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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/Fe304 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 hours) after the last of
three AMF exposures.
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The incidence and mortality rate of malignant melanoma continues to increase at an
alarming rate worldwide.1 Disseminated melanoma is not curable using current clinical

"Corresponding author: Deryl Troyer, Department of Anatomy and Physiology, 228 Coles Hall, Kansas State University, Manhattan,
KS 66506, USA troyer@vet.ksu.edu, phone: 785-532-4509, fax: 785-532-4557.

Both of these authors contributed equally to this work.
Supporting Information Available: Supplemental Figures S1 and S2 show a TEM image of MNPs and a photo of a hemacytometer
grid with trypan blue-stained, MNP-loaded NPCs, respectively. The figures and accompanying legends are available This material is
available free of charge via the Internet at http://pubs.acs.org.


http://www.k-state.edu/chem/
http://pubs.acs.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rachakatla et al.

Page 2

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 hyperthermia
using dextran magnetite nanoparticles in a high frequency magnetic field (such as 500 kHz);
the advantages of magnetic nanoparticles (MNPs), such as negligible or low toxicity,
biocompatibility, injectability into the blood stream, and potential accumulation in the target
tumor, make them prime candidates for hyperthermia applications.4 However, the specific
absorption rates (SARs) of those early systems were low. It will be of great importance to
achieve a high monodispersity of the magnetic nanoparticles, because only then can the A/
C-excitation be optimized to achieve very high specific absorption rates. Magnetic
hyperthermia has recently garnered new interest as a cancer therapy because technological
advances allow heat delivery to be more precisely controlled and measured.5 Hyperthermia
(not necessarily magnetic hyperthermia) as an adjunct to radiotherapy or chemotherapy has
been clinically tested for multiple human cancers, including recurrent malignant melanoma,
lymph node metastasis, glioblastoma, 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 hyperthermia of disseminated or deep tumors is currently
complicated because it is difficult to target ferrofluid or magnetic nanoparticles to the tumor.
To date, most reports of localized magnetic hyperthermia have described the direct tumor
injection of milligram amounts of ferromagnetic materials. In some cases, limited success
has been realized after antibodies or other ligands have been attached to MNPs.10 However,
further improvements in tumor targeting are needed.

Both direct killing effects and sensitization to other treatment modalities are dependent on
distribution and duration of temperature elevation.11 Bi-magnetic particles (10-40 nm) are
able to generate substantial heat within a magnetic field of low strength and frequency.12
The bi-magnetic nanoparticles (MNPs) 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 oligo-ethylene glycol stealth coating, and
chemically attached porphyrins (TCPP, tetra-4-carboxy-phenyl porphyrin).

Our prior work revealed attenuation of melanomas after AMF treatment of microgram
amounts of MNPs (with attached porphyrins) was given intravenously 16. Many proteins
have been found to be instrumental in the progression of melanoma 17719. 2-D 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 identify proteins highly over- or under-expressed in other
cancerous vs. normal tissues 20™22. Here, we used this approach to investigate protein
expression after localized AMF treatment.

Many attempts have been made to increase localization of various kinds of nanoparticles,
including magnetic nanoparticles for imaging or therapy, to tumors. For example, particles
have been tagged with antibodies 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.28732 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
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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
reticuloendothelial system. Second, the tumor-tropic cells themselves could be engineered to
secrete proteins, such as cytokines, to enhance the effect of regional hyperthermia. 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 targeted 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 detected 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 T.E.M. images revealed that in some images the aggregates were surrounded by
fragmented unit membrane, indicating they were possibly in an endosomal compartment
(Supplemental Figure S1, Supporting Information). In most images, they did not appear to
be so enclosed. Based on these results, we believe that the MNPs are taken up via the LDL
receptor and traffic in the endosomal-lysosomal system, but cause endosomolysis with
subsequent release of MNPs into the cytosol. Interestingly, the High Resolution Electron
Microscopy (HRTEM) images (Figure 1) of the MNPs show them as nano-rod 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
concentration of MNPs in medium. The highest concentration of 5 pg of iron per cell was
identified in cells incubated with medium containing 25 pg/mL iron (Figure 3).

Cytotoxicity of MNPs on neural progenitor cells and B16-F10 cells

MNP toxicity was tested based on iron concentration in MNPs. Media containing various
iron concentrations 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
viability 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 pg/mL
iron concentration (Figure 4), so this MNP concentration was used for subsequent
experiments. However, the B16-F10 cell number was decreased upon exposure to only 5 ug/
mL iron concentration (Figure 5).

There are several possible reasons the mouse melanoma 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 cancer cells is more basic than most normal cells,34
biocorrosive damage to the aminosiloxane shell of the MNPs could expeditite cytotoxicity
due to increased oxidative stress. Second, since the potentially toxic cetyl
trimethylammonium bromide (CTAB) surfactant is located on the interior of the silica shell,
more of it could be released 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
appear to be due to increased MNP uptake; uptake levels are similar to those in NPCs (data
not shown).
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AMF-induced temperature changes in vitro

It was not possible to insert the optical probe into the melanomas because 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 pelleted NPCs loaded with MNPs or NPCs alone; the agarose was then allowed to gel
in a micro centrifuge tube. Temperature increase over time was compared between NPC
controls and MNP-loaded NPCs (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
value < 0.1) after 10 minutes AMF exposure time. When we measured temperatures farther
from the pellet, in the middle of the agarose, there was a small temperature increase in both
the groups due to residual heating; 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 properties, and many groups have successfully 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). Based on
reports in the literature, which have estimated 20-40% of transplanted stem cells homed to
tumors in rodents, 3738 we assume that about 20% of the administered cells migrated to the
tumors. Other stem cells shown to home effectively to tumors include bone marrow stem
cells39 and adipose derived mesenchymal stem cells.40 We have previously shown that
umbilical cord matrix stem cells can efficiently be used for cell-based gene therapy in a
preclinical model for human breast cancer.41743

To test the hypothesis that administration of NPCs loaded with MNPs followed by AMF
application would reduce the tumor burden, NPC-MNP were injected intravenously into
melanoma-bearing mice. Tumor volume comparisons are graphed in Figure 8. The smallest
tumor volumes were observed in the group receiving NPCs loaded with MNPs+AMF; the
difference in tumor volume when compared with the saline group was significant 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 the mice were
euthanized and tissues were collected for further histochemical 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 indicate that the NPCs
perished and released their cargo, which was subsequently removed from the site by
phagocytic cells.

The MNP-loaded NPCs themselves without A/C magnetic 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 hypothesis that this effect could be due to biocorrosion
of the MNPs with subsequent release of iron (1I/111), resulting in oxidative damage to tumor
tissue.44 Furthermore, 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 approach that the
effects from biocorrosion and surfactant 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 hyperthermia effect in the tumors.
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To our knowledge, this is the first report showing tumor-tropic stem cells loaded with MNPs
ex vivo and administered intravenously can result in regression of preclinical tumors after A/
C magnetic field exposure. Ikehara et al. injected oligomannose-coated liposomes
encapsulating Fe304 and 5-fluorouracil (5-FU) into the peritoneal cavity with subsequent
uptake by peritoneal macrophages and delivery to peritoneal gastric 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/Fe304 MNPs similar to the ones
used here for localized hyperthermia but not administered in cells.16 In that report, we
showed that even microgram amounts of the MNPs given intratumorally or intravenously
could reduce subcutaneous melanomas. However, Prussian blue staining for iron was much
more pronounced in the lungs and liver than in the work reported here. Thus, an advantage
of the cell-based delivery of the MNPs seems to be that it avoids agglomeration in the
reticuloendothelial (mononuclear phagocytic) system.

Although the probable accumulation of MNPs reported 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 distinctly smaller mass magnetizations
(us = 60-100 Am2kg~1, per weight unit of magnetite) and coercivities, which typically range
from 8,000-16,000 Am~1 compared to iron.47 In contrast, for Fe(0)-nanoparticles featuring
a diameter below 8nm, which are usually superparamagnetic, the mass magnetization is
approx. pg= 100 Am2kg1 with intrinsic coercivity less than 1000 Am~1.48: 49

It is noteworthy that heating of the whole tumor region by using relatively large amounts of
Fe/Fe304/aminosiloxane (Fe/Fe304/ASOX) nanoparticles may be unnecessary. Because of
the very small iron(0)-cores in the Fe/Fe304-clusters consisting of several nanorods (5-
10nm in length, 1-4nm in diameter), A/C-magnetic heating should mainly occur according
to the Neel mechanism,49 resulting in the local heating of the nanoparticles. Larger
nanoparticles (d >20 nm) feature the Brownian mechanism of heating, resulting in a much
better stirring at the nanoscale level. The presence of the tetraethylene glycol units leads to a
tight binding of water molecules to the nanoparticles, which may further decrease the local
diffusion. Therefore, “hot spots” featuring a temperature above 45°C may exist during A/C
magnetic heating, 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 exposure after MNP delivery to tumor by NPCs. Cytokines released by the
NPC-MNP after hyperthermia may enhance 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 hyperthermia in vivo is stimulation of the innate immune
response. 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 tumorlytic agents when activated.53 Kubes et al.
showed that high numbers of activated monocytes with increased cytotoxic effector function
were recruited into B16F10 melanoma-bearing mice after mild local microwave
hyperthermia.54

We collected tumors 24 hours after the last AMF treatment on some of the mice to
investigate potential mechanisms of attenuation. We found that the apoptotic index was
increased in the NPC-MNP IV transplanted group after three rounds of AMF, indicating that
the targeted magnetic hyperthermia had a measurable effect on cell viability 24 hours after
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the last treatment (Figure 7E). This corresponds to the time at which subcutaneous tumor
volumes in the group receiving NPCs loaded with MNPs and subsequent AMF were
significantly less than tumor volumes in any of the other groups. Hence, apoptosis appears
to be a mechanism involved in reduced tumor volumes.

Proteomic analysis

To further investigate the mechanisms by which our treatment attenuates melanoma, we
examined the effect of our treatment on differential expression of proteins by the melanoma
cells. Tumors were excised from mice receiving either NPC-MNP followed by AMF or
saline followed by AMF. Total protein was extracted from these tumors, and the extracted
proteins were separated using 2-D gel electrophoresis. Gel spots representing 12 proteins
expressed differentially 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, phosphoglycerate 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 alone was not included in this comparison because
Prussian blue staining failed to identify any intact NPCs in tumor tissue at the end of the
experiment, indicating that they 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 presence 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 anti-
tumor effect is PGK1, which is anti-angiogenic when over-expressed in some tumors.55
However, over-expression 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 (TRAFS5), which is known to activate NF-kappaB.57 Another, biliverdin reductase
B, also increases NF-kappa B expression.58 NF-kappa B is a central player in the transition
to a more invasive state in many tumors.59 Biliverdin 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 investigation to
reveal potential mechanisms of tumor attenuation 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/Fe304 bi-
magnetic nanoparticles (MNPs); (2) the MNPs accumulate with time as aggregates in the
cytosol; (3) the MNPs cause minimal toxicity 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 results in a significant regression of the tumors; and (6) this
treatment results in apoptosis of cancer cells and alters the tumor proteome. The tumor
attenuation was significant (p<0.05) 24 hours after the last of three AMF exposures.
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The goal of many current therapeutic strategies is to avoid the deleterious and sometimes
catastrophic side effects associated with chemotherapeutic intervention. 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 metastatic lesions could potentially be targeted in a similar manner using a lower
frequency A/C magnetic field. Adjunct targeted chemotherapy using therapeutic agents
coupled to the MNPs or encased within liposomes such as those reported by lkehara et al.46
may further enhance this platform for future use in targeted application to human cancer
therapy.

Materials & Methods

Synthesis of Fe/Fe3O4-nanoparticles

The synthesis of Fe/Fe30,4-NPs is proprietary information of NanoScale Corporation,
Manhattan, KS.

Porphyrin-tethered Stealth-Coated (Bi) Magnetic Fe/Fe304 Nanoparticles

Aminosiloxane-coated Fe/Fe304-core/shell nanoparticles were synthesized by NanoScale
Corporation (Manhattan, KS); the synthesis is represented in Scheme 1.

Synthesis of Fe/Fe3z04/ASOX

The synthesis of ASOX-covered Fe/Fe304-NPs was performed by adapting a procedure
from the literature.63 Twenty mg Fe/Fe3O,4 nanoparticles were suspended in 10 mL
anhydrous tetrahydrofuran (THF). After sonicating, the undissolved solid (< 1 mg) was
separated by precipitation 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 re-dispersion and subsequent
collection in THF, the Fe/Fe304/ASOX-NPs (7.5 mg) were collected, dried in high vacuum,
and stored under argon.

Synthesis of stealth-coated Fe/Fe304/ASOX-nanoparticles

Forty mg dopamine-based ligand (see Scheme 1) was dissolved in 5.0 mL THF, 20 mg Fe/
Fe304/ASOX nanoparticles and 1.0g CDI (carbonyl-di-imidazole) were added as solids.
After sonicating, the nanoparticles were collected by high speed centrifugation (15,000 RPM
for 15 min). After re-dispersion and subsequent collection in THF, the Fe/Fe30,/stealth-NPs
(15 mg) were collected, dried in high vacuum, and stored under argon.

Synthesis of TCPP-linked stealth-coated Fe/Fe304/ASOX-nanoparticles

2.5 mg of TCPP (Tetrakis(4-carboxyphenyl)porphyrin) was dissolved in 5.0 mL THF; 20
mg Fe/Fe304/ASOX/stealth nanoparticles and 1.0/0.05g EDC/HOBT (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/1-hydroxybenzo-triazole) were added as solids.64 After
sonicating, the nanoparticles were collected by high speed centrifugation (15,000 RPM for
15 min). After re-dispersion and subsequent collection in THF, the TCPP-labeled Fe/Fe304/
ASOX/stealth-NPs (13.5 mg) were collected, dried in high vacuum, and stored under argon.
We have determined by using UV/Vis-spectroscopy (Agps(TCPP) = 416nm, = 365,000 M1
cm™1) that 5+0.5 TCPP units are bound to one stealth-coated Fe/Feg04/ASOX nanoparticle,
on average.

As already stated, HRTEM performed at the University of Kansas Microscopy and
Analytical Imaging Laboratories has revealed that the nanoparticles are composed of nano-
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rods (5-10nm in length, 1-4nm in diameter). These nano-rods form clusters of 16.0£1.5 nm
in diameter. The thickness of the aminosiloxane shell that is surrounding the whole Fe/
Fe304-clusters is 2.0+0.4nm. This is consistent with an average diameter of the Fe/Fe304/
ASOX-nanoparticles of 20+2.3nm. Using the program IMAGE (NIH), we have determined
the polydispersity index of the Fe/Fe304/ASOX nanoparticles to be 1.15. Note that the
stealth ligand has a length of 2.5 nm (AM1- Chemdraw Ultra 3D package, Cambridge Soft
Corporation, Cambridge, MA), so that the resulting Fe/Fe304/ASOX stealth nanoparticles
are 25+2.3 nm in size. The space demand for the dopamine anchor is 1.094nm?2 (AM1). One
Fe/Fe304/ASOX nanoparticle of 20nm in diameter can bind 1150 organic ligands. The
porphyrin-labels have a diameter of 1.95 nm (AML1). The binding of the ligands to the
terminal 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 statistical distribution of the ligands at the surface. Assuming a Poisson
distribution,65 99.33 percent of the Fe/Fe304/ASOX/stealth NPs at the chosen ratio (5
TCPP units per nanoparticle) feature at least one chemically linked TCPP unit. The
solubility of the organically coated Fe/Fes04 NPs was determined to be 2.25 mg ml~1 and
the Specific Adsorption Rate (SAR) at the field conditions described here was 620+30 Wg ™1
(Fe). We have determined the zeta-potential of the Fe/Fe304/ASOX/stealth-TCPP
nanoparticles by using Zeta Plus (Brookhaven Instruments, Holtsville, NY) to be 34mV in
0.1M PBS-buffer at 298K; their BET-surface was determined in NanoScale Corporation’s
analytical laboratory to be 7242 m2 g~1.

Tissue culture of C17.2 neural progenitor cells and B16-F10 melanoma cells

B16-F10 melanoma cells were purchased from ATCC (Manassas, VA) and maintained in
Dulbecco’s Modified Eagle Medium (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 atmosphere containing 5% carbon
dioxide.

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

Cytotoxicity of MNPs on neural progenitor cells and B16-F10 cells

Potential cytotoxic effects of MNPs (NanoScale Corporation, Manhattan, KS) were studied
by incubating C17.2 NPCs and B16-F10 melanoma cells in different concentrations of
MNPs (as determined by iron content). NPCs and B16-F10 cells were plated at 50,000 cells/
cm? and incubated overnight with their respective media containing MNPs at concentrations
of 5, 10, 15, 20, or 25 pg/mL iron. After incubation, medium was removed and cells were
washed twice with DMEM. Cells were lifted via trypsinization, and live and dead cell
numbers were counted via hemocytometer with Trypan blue staining. This method allows
counting of viable (colorless) and non viable (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 Supplemental Figure S2
(Supporting 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
(Polysciences, Inc., Warrington, PA). After overnight incubation in NPC medium containing
25 ug/mL iron in MNPs, NPCs were washed twice with DMEM and PBS and fixed with 4%
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glutaraldehyde for 10 min. Fixed NPCs were incubated in a solution containing equal
amounts of 4% potassium ferrocyanide and 4% HCI for 20 minutes. After 20 min
incubation, NPCs were washed twice with 1x PBS and counterstained with nuclear fast red
solution for 30 minutes. Images were captured using a Zeiss Axiovert 40 CFL microscope
(New York) and a Jenoptik ProgRes C3 camera (Jena, Germany).

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 incubated overnight with NPC medium containing different concentrations of MNPs
and then washed twice with DMEM and 1x PBS. Cells in medium without MNPs were used
as controls. All NPCs (control cells and cells loaded with various iron concentration of
MNPs) were trypsinized, counted, centrifuged, and total cells were resuspended in 2 mL
distilled water. Cells were then lysed by adding 0.5 mL of 1.2 M HCl and 0.2 mL of 2M
ascorbic acid and incubating at 65-70 °C for 2 hours. After 2 hours, 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 acetate (Sigma-Aldrich, St Louis, MO) was added and incubated for 30 minutes
at room temperature. After 30 minutes, samples were centrifuged at 1000 rpm for 5 min, and
supernatant optical density was measured by UV-VIS spectrophotometer (Shimadzu,
Columbia, MD) at 562 nm. A standard curve was prepared using 0, 0.1, 0.2, 0.5, 1, 2, and 5
pg/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 temperature increase by NPCs loaded with MNPs in a simulated tumor
environment, NPCs were loaded overnight with MNPs equivalent to 15 pg/mL Fe. After
incubation, cells were washed twice with DMEM and twice with 1x PBS to remove free
MNPs. Cells were lifted with 0.1% trypsin-EDTA, and 1x106 cells were pelleted 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 inserted 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 purchased 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 University. All animal experiments were conducted
according to these IACUC guidelines. On day 0, 3.5 x 10° 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 x 108 NPCs loaded with MNPs at 20 pg/mL iron concentration
were injected intravenously to two groups (NPC-MNP, group | and NPC-MNP+AMF, group
I1); simultaneously, saline was injected into group I11. On the 9th, 10th, and 11th days after
tumor inoculation, group Il mice with NPC loaded MNPs were exposed 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
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volumes were measured using a caliper on days 8, 10, and 12; they were calculated using the
formula 0.5axb2, where a is the larger diameter and b the smaller diameter of the tumor. All
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 tumor inoculation by CO» inhalation and cervical
dislocation. Tumor, lung, liver, and spleen were snhap-frozen in liquid nitrogen for
histological analysis. Tissues were sectioned on a cryostat (Leitz Kryostat 1720, Germany)
at 8-10 um and used for histological studies. Prussian blue staining was performed on these
sections 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
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) System (Promega
Corporation, Madison, WI), as per the manufacturer’s protocol.

Protein preparation for 2-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 x 105 B16F10 melanoma cells were
injected subcutaneously into two mice. On day 5, 1 x 10% NPCs loaded with MNPs at 20 g/
mL iron concentration were injected intravenously to one mouse; simultaneously saline was
injected to the other mouse. On days 9, 10, and 11, tumors were exposed to AMF. On day 15
mice were euthanized and tumors were collected 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, Vineland, NJ) in the
presence of 0.5 mL of lysis buffer (8 M urea, 2 M thiourea, 4% 3-cholamidopropyl-
dimethylammonio-1-propanesulfonate (CHAPS), 100 mM dithiothreitol (DTT), 25 mM
Tris-Cl, and 0.2% ampholyte (pH 3 to 10) (Amersham Pharmacia Biotech, Piscataway, NJ).
The supernatant was collected and then precipitated using 2 volumes of ice-cold acetone.
The final protein pellet was dissolved in 100 pl 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 to 10)).
Protein concentrations were determined 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, California) using 7-cm long, pH 3
to 10, precast immobilized pH gradient strips (Bio-Rad). The IEF parameters were 250 V for
15 min, followed by 4,000 V for 5 hrs. At the end of the IEF, the strips were equilibrated
sequentially for 10 min each in 1 ml of equilibration buffer | (375 mM Tris-HCI [pH 8.8], 6
M urea, 2% sodium dodecy! sulfate (SDS), 2% DTT) and buffer 11 (375 mM Tris-HCI [pH
8.8], 6 M urea, 2% SDS, 2.72 mg of iodoacetamide/ml, 0.001% bromophenol blue).
Subsequently, second-dimension SDS-polyacrylamide gel electrophoresis 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 Coomassie G-250 kit (Bio-Rad).
Coomassie-stained gels were digitalized by using an HP Scanjet 7400c scanner (Hewlett-
Packard, Houston, Texas).

ACS Nano. Author manuscript; available in PMC 2011 December 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rachakatla et al. Page 11

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 spll with sp-Control 3.0 software (Bruker Daltonics, Bremen, Germany)
according 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 volume of a saturated solution of 1ul of 2,5-Dihydroxybenzoic acid (DHB) in 50%
aqueous acetonitrile, and 1 ul of mixture was spotted onto a target plate. Protein analysis
was performed with a Bruker UltraFlex Il MALDITOF using MTP AnchorChip with 384
matrix spots. MALDI-TOF spectra were externally calibrated using a combination of nine
standard peptides: bradykinin 1-7 (757.39 Da), angiotensin 11 (1,046.54 Da), angiotensin |
(1,296.68 Da), neurotensin (1,672.91 Da), renin substrate (1,758.93 Da), ACTH clip 1-17
(2,093.08 Da), ACTH clip 18-39 (2,465.19 Da), ACTH clip 1-24 (2,932.58 Da), and ACTH
clip 7-38 (3,657.92 Da), spotted onto positions adjacent to the samples. Protein
identification was carried out by automatic comparison of experimentally generated
monoisotopic values of peptides using MASCOT with a tolerance of 0.5 —0.3 Da and 0
—1missed cleavage, and oxidation 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 significance difference (LSD) was used
for multiple comparisons. Significance for post hoc testing was set at p < 0.05. All the tumor
volume data are represented as mean +/— standard error (SE) on graphs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. TEM of Fe/Fe304-nanoparticles B. TEM of Fe/Fe304/ASOX/stealth-nanoparticles.
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Nucleus

Figure 2.
A. Bright field image of NPCs loaded with MNPs showing positive Prussian blue staining

for presence of iron and counterstained with nuclear fast red (magnification 20X), B.
Transmission electron microscopy image of NPC loaded with MNPs. (magnification

30,000x).
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Figure 3.

Loading efficiency of iron MNPs: iron concentration per NPC cell loaded with various
concentrations of MNPs.* Statistically significant (p-value less than 0.05) when compared
with control. The fact that uptake increases rapidly at 15 ug/ml but then remains stable at 20
ug/ml most probably reflects the fact that, for unknown reasons, there was more variation in
the 15 mg/ml group (as reflected by S.E.) than other groups.
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Figure 4.
In vitro cell viability of NPC’s cultured in medium containing increasing concentrations of
iron MNPs. * Statistically significant (p-value less than 0.05) when compared with control.
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MNP effect on B16F10 cell viability
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Figure 5.

In vitro cell viability of B16-F10’s cultured in medium containing increasing concentrations
of iron MNPs. *Statistically significant (p-value less than 0.05) when compared with
control.
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Figure 6.

AMPF-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-value less than 0.1) when compared with control.
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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
received 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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Figure 8.

Tumor volumes in mice injected with B16-F10 melanoma cells. Mice injected with saline
compared to mice injected with NPC-MNP with or without AMF treatment. * Statistically
significant (p-value less than 0.05) when compared with saline control.
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Figure 9.

2-D 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 separation. 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 (company). Numbers with
arrowhead lines refer to protein spots identified by MALDI-TOF analysis.
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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
sequence for the synthesis of TCPP-linked Fe/Fe304/ASOX/stealth — nanoparticles: Clusters
of Fe304-nanorods are formed in reversed micelles upon addition of sodium borohydride.
Further addition of NaBH, leads to the formation of iron(0)-cores within the individual
nanorods forming the clusters. The addition of 3-aminopropyltriethoxylsilane leads to the
formation of aminosiloxane shells around the Fe/Fe304-nanoclusters. Addition of the
organic stealth ligand L1 in the presence of CDI (carbonyl-di-imidazole) attached a
dopamine-anchored organic stealth layer around the aminosiloxane-layer. The final step
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consists in the addition of TCPP-targeting units to the Fe/Fe304/ASOX/stealth —
nanoparticles 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.

ACS Nano. Author manuscript; available in PMC 2011 December 28.



Page 27

Rachakatla et al.

ajontedouru anaubelA yim papeoy s[190 J0Muaboid [eInaN :xxdNIN-DdN

pIayy onaufew BuneUIRY 4NV

LT Gr'8 06TvE €TY2G26YTI aseuaboipAyap areydsoyd-g-apAuaplelsdk|o o) sejiwis 14

€9 208 8261y 9/68LL0L11B T seuy apetaak|Boydsoyd 1

54 208 8z6vY 9168202110 T aseuny ayeladA|Boydsoyd 0T

9T 60'6 0zrTS 86TTTZYLIID 1onpoud uisloid pawreuun 6

€T 000T 9T¥¥9 86TTTZYLIIO 10npoud uisioid paweuun 8

67 6€'6 80LLY 9625506110 T 10309281 UISUSJ0INAN L

01 88'8 €15€0T GZye8zaTTIb ursjoud TwAwz 9
4AV+dNIN-OdN

6¢ 06'9 ¥50.¢ 020czeyLIb 1onpoud utgoid paweuun g

€5 67'9 682 GZE0SKTZID g asejonpal uIpIaA|Ig 4

8. vT'L €2891 119192891110 uiqolB-ereg €

T 1€'8 12669 G897£589110 uisloud TaISY 14

T TLL 6,999 188999116 9 1008} pajeroosse-103daoal 4N L T
4NV + auljes
(9%)abeaan0d (eq) uonedyIUBP| UIBodd  Jaquinu

sousnbag 1d MIA [B2118408Y 1  SJ3quINN Mueguao 10ds

"SUOIIeIIHIPOW [euolre|suel)-1sod 1o [euondiiosueli-1sod Juaiapip aAey YdIym uialosd awies ayl Jo Swoy 0M) Juasaidal Ajax1) 1sow (TT pue
0T s10ds *B8) uonealyiuapl uidloid swes ayl INg Staquunu JusIaIp Yyim s1ods “sisAjeue 40L-1ATVIA 404 paxaid (6 ainbi4 ul umoys se) suisjold panjosal
ay1 ui suoiBal ay) 01 Jajal siaquuinu 10ds ‘4O1-1ATVIN Aq pazAjeue ‘HINV+dNIN-DdN Pue JIN-+3Uljes YIIM pateal] Jown) ewoue|aw Jo sulaoid

401-1a71VIN Ag pazAjeue a1em Jowny payoaful sulfes pue aown) pa3dalul , dNIN-DdN pasodxs AV Jo suleloid
T 9|gel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

ACS Nano. Author manuscript; available in PMC 2011 December 28.



