfactants that

have been used for the synthesis of the iron/iron oxide

nanoparticles from reverse micelles (especially CTAB)

become incorporated during synthesis of the MNPs and

are released during the process of biocorrosion.45 It is

obviously an advantage with the stem-cell-based ap-

proach that the effects from biocorrosion and surfac-

tant release stay hidden within the delivering stem cells

until they traffic to the tumor. Therefore, they will cause

minimal damage elsewhere but will augment the hy-

perthermia effect in the tumors.

Figure 6. AMF-induced temperature changes in vitro. Temperature measurements after AMF of NPCs loaded with MNPs
and NPC controls at the pellet and in the agarose solid. �� Statistically significant (p � 0.1) when compared with the control.

Figure 7. (A�D) Prussian blue stained tissue sections, counterstained with nuclear fast red, of melanoma tumor-bearing
mice which received NPC-MNP followed by AMF treatment: lung (A), liver (B), and tumor (C); note the absence of blue stained
NPCs in the tumor sections. Positive Prussian blue stained NPCs loaded with MNP in tumor section of a mouse which re-
ceived NPC-MNP but no AMF treatment (D). (E,F) TUNEL assay: green apoptotic cells in a tumor-bearing mouse with NPC-
MNP�AMF (E) compared to few apoptotic cells in a tumor-bearing mouse with saline only treatment (F).
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To our knowledge, this is the first report showing

that tumor-tropic stem cells loaded with MNPs ex vivo

and administered intravenously can result in regression

of preclinical tumors after A/C magnetic field expo-

sure. Ikehara et al. injected oligomannose-coated lipo-

somes encapsulating Fe3O4 and 5-fluorouracil (5-FU)

into the peritoneal cavity with subsequent uptake by

peritoneal macrophages and delivery to peritoneal gas-

tric tumors in a mouse model. After AMF exposure,

they observed significant attenuation of the peritoneal

tumors.46 The localized hyperthermia caused release of

the 5-FU from the macrophages. We recently evaluated

porphyrin functionalized core/shell Fe/Fe3O4 MNPs

similar to the ones used here for localized hyperther-

mia but not administered in cells.16 In that report, we

showed that even microgram amounts of the MNPs

given intratumorally or intravenously could reduce sub-

cutaneous melanomas. However, Prussian blue stain-

ing for iron was much more pronounced in the lungs

and liver than in the work reported here. Thus, an ad-

vantage of the cell-based delivery of the MNPs seems to

be that it avoids agglomeration in the reticuloendothe-

lial (mononuclear phagocytic) system.

Although the probable accumulation of MNPs re-

ported here is low compared to most reported tumor

accumulations in vivo, the iron core of the MNPs used

in this work may allow smaller amounts of the MNPs to

respond to an A/C magnetic field in vivo than would

be expected for iron oxide MNPs. Iron oxides show dis-

tinctly smaller mass magnetizations (�s � 60�100 Am2

kg�1, per weight unit of magnetite) and coercivities,

which typically range from 8000 to 16 000 Am�1 com-

pared to iron.47 In contrast, for Fe(0) nanoparticles fea-

turing a diameter below 8 nm, which are usually super-

paramagnetic, the mass magnetization is

approximately �s � 100 Am2 kg�1 with intrinsic coerciv-

ity less than 1000 Am�1.48,49

It is noteworthy that heating
of the whole tumor region by
using relatively large amounts
of Fe/Fe3O4/aminosiloxane (Fe/
Fe3O4/ASOX) nanoparticles may
be unnecessary. Because of the
very small iron(0) cores in the
Fe/Fe3O4 clusters consisting of
several nanorods (5�10 nm in
length, 1�4 nm in diameter),
A/C magnetic heating should
mainly occur according to the
Neel mechanism,49 resulting in
the local heating of the nano-
particles. Larger nanoparticles
(d � 20 nm) feature the Brown-
ian mechanism of heating, re-
sulting in a much better stirring
at the nanoscale level. The pres-
ence of the tetraethylene glycol

units leads to a tight binding of water molecules to
the nanoparticles, which may further decrease the lo-
cal diffusion. Therefore, “hot spots” featuring a temper-
ature above 45 °C may exist during A/C magnetic heat-
ing, which can lead to local damage of the cells at
multiple locations, even when the total temperature of
the tumor tissue is not significantly enhanced.

It is probable that tumor attenuation is improved
by other factors in addition to A/C magnetic field expo-
sure after MNP delivery to tumor by NPCs. Cytokines re-
leased by the NPC-MNP after hyperthermia may en-
hance the attenuation; a recent report indicates that
conditioned medium from heat-treated mesenchymal
stem cells significantly inhibited proliferation of cancer
cells in vitro.50,51 Another factor that could enhance the
antitumor effect of mild to moderate regional hyper-
thermia in vivo is stimulation of the innate immune re-
sponse. Recently, for example, it has been shown that
elevating local tumor temperature to only 41�43 °C is
sufficient to activate natural killer (NK) cells.52 NK cells
are part of the innate immune system and are potent
tumor-lytic agents when activated.53 Kubes et al.
showed that high numbers of activated monocytes
with increased cytotoxic effector function were re-
cruited into B16-F10 melanoma-bearing mice after
mild local microwave hyperthermia.54

We collected tumors 24 h after the last AMF treat-
ment on some of the mice to investigate potential
mechanisms of attenuation. We found that the apop-
totic index was increased in the NPC-MNP IV trans-
planted group after three rounds of AMF, indicating
that the targeted magnetic hyperthermia had a measur-
able effect on cell viability 24 h after the last treatment
(Figure 7E). This corresponds to the time at which sub-
cutaneous tumor volumes in the group receiving NPCs
loaded with MNPs and subsequent AMF were signifi-
cantly less than tumor volumes in any of the other

Figure 8. Tumor volumes in mice injected with B16-F10 melanoma cells. Mice in-
jected with saline compared to mice injected with NPC-MNP with or without AMF
treatment. � Statistically significant (p � 0.05) when compared with saline control.
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groups. Hence, apoptosis appears to be a mechanism
involved in reduced tumor volumes.

Proteomic Analysis. To further investigate the mecha-
nisms by which our treatment attenuates melanoma,
we examined the effect of our treatment on differen-
tial expression of proteins by the melanoma cells. Tu-
mors were excised from mice receiving either NPC-MNP
followed by AMF or saline followed by AMF. Total pro-
tein was extracted from these tumors, and the extracted
proteins were separated using 2-D gel electrophoresis.
Gel spots representing 12 proteins expressed differen-
tially in the 2 mouse groups were pinpointed using the
MASCOT identification search software for identifying

peptide mass fingerprinting (PMF). These protein spots
are noted in Figure 9. We attempted to identify each of
the proteins comprising the 12 differentially expressed
spots using MALDI-TOF mass spectrometry. Identified
proteins are listed in Table 1. As can be seen, phospho-
glycerate kinase 1 (PGK1) and neurotensin receptor 1
protein were much more highly expressed in tumors
from the mice receiving intravenous NPC-MNP followed
by AMF treatment than in the saline�AMF controls.
The group receiving NPCs� AMF alone was not in-
cluded in this comparison because Prussian blue stain-
ing failed to identify any intact NPCs in NPC-MNP
treated tumor tissue at the end of the experiment, indi-

Figure 9. Two-dimensional gels of melanoma tissues from mice treated with saline�AMF or NPC-MNP�AMF. Tumor samples
from mice receiving saline�AMF (A) and NPC-MNP�AMF (B) were harvested and processed for 2-D electrophoretic separa-
tion. The protein samples were focused using 3-10 linear IPG strips for the first dimension, electrophoretically separated on
12% acrylamide gels, and stained with Biosafe Coomassie G-250. Numbers with arrowhead lines refer to protein spots iden-
tified by MALDI-TOF analysis.

TABLE 1. Proteins of Melanoma Tumor Treated with Saline�AMF and NPC-MNP�AMF, Analyzed by MALDI-TOFa

proteins of AMFb exposed NPC-MNPc injected tumor and saline injected tumor were analyzed by MALDI-TOF

spot
number

protein identification GenBank numbers theoretical MW
(Da)

pI sequence
coverage (%)

saline�AMF

1 TNF receptor-associated factor 6 gi6755867 65679 7.71 14
2 Aste 1 protein gi68534685 69927 8.31 12
3 �-globin gi156257677 15823 7.14 78
4 biliverdin reductase B gi21450325 22299 6.49 53

5 unnamed protein product gi74222020 27054 6.90 39

NPC-MNP�AMF

6 Zmym1 protein gi116283425 103513 8.88 10
7 neurotensin receptor 1 gi9055296 47708 9.39 19
8 unnamed protein product gi74211198 54416 10.00 13
9 unnamed protein product gi74211198 51420 9.09 16
10 phosphoglycerate kinase 1 gi70778976 44928 8.02 43
11 phosphoglycerate kinase 1 gi70778976 44928 8.02 53
12 similar to glyceraldehyde-3-phosphate dehydrogenase gi149252413 34190 8.45 27

aSpot numbers refer to the regions in the resolved proteins (as shown in Figure 9) picked for MALDI-TOF analysis. Spots with different numbers but the same protein iden-
tification (e.g., spots 10 and 11) most likely represent two forms of the same protein which have different post-transcriptional or post-translational modifications. bAFM: al-
ternating magnetic field. cNPC-MNP: neural progenitor cells loaded with magnetic nanoparticle.
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cating that the NPCs had been killed at some point by
the A/C magnetic field exposure. Thus, it is unlikely that
any differences in protein levels are due to the pres-
ence of the delivery cells. Also, it is unlikely that the
NPCs, which are a minor population, could secrete
enough protein to register as a difference to be picked
as spots on the second dimension gels even had they
survived.

Of the seven protein spots found in the treated
group but not the saline group (replicated four times;
see Table 1), one candidate protein identified that could
potentially exert an antitumor effect is PGK1, which is
antiangiogenic when overexpressed in some tumors.55

However, overexpression of PGK1 in prostate cancer
has been shown to facilitate tumor growth.56 On the
other hand, there were five protein spots present in the
saline control group that were not present in the
treated group. One of these was TNF receptor-
associated factor 5 (TRAF5), which is known to activate
NF-�B.57 Another, biliverdin reductase B, also increases
NF-�B expression.58 NF-�B is a central player in the tran-
sition to a more invasive state in many tumors.59 Biliver-
din reductase B was identified as a specific protein
marker in microdissected hepatocellular carcinoma,60

elevated in methotrexate-resistant colon cancer cells,61

and is induced in renal carcinoma.62 Hence, it possible
that down-regulation of these genes could have been a
factor in reduction of tumor size. While preliminary,
these findings provide the background for further in-
vestigation to reveal potential mechanisms of tumor at-

tenuation by AMF after targeted delivery of MNPs by
tumor-tropic stem cells.

CONCLUSIONS
In conclusion, we show here that (1) NPCs efficiently

load with core/shell Fe/Fe3O4 bimagnetic nanoparticles
(MNPs); (2) the MNPs accumulate with time as aggre-
gates in the cytosol; (3) the MNPs cause minimal toxic-
ity in those cells; (4) NPCs loaded with MNPs travel to
subcutaneous melanomas; (5) after A/C magnetic field
exposure, the targeted delivery of MNPs by the cells re-
sults in a significant regression of the tumors; and (6)
this treatment results in apoptosis of cancer cells and al-
ters the tumor proteome. The tumor attenuation was
significant (p � 0.05) 96 h after the last of three AMF
exposures.

The goal of many current therapeutic strategies is
to avoid the deleterious and sometimes catastrophic
side effects associated with chemotherapeutic interven-
tion. The stealth delivery system described above for
targeted hyperthermia of tumors offers the prospect for
more specific tumor ablation. Although the melanoma
model used here was a subcutaneous one, deep meta-
static lesions could potentially be targeted in a similar
manner using a lower frequency A/C magnetic field. Ad-
junct targeted chemotherapy using therapeutic agents
coupled to the MNPs or encased within liposomes such
as those reported by Ikehara et al.46 may further en-
hance this platform for future use in targeted applica-
tion to human cancer therapy.

MATERIALS AND METHODS
Synthesis of Fe/Fe3O4 Nanoparticles. The synthesis of Fe/Fe3O4 NPs

is proprietary information of NanoScale Corporation, Manhat-
tan, KS.

Porphyrin-Tethered Stealth-Coated (Bi) Magnetic Fe/Fe3O4

Nanoparticles. Aminosiloxane-coated Fe/Fe3O4 core/shell nanopar-
ticles were synthesized by NanoScale Corporation (Manhattan,
KS); the synthesis is represented in Scheme 1.

Synthesis of Fe/Fe3O4/ASOX. The synthesis of ASOX-covered Fe/
Fe3O4 NPs was performed by adapting a procedure from the lit-
erature.63 Twenty milligrams of Fe/Fe3O4 nanoparticles were sus-
pended in 10 mL of anhydrous tetrahydrofuran (THF). After
sonicating, the undissolved solid (�1 mg) was separated by pre-
cipitation through low-speed centrifugation (1500 rpm, 5 min).
The clear solution was transferred to another test tube and
3-aminopropyltriethoxylsilane (see Scheme 1) was added to the
solution. After sonicating, the nanoparticles were collected by
high speed centrifugation (15 000 rpm for 15 min). After redis-
persion and subsequent collection in THF, the Fe/Fe3O4/ASOX-
NPs (7.5 mg) were collected, dried in high vacuum, and stored
under argon.

Synthesis of Stealth-Coated Fe/Fe3O4/ASOX Nanoparticles. Forty milli-
grams of dopamine-based ligand (see Scheme 1) was dissolved
in 5.0 mL of THF, and 20 mg of Fe/Fe3O4/ASOX nanoparticles, and
1.0 g of CDI (carbonyl diimidazole) were added as solids. After
sonicating, the nanoparticles were collected by high speed cen-
trifugation (15 000 rpm for 15 min). After redispersion and subse-
quent collection in THF, the Fe/Fe3O4/stealth NPs (15 mg) were
collected, dried in high vacuum, and stored under argon.

Synthesis of TCPP-Linked Stealth-Coated Fe/Fe3O4/ASOX Nanoparticles.
TCPP (tetrakis(4-carboxyphenyl)porphyrin) (2.5 mg) was dis-
solved in 5.0 mL of THF; 20 mg of Fe/Fe3O4/ASOX/stealth nano-

particles and 1.0/0.05 g of EDC/HOBT (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/1-hydroxybenzotriazole)
were added as solids.64 After sonicating, the nanoparticles were
collected by high speed centrifugation (15 000 rpm for 15 min).
After redispersion and subsequent collection in THF, the TCPP-
labeled Fe/Fe3O4/ASOX/stealth NPs (13.5 mg) were collected,
dried in high vacuum, and stored under argon. We have deter-
mined by using UV/vis spectroscopy (	abs(TCPP) � 416 nm, �
365 000 M�1 cm�1) that 5 
 0.5 TCPP units are bound to one
stealth-coated Fe/Fe3O4/ASOX nanoparticle, on average.

As already stated, HRTEM performed at the University of Kan-
sas Microscopy and Analytical Imaging Laboratories has revealed
that the nanoparticles are composed of nanorods (5�10 nm in
length, 1�4 nm in diameter). These nanorods form clusters of
16.0 
 1.5 nm in diameter. The thickness of the aminosiloxane
shell that is surrounding the whole Fe/Fe3O4 clusters is 2.0 
 0.4
nm. This is consistent with an average diameter of the Fe/Fe3O4/
ASOX nanoparticles of 20 
 2.3 nm. Using the program IMAGE
(NIH), we have determined the polydispersity index of the Fe/
Fe3O4/ASOX nanoparticles to be 1.15. Note that the stealth
ligand has a length of 2.5 nm (AM1, Chemdraw Ultra 3D pack-
age, Cambridge Soft Corporation, Cambridge, MA), so that the
resulting Fe/Fe3O4/ASOX stealth nanoparticles are 25 
 2.3 nm
in size. The space demand for the dopamine anchor is 1.094 nm2

(AM1). One Fe/Fe3O4/ASOX nanoparticle of 20 nm in diameter
can bind 1150 organic ligands. The porphyrin labels have a diam-
eter of 1.95 nm (AM1). The binding of the ligands to the termi-
nal amino groups of the aminosiloxane layer was achieved in
THF under argon in the presence of CDI as coupling reagent; the
molar ratio of ligands L1/L1-TCPP was 1000/3.5. We assume a sta-
tistical distribution of the ligands at the surface. Assuming a Pois-
son distribution,65 99.33% of the Fe/Fe3O4/ASOX/stealth NPs at

A
RT

IC
LE

VOL. 4 ▪ NO. 12 ▪ RACHAKATLA ET AL. www.acsnano.org7100



the chosen ratio (5 TCPP units per nanoparticle) feature at least
one chemically linked TCPP unit. The solubility of the organically
coated Fe/Fe3O4 NPs was determined to be 2.25 mg mL�1 and
the specific adsorption rate (SAR) at the field conditions de-
scribed here was 620 
 30 Wg�1 (Fe). We have determined the
zeta-potential of the Fe/Fe3O4/ASOX/stealth TCPP nanoparticles
by using Zeta Plus (Brookhaven Instruments, Holtsville, NY) to be
34 mV in 0.1 M PBS buffer at 298 K; their BET surface was deter-
mined in NanoScale Corporation’s analytical laboratory to be 72

 2 m2 g�1.

Tissue Culture of C17.2 Neural Progenitor Cells and B16-F10 Melanoma
Cells. B16-F10 melanoma cells were purchased from ATCC (Ma-
nassas, VA) and maintained in Dulbecco’s modified Eagle me-
dium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO) and 1%
penicillin/streptomycin (Invitrogen) at 37 °C in a humidified at-
mosphere containing 5% carbon dioxide.

C17.2 neural progenitor cells (NPCs) were a gift from V
Ourednik (Iowa State University). Originally developed in Evan
Snyder’s lab,66 these cells were maintained in DMEM supple-
mented with 10% FBS (Sigma-Aldrich), 5% horse serum (Invitro-
gen), 1% glutamine (Invitrogen), and 1% penicillin/streptomycin
(Invitrogen).

Cytotoxicity of MNPs on Neural Progenitor Cells and B16-F10 Cells. Po-
tential cytotoxic effects of MNPs (NanoScale Corporation, Man-
hattan, KS) were studied by incubating C17.2 NPCs and B16-F10
melanoma cells in different concentrations of MNPs (as deter-
mined by iron content). NPCs and B16-F10 cells were plated at
50 000 cells/cm2 and incubated overnight with their respective
media containing MNPs at concentrations of 5, 10, 15, 20, or 25
�g/mL iron. After incubation, medium was removed and cells
were washed twice with DMEM. Cells were lifted via trypsiniza-
tion, and live and dead cell numbers were counted via hemocy-
tometer with Trypan blue staining. This method allows counting
of viable (colorless) and nonviable (blue stained) cells since only
the dead cells allow the blue stain into the cell. A photograph of
Trypan blue stained cells showing the blue coloration of dead
cells in the hemocytometer grid is shown in Figure S2 (Support-
ing Information). NPCs and B16-F10 cells were used in three
separate trials, and each experiment was done in triplicate.

Prussian Blue Staining on NPCs. The loading efficiency of MNPs
into NPCs was assessed using Perl’s Prussian blue stain kit (Poly-
sciences, Inc., Warrington, PA). After overnight incubation in NPC
medium containing 25 �g/mL iron in MNPs, NPCs were washed
twice with DMEM and PBS and fixed with 4% glutaraldehyde for
10 min. Fixed NPCs were incubated in a solution containing
equal amounts of 4% potassium ferrocyanide and 4% HCl for
20 min. After 20 min incubation, NPCs were washed twice with
1� PBS and counterstained with nuclear fast red solution for 30
min. Images were captured using a Zeiss Axiovert 40 CFL micro-
scope (New York) and a Jenoptik ProgRes C3 camera (Jena, Ger-
many).

Loading Strategy of MNPs and Determination of Iron Amounts. The
loading efficiency of NPCs with various iron concentrations of
MNPs was determined spectrophotometrically using a Ferrozine
iron estimation method.67 For this method, cells were incu-
bated overnight with NPC medium containing different concen-
trations of MNPs and then washed twice with DMEM and 1�
PBS. Cells in medium without MNPs were used as controls. All
NPCs (control cells and cells loaded with various iron concentra-
tion of MNPs) were trypsinized, counted, and centrifuged, and
total cells were resuspended in 2 mL of distilled water. Cells were
then lysed by adding 0.5 mL of 1.2 M HCl and 0.2 mL of 2 M
ascorbic acid and incubating at 65�70 °C for 2 h. After 2 h, 0.2
mL of reagent containing 6.5 mM Ferrozine (HACH, Loveland,
CO), 13.1 mM neocuproine (Sigma-Aldrich, St. Louis, MO), 2 M
ascorbic acid (Alfa Aesar, Ward Hill, MA), and 5 M ammonium ac-
etate (Sigma-Aldrich, St. Louis, MO) was added and incubated
for 30 min at room temperature. After 30 min, samples were cen-
trifuged at 1000 rpm for 5 min, and supernatant optical density
was measured by a UV�vis spectrophotometer (Shimadzu, Co-
lumbia, MD) at 562 nm. A standard curve was prepared using 0,
0.1, 0.2, 0.5, 1, 2, and 5 �g/mL ferrous ammonium sulfate
samples. Water with all other reagents was used as a blank.
From the standard curve, iron concentration in cell samples was

determined. Iron concentration per single cell was estimated by
dividing the iron amount in each cell sample by the total number
of cells in that sample.

AMF-Induced Temperature Changes In Vitro. To verify the tempera-
ture increase by NPCs loaded with MNPs in a simulated tumor
environment, NPCs were loaded overnight with MNPs equiva-
lent to 15 �g/mL Fe. After incubation, cells were washed twice
with DMEM and twice with 1� PBS to remove free MNPs. Cells
were lifted with 0.1% trypsin-EDTA, and 1 � 106 cells were pel-
leted by centrifugation in 2 mL centrifuge tubes; 1.5 mL of 4%
agarose solution was added on top of the cell pellet to mimic the
extracellular matrix in tumor tissues. Agarose centrifuge tubes
containing pelleted NPCs without MNPs were used as negative
controls and were made as described above. The experiment
was conducted in triplicate. Before each tube was exposed to
AMF, two optical probes (Neoptix, Quebec, Canada) were in-
serted into the tube: one at the pellet, and the second one at
the middle of the agarose. Tubes were exposed to AMF for 10
min, and the temperature difference over time was measured by
the probes.

Evaluation of Selective Engraftment of NPCs and Magnetic
Hyperthermia. Female, 6�8 week old, C57BL/6 mice were pur-
chased from Charles River Laboratories (Wilmington, MA). Mice
were held for 1 week after arrival to allow them to acclimate.
Mice were maintained according to approved IACUC guidelines
in the Comparative Medicine Group facility of Kansas State Uni-
versity. All animal experiments were conducted according to
these IACUC guidelines. On day 0, 3.5 � 105 B16-F10 melanoma
cells were injected subcutaneously into 21 C57BL/6 mice, and
the mice were randomly divided into three groups. On day 5, 1
� 106 NPCs loaded with MNPs at 20 �g/mL iron concentration
were injected intravenously to two groups (NPC-MNP, group I;
and NPC-MNP�AMF, group II); simultaneously, saline was in-
jected into group III. On the ninth, 10th, and 11th days after tu-
mor inoculation, group II mice with NPC-loaded MNPs were ex-
posed to AMF for 10 min daily using an alternating magnetic
field apparatus (Superior Induction Company, Pasadena, CA). The
frequency is fixed (366 kHz, sine wave pattern); field amplitude
is 5 kA/m. Tumor volumes were measured using a caliper on days
8, 10, and 12; they were calculated using the formula 0.5a � b2,
where a is the larger diameter and b the smaller diameter of the
tumor. All of the mice were then euthanized on day 15, and the
tissues were collected. The experiment was repeated once with
similar results.

Histological Analysis. All mice were sacrificed 15 days after tu-
mor inoculation by CO2 inhalation and cervical dislocation. Tu-
mor, lung, liver, and spleen were snap-frozen in liquid nitrogen
for histological analysis. Tissues were sectioned on a cryostat (Le-
itz Kryostat 1720, Germany) at 8�10 �m and used for histologi-
cal studies. Prussian blue staining was performed on these sec-
tions using Perl’s Prussian blue stain kit to identify NPCs loaded
with MNPs. Apoptotic cell detection in the tissue sections was
determined using the DeadEnd fluorometric terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) system
(Promega Corporation, Madison, WI), as per the manufacturer’s
protocol.

Protein Preparation for Two-Dimensional Electrophoresis (2-DE). To
identify protein expression differences between tumors from
mice receiving AMF after IV saline injection or after IV NPC-MNP
injection, 3.5 � 105 B16-F10 melanoma cells were injected sub-
cutaneously into two mice. On day 5, 1 � 106 NPCs loaded with
MNPs at 20 �g/mL iron concentration were injected intrave-
nously into one mouse; simultaneously, saline was injected into
the other mouse. On days 9, 10, and 11, tumors were exposed to
AMF. On day 11, mice were euthanized and tumors were col-
lected immediately after AMF exposure.

Total protein was prepared from the tumors for use in two-
dimensional gel electrophoresis (2-DE) analysis. The following
protein isolation protocol was used.68 Briefly, melanoma tissues
were homogenized using a Pellet Pestle Mortar (KONTES, Vine-
land, NJ) in the presence of 0.5 mL of lysis buffer (8 M urea, 2 M
thiourea, 4% 3-cholamidopropyldimethylammonio-1-
propanesulfonate (CHAPS), 100 mM dithiothreitol (DTT), 25 mM
Tris-Cl, and 0.2% ampholyte (pH 3�10) (Amersham Pharmacia
Biotech, Piscataway, NJ). The supernatant was collected and then
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precipitated using 2 volumes of ice-cold acetone. The final pro-
tein pellet was dissolved in 100 �L of the sample buffer (8 M
urea, 2 M thiourea, 4% CHAPS, 100 mM DTT, 25 mM Tris-Cl, and
0.2% ampholyte (pH 3�10)). Protein concentrations were deter-
mined using a reducing agent-compatible and detergent-
compatible protein assay kit (Bio-Rad, Hercules, CA).

2-DE Analysis. Fifty micrograms of total protein was resolved
at 20 °C in the first dimension by isoelectric focusing (IEF) in an
IEF cell system (Bio-Rad, Hercules, CA) using 7 cm long, pH 3�10,
precast immobilized pH gradient strips (Bio-Rad). The IEF param-
eters were 250 V for 15 min, followed by 4000 V for 5 h. At the
end of the IEF, the strips were equilibrated sequentially for 10
min each in 1 mL of equilibration buffer I (375 mM Tris-HCl [pH
8.8], 6 M urea, 2% sodium dodecyl sulfate (SDS), 2% DTT) and
buffer II (375 mM Tris-HCl [pH 8.8], 6 M urea, 2% SDS, 2.72 mg
of iodoacetamide/mL, 0.001% bromophenol blue). Subse-
quently, second-dimension SDS-polyacrylamide gel electro-
phoresis analysis was performed on the strips in a Mini-PROTEAN
Tetra system by using 12% polyacrylamide gels (Bio-Rad) for 40
min at 200 V at room temperature in a 50 mM Tris-glycine buffer.
The 2-DE resolved gels were stained by using a Biosafe Coo-
massie G-250 kit (Bio-Rad). Coomassie stained gels were digi-
talized by using an HP Scanjet 7400c scanner (Hewlett-Packard,
Houston, TX).

Matrix-Assisted Laser Desorption Ionization (MALDI)-TOF MS Analysis of
Melanoma Tissues Treated with AMF and AMF with NSC-MNP Proteins. After
resolution by 2-DE, proteins from melanomas from mice treated
with AMF and MNP-NPC�AMF were picked individually from
Coomassie blue stained gels using PROTEINEER spII with sp-
Control 3.0 software (Bruker Daltonics, Bremen, Germany) ac-
cording to the manufacturer’s protocol. Coomassie blue stained
proteins were digested as described by Shevchenko et al.68 An
aliquot of in-gel-digested solution was mixed with an equal vol-
ume of a saturated solution of 1 �L of 2,5-dihydroxybenzoic acid
(DHB) in 50% aqueous acetonitrile, and 1 �L of mixture was spot-
ted onto a target plate. Protein analysis was performed with a
Bruker UltraFlex II MALDI-TOF using MTP AnchorChip with 384
matrix spots. MALDI-TOF spectra were externally calibrated us-
ing a combination of nine standard peptides: bradykinin 1-7
(757.39 Da), angiotensin II (1046.54 Da), angiotensin I (1296.68
Da), neurotensin (1672.91 Da), renin substrate (1758.93 Da),
ACTH clip 1-17 (2093.08 Da), ACTH clip 18-39 (2465.19 Da), ACTH
clip 1-24 (2932.58 Da), and ACTH clip 7-38 (3657.92 Da), spotted
onto positions adjacent to the samples. Protein identification
was carried out by automatic comparison of experimentally gen-
erated monoisotopic values of peptides using MASCOT with a
tolerance of 0.5�0.3 Da and 0�1 missed cleavage, and oxida-
tion of methionine was allowed.

Statistical Analysis. Statistical analyses were performed using
WinSTAT (A-Prompt Corporation, Lehigh Valley, PA). The means
of the experimental groups were evaluated to confirm that they
met the normality assumption. To evaluate the significance of
overall differences in tumor volumes between all in vivo groups,
statistical analysis was performed by analysis of variance
(ANOVA). A p value less than 0.1 was considered as significant.
Following significant ANOVA, post hoc analysis using least signifi-
cance difference (LSD) was used for multiple comparisons. Sig-
nificance for post hoc testing was set at p � 0.05. All of the tu-
mor volume data are represented as mean 
 standard error (SE)
on graphs.
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