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Lung cancer (specifically, non-small cell lung cancer; NSCLC) is the leading cause of cancer-related deaths
in the United States. Poor response rates and survival with current treatments clearly indicate the urgent
need for developing an effective means to treat NSCLC. Magnetic hyperthermia is a non-invasive
approach for tumor ablation, and is based on heat generation by magnetic materials, such as super-
paramagnetic iron oxide (SPIO) nanoparticles, when subjected to an alternating magnetic field. However,
inadequate delivery of magnetic nanoparticles to tumor cells can result in sub-lethal temperature change
and induce resistance while non-targeted delivery of these particles to the healthy tissues can result in
toxicity. In our studies, we evaluated the effectiveness of tumor-targeted SPIO nanoparticles for magnetic
hyperthermia of lung cancer. EGFR-targeted, inhalable SPIO nanoparticles were synthesized and char-
acterized for targeting lung tumor cells as well as for magnetic hyperthermia-mediated antitumor ef-
ficacy in a mouse orthotopic model of NSCLC. Our results show that EGFR targeting enhances tumor
retention of SPIO nanoparticles. Further, magnetic hyperthermia treatment using targeted SPIO nano-
particles resulted in significant inhibition of in vivo lung tumor growth. Overall, this work demonstrates
the potential for developing an effective anticancer treatment modality for the treatment of NSCLC based

on targeted magnetic hyperthermia.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Despite earlier diagnosis and the availability of new
molecularly-targeted drugs, lung cancer (specifically, non-small
cell lung cancer; NSCLC) is still the leading cause of cancer-
related deaths in the United States [1]. Surgical resection is the
primary choice of treatment, followed by radiation and/or
chemotherapy [2]. Metastatic and locally advanced disease stages
are not amenable to surgical resection, and importantly, a majority
of patients who undergo surgery eventually experience relapse [3—
5]. Poor response rates and survival with current treatments clearly
indicate the urgent need for developing an effective means to treat
non-small cell lung cancer.

Magnetic hyperthermia is a novel non-invasive approach for
tumor ablation and is based on heat generation by magnetic
materials, such as superparamagnetic iron oxide (SPIO)
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nanoparticles, when subjected to an alternating magnetic field
(AMF) [6,7]. Depending on the size of SPIO nanoparticles and the
frequency of AMF, heat is generated through either Néel or
Brownian relaxation. The heat generated dissipates over short
distances due to the high thermal conductivity of water and can,
therefore, be used for highly focused heating [8,9]. However,
inadequate delivery of magnetic nanoparticles to tumor cells can
result in sub-lethal temperature change and induction of resis-
tance [10]. Additionally, non-targeted delivery of these particles
to the healthy tissues can result in heat damage to normal
tissues.

In our studies, we developed epidermal growth factor receptor
(EGFR)-targeted, inhalable SPIO nanoparticles for magnetic hyper-
thermia of non-small cell lung cancer (NSCLC). EGFR over-
expression has been observed in as many as 70% of NSCLC patients
[11—13], in whom EGFR expression is elevated in epithelial sites
within tumors than in sites adjacent to and distant from tumors.
We examined the effect of EGFR targeting on accumulation and
retention of inhaled SPIO nanoparticles in the tumor tissue and the
effect of targeted magnetic hyperthermia therapy on tumor growth
in an orthotopic lung tumor model.
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2. Materials and methods
2.1. Materials

Ferrous chloride tetrahydrate, ferric chloride hexahydrate, myristic acid, plur-
onic f127, ascorbic acid, potassium hydroxide, 1,10 phenanthroline and sodium ac-
etate were purchased from Sigma (St. Louis, MO). Penicillin/streptomycin, fetal
bovine serum, RPMI 1640, Dulbecco’s phosphate buffered saline, F-12K (Kaighn’s
modification) and trypsin—EDTA solution were obtained from Invitrogen Corpora-
tion (Carlsbad, CA).

2.2. Synthesis of carboxy-terminated pluronic f127 (CTP)

The synthesis of CTP involved the use of an acid anhydride, which is highly
susceptible to the presence of moisture. Hence, all the solvents used in the reaction
were anhydrous and the reaction environment was maintained as dry as possible. A
mass of 2 g of pluronic 127 was dissolved in 40 ml of anhydrous tetrahydrofuran. To
the solution, 100 mg of 4-dimethylaminopyridine, 72 pl of triethylamine and 800 mg
of succinic anhydride were added, and the flask was sealed immediately. The
mixture was stirred at room temperature for 48 h under nitrogen atmosphere. After
2 days, the volatile solvent was removed by rotary evaporation, and the dry residue
was dissolved in 40 ml of carbon tetrachloride. The undissolved, unconjugated
succinic anhydride was removed by filtration. The remaining polymer solution was
concentrated using a rotary evaporator, and CTP was precipitated by drop-wise
addition of the solution in cold, dry diethyl ether [14]. The residue was filtered,
dried in a vacuum oven at 40 °C overnight and analyzed by proton NMR. The final
yield of CTP was 1.74 g.

Completion of the reaction was confirmed by NMR. Around 25 mg of CTP was
dissolved in 750 pl of deuterated water and analyzed using a 400 MHz NMR. The
NMR spectrum of unmodified pluronic f127 was also obtained for comparison.

2.3. Conjugation of EGFR-targeting peptide or the isotype scrambled peptide to CTP

A mass of 42 mg of CTP was dispersed in 1.8 ml deionized water. To this solution,
10 mg of N-(3-Dimethyl aminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
and 14 mg of N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) (each dissolved in
100 pl deionized water) were added and then stirred for 15 min at room tempera-
ture. The pH of the reaction mixture was 6—7. The excess unreacted EDC was
quenched by the addition of B-mercaptoethanol at a final concentration of 130 mm.
10 mg of either the EGFR-targeted peptide (YHWYGYTPQNVI) or the scrambled
peptide (HWPYAHPTHPSW) [15] was dissolved in 200 pl of deionized water and
added to the reaction mixture. 245 pul of 10x PBS was added to buffer the reaction
and the pH was maintained around 7—8. The reaction mixture was stirred overnight
at room temperature [16]. The solution was dialyzed against water for 48 h using a
3500 Da molecular weight cutoff Slide-a-lyzer® dialysis cassette, and the final so-
lution was lyophilized (Labconco, FreeZone 4.5, Kansas City, MO).

Conjugation of the peptides to CTP was confirmed by NMR. Around 25 mg of the
conjugate was dissolved in 750 pl of deuterated water and analyzed by a 400 MHz
NMR. NMR spectra of the free peptides were used for identification of the reso-
nances corresponding to the peptide.

2.4. Synthesis of water-dispersible SPIO nanoparticles

SPIO nanoparticles were synthesized from iron chlorides by the addition of a
strong base, followed by coating with a fatty acid to prevent oxidation and then with
a surfactant to form a stable aqueous dispersion [17]. Specifically, 0.82 g of ferric
chloride hexahydrate and 0.33 g of ferrous chloride tetrahydrate were dissolved in
30 ml of degassed and nitrogen-purged water, and 3 ml of 5 M ammonium hydroxide
was added drop-wise to this solution, which was then stirred for 30 min. The
resulting iron oxide nanoparticles were washed three times with nitrogen-purged
water, sonicated in a water-bath sonicator for 2 min, and then heated to 80 °C.
About 100 mg of myristic acid was added to the heated mixture and stirred for
another 30 min. Excess myristic acid was removed by two washes with ethanol,
followed by two additional washes with water to remove excess ethanol. Each wash
was followed by magnetic separation of nanoparticles. Myristic acid coated particles
were then suspended in 30 ml water using a water-bath sonicator. Targeted or
scrambled peptide conjugated pluronic, equivalent to 5% surface coverage of the
peptide (5.5 mg and 11.7 mg of targeted and scrambled peptides, respectively), was
mixed with pluronic f127 to yield a total mass of 100 mg, which was then added to
the suspension and sonicated in a bath sonicator for 1 h. Every step of the synthesis
was conducted carefully to minimize exposure to atmospheric oxygen.

2.5. Characterization of SPIO nanoparticles

The average hydrodynamic diameter of SPIO nanoparticles was determined by
dynamic light scattering. About 1 mg of SPIO nanoparticles was dispersed in 2 ml of
deionized water by sonication and the dispersion was subjected to particle size
analysis using a Delsa™ Nano C Particle Analyzer (Beckman, Brea, CA). The mea-
surement was performed at 25 °C and at a 165° scattering angle. Mean

hydrodynamic diameter was calculated based on size distribution by weight,
assuming a lognormal distribution. Five individual size measurement runs were
performed, with each run recording 150 size events.

The iron content of the SPIO nanoparticles was measured using the 1,10
phenanthroline-based iron assay [18]. SPIO nanoparticles were first dissolved in
12 N hydrochloric acid. The solution was then diluted with distilled water to obtain a
final acid concentration of 0.2 N. To the acid solution of SPIO nanoparticles, 10 mg/ml
ascorbic acid, 1.2 mg/ml 1,10 phenanthroline, 22.4 mg/ml potassium hydroxide and
123 mg/ml sodium acetate were added in a volume ratio of 1:1:1:1:5. Absorbance of
the resultant solution was measured at 490 nm using a microplate reader (ELx800
absorbance microplate reader, Biotek, Winooski, VT). Ferric chloride (hexahydrate)
solution in 0.2 N hydrochloric acid was used as a standard.

2.6. Magnetic heating rate

SPIO nanoparticles were dispersed in 1 ml of Hank’s F-12K medium in
10 mm x 75 mm disposable borosilicate glass cell culture tubes. Magnetic heating
was performed using an induction heating system (1 kW Hotshot, Ameritherm Inc.,
Scottsville, NY) by placing the suspension at the center of a multiturn copper coil
that generated AMF (nominal magnetic field strength of 6 kA/m and frequency of
386 kHz). The temperature change was measured using a fluoroptic® probe
(Lumasense Technologies, Santa Clara, CA) at five second intervals. Samples were
equilibrated to 37 °C using a water-bath before exposure to the field.

2.7. Aerosol generation and characterization

Aerosolization of SPIO nanoparticles was achieved by ultrasonic atomization
[19]. A Pyrex glass baffle was constructed in-house and placed in a water-bath,
directly over a 1.7 MHz ultrasonic transducer [20]. About 13 ml of SPIO nanoparticle
dispersion in 40% ethanol, containing 8 mg magnetite per milliliter was loaded into
the baffle. Compressed air directed into the baffle at a flow rate of 0.5 L/min (as
measured by an inline flow meter) entrained the aerosol droplets containing the
SPIO nanoparticle dispersion and carried the particles into a subsequent drying
assembly. The iron oxide output in the aerosol was measured by collecting the
aerosolized and dried SPIO particles for a predetermined period of time on What-
man quartz microfiber filters suitable for air sampling [21]. The filters were assayed
using the above procedure and the iron oxide output rate was calculated as iron
oxide amount collected per unit time.

The aerosol particle size distribution was determined with a Mercer style seven-
stage Intox cascade impactor operating at a sample flow rate of 0.5 L/min. The
aerosol generated was passed through a heated drying column before passing
through the cascade impactor. Aerosol particles deposited at each stage of the
cascade impactor were collected and analyzed by iron assay to obtain the particle
size distribution. The mass median aerodynamic diameter (MMAD) and associated
geometric standard deviation (GSD) were calculated from linear regression of an X-
probability plot of the cumulative undersized mass as a function of logarithm of the
impactor stage cutoff diameter using OriginPro 8 software (OriginLab Corporation,
Northampton, MA) [21].

2.8. Cell culture studies

A549 (human lung adenocarcinoma) and A549-luc (luciferase-transfected
A549) cells were used in the study. Both cell lines were propagated using F-12K
medium supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic solution
and maintained at 37 °C and in 5% carbon dioxide.

2.8.1. Demonstration of role of EGFR in tumor cell uptake of functionalized
nanoparticles

A549 cells were plated in a 6-well plate 4 h before the start of the study. Cells
were washed with phosphate buffered saline (PBS) to remove non-adherent cells
and 1 mg (magnetite equivalent) of targeted SPIO particles, scrambled peptide-
conjugated particles, particles without any peptide, or targeted particles with
excess free targeting peptide were added to the cells in a total volume of 2 ml of cell
culture medium containing 5% FBS. The plates were incubated on ice for 30 min,
washed thrice with PBS and incubated at 37 °C for an additional 45 min. At the end
of the incubation, cells were lysed with 400 pl of RIPA buffer and assayed for total
cell protein content and iron content [ 18] (by iron assay procedure described before).

To evaluate EGFR targeting on the effectiveness of magnetic hyperthermia,
plated A549 cells were incubated with targeted or non-targeted particles for 30 min
at 4 °C, washed three times with PBS, incubated at 37 °C for 45 min and then
subjected to AMF (6 kA/m at 386 kHz frequency). Following AMF exposure, 10 um
propidium iodide was added to the cells and observed under a fluorescent micro-
scope immediately and at 24 h after AMF exposure.

2.9. Orthotopic lung tumor model

All animal studies were carried out in compliance with protocol approved by the
Institutional Animal Care and Use Committee at the University of Minnesota. Female
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Fox Chase SCID® Beige mice (CB17.Cg-Prkdc*Lyst?87/Crl) 4—5 weeks of age, were
obtained from Charles River Laboratories.

A mouse orthotopic lung tumor model [22] was used in the studies. Lung tumor
cells that have been stably transfected with firefly luciferase were used to facilitate
the visualization of tumor cells in live animals using bioluminescence imaging.
A549-luc-C8 Bioware® Cell Line (Caliper Lifesciences) is a luciferase expressing cell
line derived from A549 human lung squamous carcinoma cells by stable transfection
of the North American Firefly Luciferase gene expressed from the CMV promoter.
Intravenous injection of 1 x 10® A549-luc-C8 cells led to detectable increase in
bioluminescence in the lungs by 2 weeks.

2.10. Lung delivery of SPIO nanoparticles

2.10.1. Tracheal instillation

The mice were anesthetized and placed on a rodent intubation stand, supported by
their incisors. The tongue was rolled out using a sterile cotton swab and held between
the fingers. A fiber-optic light and stylus (BioLite, BioTex, Inc., TX) connected to an
endotracheal tube was used to visualize the tracheal opening and to carefully insert the
attached endotracheal tube into the trachea. An inflation bulb was used to confirm the
proper insertion of the endotracheal tube by monitoring the inflation of the thoracic
region on gently pushing in air through the tube. Targeted or non-targeted SPIO par-
ticles (50 pl, 10 mg/ml iron oxide equivalent) were instilled through the endotracheal
tube. The mice were kept upright for a minute to prevent back-flow of the liquid and
then placed on a heating pad to assist in faster recovery from anesthesia [23].

2.10.2. Inhalation

The aerosol was generated as described above, but the dried SPIO aerosols were
directed through the drying assembly into an animal chamber, which comprised a 4-
port double-walled chamber. The dried aerosol stream entered the top inlet into a
stirred chamber. The animals were placed into each port with their nose exposed to
the aerosol stream in the stirred chamber. The exhaust tube was connected to the
space between the two walls, thus ensuring that the mice underwent a “nose-only”
exposure for 30 min. Filter collections were made three times both before and after
the exposure to measure the aerosol output. The aerosol stream was also passed
through a seven-stage Intox cascade impactor before each exposure to determine
the aerosol particle size distribution (MMAD and GSD) [21].

2.11. Distribution of SPIO nanoparticles following instillation and inhalation delivery

Targeted or scrambled peptide conjugated SPIO nanoparticles were adminis-
tered to tumor-bearing animals (n = 6 per time point per group) by the two routes of
administration described above. The animals were euthanized at 1 h, 1 day or 1 week
after SPIO administration. The lungs, liver, spleen, kidney, heart, stomach and blood
were collected to analyze the distribution of SPIO particles. Additionally, lungs of
treated animals were also sectioned, stained with hematoxylin and eosin (H&E
staining) and Prussian blue (for iron) [24] and imaged after the last time point to
visualize the distribution of SPIO particles. Basal level of iron in each organ was
determined in six healthy mice and subtracted from the assayed iron content in the
treatment groups. The difference was used to determine the contribution of SPIO
nanoparticle administration to tissue iron concentrations.

2.12. In vivo efficacy of targeted magnetic hyperthermia after inhalation delivery of
SPIO nanoparticles

Fox Chase SCID® Beige mice were injected with A549-luc cells intravenously to
facilitate the development of tumors in the lungs. Once the lung bioluminescence
reached about 0.5 x 10® photons/s, animals were administered SPIO nanoparticles
by inhalation. After 7 days, some of the treated animals were subjected to 30 min of
magnetic hyperthermia. Untreated animals and animals receiving the particles
without exposure to AMF served as controls. Lung bioluminescence was monitored
three times weekly for 4 weeks. At the end of the study, animals were euthanized,
and the lungs and trachea were removed and weighed. Assuming little variability
between the lung weights of individual mice, the differences in lung weights were
attributed to the variable mass of lung tumors.

2.13. Statistical analysis

Statistical analyses were performed using one-way ANOVA, followed by Bon-
ferroni—Holm method for comparison between individual groups. A probability
level of P < 0.05 was considered significant.

3. Results
3.1. Characterization of inhalable SPIO nanoparticles

Conversion of the hydroxyl end group of pluronic f127 into a
carboxyl group was confirmed using NMR spectroscopy and the

conversion efficiency was almost 100% (Fig. 1a and b). Presence of
targeted or scrambled peptides could be detected in the NMR
spectra of the modified polymer (Fig. 1c—f). The conjugation effi-
ciency of EGFR-targeted peptide and scrambled peptide to CTP was
90.4 + 10.5% and 42.8 + 4.6% respectively. SPIO nanoparticles were
composed of 74 4+ 2% w/w iron oxide, coated with 10 4+ 3% w/jw
myristic acid, and stabilized by 16 + 2% w/w pluronic f127. The
hydrodynamic diameter of unconjugated (pluronic COOH termi-
nated) SPIO nanoparticles was 309 + 24 nm while that of targeted
peptide and scrambled peptide-conjugated particles was
369 + 34 nm and 365 + 45 nm, respectively. The heating rate of
SPIO nanoparticles was concentration-dependent, and was similar
for both targeted and non-targeted SPIO nanoparticles (Fig. 1g).

3.2. In vitro cell uptake and cell kill efficiency of targeted SPIO
nanoparticles

Non-specific uptake of SPIO nanoparticles in A549 cells was
determined as a function of time of incubation, concentration of
serum in the culture medium and the incubation temperature.
From these studies, an incubation time of 30 min and low serum
concentration were found to be optimal for minimizing the non-
specific uptake of SPIO nanoparticles. Using these optimized pa-
rameters, an in vitro study was performed to determine the effect of
EGFR targeting on cellular uptake of SPIO nanoparticles. Nano-
particle uptake into cells was 4.5-fold higher for the EGFR-targeted
formulation than that for the non-targeted control. Conjugation of
scrambled peptide did not result in enhancement of particle uptake
into cells, and the presence of excess targeting ligand decreased the
cellular uptake of targeted nanoparticles, showing the specific role
of EGFR in tumor cell uptake of targeted nanoparticles (Fig. 2a).
Some of the experimental conditions (low serum, initial 4 °C, low
incubation time) used in this assay are not representative of
physiological conditions. However, the goal here was to demon-
strate that targeted particles bind to the tumor cells to a higher
extent relative to non-targeted particles. The parameters used here
facilitated binding of particles to cells while minimizing non-
specific uptake.

To determine the effect of EGFR targeting on the effectiveness of
magnetic hyperthermia, plated A549 cells were incubated with
targeted or non-targeted SPIO nanoparticles, washed and subjected
to AMF. Enhanced cellular accumulation of EGFR-targeted SPIO
nanoparticles could be visualized under the microscope as dark
spots on the cells (Fig. 2e and f). Magnetic hyperthermia with tar-
geted nanoparticles resulted in greater number of cells taking up
propidium iodide, indicating enhanced cell death with targeted
SPIO nanoparticles (Fig. 2b—f).

3.3. In vivo lung deposition and retention after inhalation delivery

Ultrasonic atomization of SPIO nanoparticle dispersions resul-
ted in aerosols with a MMAD of 1.1 + 0.1 um and GSD of 1.9 + 0.1
(Supp. Inf. 1). The iron oxide output rate was determined to be
270 + 70 pg/min. The high iron oxide output and the MMAD size
range point to the possibility of a high deposition of these aerosol
particles in the mouse lung even with a relatively short exposure
time.

Following aerosol exposure, iron oxide concentration in the
lungs at 1 h (Fig. 3a) was similar for targeted and non-targeted SPIO
nanoparticles in tumor-bearing lungs as well as for blank SPIO
particles in healthy lungs, showing that the presence of tumor did
not affect the total deposition of particles. It also suggested that
targeting does not affect the lung concentration immediately after
the administration of particles. However, 1 week following inha-
lation, the lung concentration of non-targeted particles decreased
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Fig. 1. SPIO NP formulation and characterization. (a—f) NMR spectra of modified pluronic f127. (a) Pluronic f127 has a characteristic NMR peak at 1.02 ppm and multiple peaks
between 3 and 4 ppm. (b) Conjugation of carboxy end group can be detected by the appearance of new peaks at 2.6 and around 4.2 ppm (solid box). NMR spectrum of (e) EGFR-
targeting peptide is different from (c) scrambled peptide with the most visible difference between 6 and 9 ppm. Peptide conjugation to the carboxy-terminated pluronic (CTP) can
be verified from the presence of both carboxy modification peaks (solid box) and (f) EGFR-targeting peptide (dotted box) or (d) scrambled peptide (dashed box) peaks. (g) Heating
rates of targeted and non-targeted SPIO nanoparticles. SPIO nanoparticle dispersions were placed in an alternating magnetic field of 6 kA/m and operating at a frequency of
386 kHz. The initial temperature was equilibrated to 37 °C, and the temperature of SPIO NP dispersion was measured at 10 s intervals using a fluoroptic probe.

while the level of targeted particles was almost constant, demon-
strating the effectiveness of EGFR targeting in improving particle
retention within tumor-bearing lungs.

Inhalation delivery resulted in a homogenous distribution of
SPIO nanoparticles throughout the lung (Fig. 3b and c). One week
after inhalation, a significantly higher amount of Prussian blue
staining was observed in the mice that received targeted particles
compared to those that received non-targeted particles. In the
former, the staining was observed in and around tumor cells
(Fig. 3d and e), with near complete absence of particles from the
healthy parts of the lung. In contrast, the latter group did not
display much staining in either the tumor or the healthy regions of
the lung (not shown).

3.4. Biodistribution of SPIO nanoparticles after high dose
instillation into lungs

To study the effect of elevated lung dose of SPIO nanoparticles
on the overall body distribution, we used tracheal instillation.
Unlike inhalation delivery, which restricts the dose deposited in
mouse lungs to 72.5 + 14.1 pg of magnetite, tracheal instillation
allows for a higher dose (386 4 95 ug of magnetite) to be delivered.

Following instillation, SPIO particles were mostly observed in
the lungs after 1 h, although some particles were also present in the
stomach, due to the mucociliary clearance from the lung. There was
no significant difference between the levels of targeted and non-
targeted particles in the different organs 1 h or 1 day after
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Fig. 2. In vitro cell uptake (a) and cell kill efficacy (b—f) of EGFR-targeted SPIO nanoparticles. (a) SPIO nanoparticles bearing EGFR-targeting peptide, scrambled peptide or no
peptide on the surface were incubated with A549 cells at 4 °C for 30 min, washed with PBS and further incubated at 37 °C for 45 min. The specific role of EGFR in enhanced
accumulation was determined by adding excess EGFR-targeting peptide to competitively inhibit the binding of targeted SPIO nanoparticles. Iron content of the lysed cells was used
to calculate the cellular uptake of SPIO nanoparticles. n = 3. *P < 0.05 compared to other controls. (b—f) A549 cells were incubated with (b) culture medium, (c and d) non-targeted
or (e and f) targeted SPIO nanoparticles and subjected to magnetic hyperthermia (MH) for 30 min (d and f). PI was added immediately before MH treatment. The top panel shows
the phase contrast microscopic images, while the bottom panel shows the corresponding fluorescent microscopic images of PI positive cells.

instillation. The concentration of both particles in blood and other
organs (except lung) decreased 1 week after instillation compared
to 1 h or 1 day time points (Fig. 4a and b). On the contrary, while the
lung concentration of non-targeted particles decreased over the
period of 1 week, the level of targeted particles was fairly constant
over 1 week. The final concentration of targeted particles was
significantly higher (60%) than non-targeted particles 1-week post-
instillation (Fig. 4c). In contrast to the high lung concentration, the
amount of iron in the other tissues was virtually unchanged
throughout the duration of the study and was not considerably
different from the basal level of iron in the tissues of untreated
animals (Fig. 4d). This data suggested that pulmonary delivery of

targeted SPIO nanoparticles can circumvent non-specific distribu-
tion into organs such as liver and spleen, which commonly receive
the highest dose of intravenously administered therapeutics [25].
While both instillation and inhalation resulted in a significant
increase in lung concentration of particles with EGFR targeting, the
absolute amount of SPIO particles in the two cases were different.
The lung iron content after instillation was 4.5—5-fold higher than
that after inhalation (400 vs 80 ug for EGFR-targeted SPIO nano-
particles, Figs. 3 and 4). This is likely due to the higher dose of
particles delivered to the lung through instillation. However,
aerosol delivery is a more convenient route of administration in
humans than instillation. Additionally, inhalation resulted in a
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targeted or non-targeted SPIO nanoparticles for 30 min. Animals were euthanized 1 h or 1 week after inhalation delivery and the lungs were assayed for iron content (n = 4;
*P < 0.01 compared to non-targeted group at 1 week after inhalation). (b and c) Distribution of SPIO nanoparticles in mouse lung after inhalation. One hour after inhalation of
SPIO nanoparticles, animals were euthanized, lungs were collected, sectioned and stained with Prussian blue. Due to the difficulty in visualizing Prussian blue staining of the entire
mouse lung (b), an image processing software (Image Pro Plus) was used to pseudo-color the Prussian blue stain white against a black background (c). (d and e) Prussian blue
staining of lung tumor section after SPIO nanoparticle inhalation. One week after inhalation of targeted (d) or non-targeted SPIO nanoparticles (e), mice were euthanized, lungs
were collected, sectioned and stained with Prussian blue. The sections show the presence of SPIO nanoparticles in tumor nodules (marked by red ovals) in EGFR-targeted group

(100x magnification).

more even distribution of the SPIO nanoparticles throughout the
lungs at the time of administration (Fig. 3a) compared to instilla-
tion, where most of the instilled dose resided near the major air-
ways, with almost no particles reaching the periphery (Supp. Inf. 2).

3.5. In vivo efficacy after inhalation

Magnetic hyperthermia using non-targeted SPIO particles
resulted in an insignificant decrease in lung tumor biolumines-
cence (P > 0.05) relative to that in animals that received the same
particles but were not exposed to AMF. Targeted SPIO nanoparticles
mediated hyperthermia showed significantly lower lung tumor
bioluminescence (P < 0.05) (Fig. 5a). The lung weights at the end of
the study agreed with the bioluminescence data; magnetic

hyperthermia with targeted particles resulted in a significantly
lower final lung weight compared to the other groups (Fig. 5b).

These in vivo results thus confirm that EGFR targeting enhances
the tumor concentration of SPIO nanoparticles, which translated
into more effective tumor cell kill. In addition, the treated mice
showed no signs of distress over the duration of the study (30 days
after magnetic hyperthermia treatment), suggesting that this pro-
cedure does not result in acute systemic toxicity or damage to
healthy lung tissue. Additionally, the dose of particles that could be
delivered to the tumor by inhalation was limited by the small lung
volume and the obligate nose-breathing of mice [26]. A similar
approach can be expected to be more effective in humans, because
a higher deposition can be achieved with inhalation through the
oral cavity and control of the respiration.
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Fig. 4. (a—c) Iron content in different tissues after SPIO nanoparticle instillation. Iron content in (a) blood, (b) liver and (c) lung after 1 h, 1 day or 1 week after instillation of
targeted or non-targeted SPIO nanoparticles. Iron concentration remained elevated in blood and liver for 24 h after instillation and decreased after a week. There was no significant
effect of targeting on the iron levels in blood and liver (n = 4). In contrast, EGFR targeting enhanced lung retention of SPIO nanoparticles over a week (n = 4; *P < 0.05 compared to
non-targeted group at 1 week after instillation). (d) Distribution of SPIO nanoparticles 1 week post-instillation. [ron content in lungs, heart, spleen, kidneys, liver, stomach and
blood are shown as a percent of instilled dose. Overall levels of iron in the organs were low except for the lungs (n = 4; *P < 0.05 compared to non-targeted group at 1 week after

instillation).

4. Discussion

Magnetic hyperthermia, which involves the use of super-
paramagnetic substances to generate heat through application of
an external AMF, is a non-invasive approach for lung tumor abla-
tion. The relatively inert nature of the magnetic substances in the
absence of magnetic field and their efficacy in the presence of AMF
make this technique highly suitable for achieving an on-demand
response. Magnetic hyperthermia is particularly suitable for the
treatment of lung cancer since unlike the abdomen, the thoracic
region, where the external AMF can be easily focused, is only
inhabited by the lungs and the heart. Additionally, lungs are filled
with air, which act as a poor conductor of heat. Thus, the heat
generated by the particles in the lungs is less likely to affect the
surrounding organs such as the heart. Finally, studies have shown
that normal, non-malignant cells are more resilient to heat damage
than tumor cells [27], thereby minimizing the chances of damage to
healthy lung tissue. Recent reports have suggested that magnetic
hyperthermia is effective in murine subcutaneous lung tumor
models [28,29]. However, in spite of the promise of a highly
effective treatment option, no studies have so far assessed the
effectiveness of magnetic hyperthermia in an orthotopic lung tu-
mor model.

Although the lung is a highly perfused organ, intravenous de-
livery of anticancer therapeutics targeted to the lung results in
broad, non-specific distribution of the therapeutic agents to normal
organs, resulting in severe systemic side effects [30]. While many

solid tumors are not amenable to local delivery, lung tumors of the
epithelial origin can potentially be accessed by inhalation route.
This allows for maximizing the concentration of the therapeutic
agent in the target organ, i.e., the lungs, while minimizing exposure
to other normal organs. Lung clearance of particulates into systemic
circulation is primarily attributed to the alveolar macrophages,
which leads to a lower blood concentration of the therapeutics than
through intravenous administration. Several reports have shown
that pulmonary delivery improves retention of therapeutic agents
in the lungs while limiting their concentration in the blood thereby
reducing their levels in the healthy organs [25,31]. Our studies
show that lung delivery through either instillation or inhalation
results in therapeutically effective concentrations of SPIO nano-
particles in lungs with minimal exposure to other organs. An hour
after instillation of SPIO nanoparticles, the average lung concen-
tration of iron oxide was 1.2 mg/g of tissue. In contrast, the average
liver and blood concentration were 130 pg/g and 27 pg/g of tissue,
respectively. The other organs including spleen, kidney and heart
contained less than 2% of the instilled dose. This demonstrates that
inhalation delivery is an effective means to enhance local concen-
tration of therapeutics into the lungs.

It was interesting to note that the iron concentration in blood
was high at 1 h and 1 day, but then decreased at 7 days after
tracheal instillation. There are two possible explanations for this
observed result. First, despite careful dosing into the trachea, a part
of the instilled dose could get regurgitated and swallowed by the
animals. The SPIO particles in the stomach can dissolve in the
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Fig. 5. Effect of targeted magnetic hyperthermia on lung tumor growth. Orthotopic
lung tumor-bearing mice were allowed to inhale targeted or non-targeted SPIO
nanoparticles. After 1 week, 6 animals from each group were subjected to magnetic
hyperthermia (MH) for 30 min. (a) Lung tumor bioluminescence was monitored over a
period of 1 month. Data shown as mean + SD (n = 6; *P < 0.05 compared to saline-
treated and unheated controls). (b) Lungs were collected at the end of the efficacy
study (1 month after magnetic hyperthermia) and weighed. Data shown as mean + SD
(n = 6; *P < 0.05 compared to unheated control).

highly acidic gastric pH to form soluble iron salts, which are then
absorbed into the blood stream. This will lead to high initial iron
content in the blood. This soluble iron can be cleared from blood
relatively easily, resulting in a decrease in the iron levels after a
week. Second, immediately after instillation, SPIO nanoparticles in
the lung are free and can be absorbed into the blood stream.
However, at later time points, particles are likely internalized into
the tumor cells (and/or macrophages) and hence not readily
available for absorption. This would also result in high initial iron
concentration in the blood, followed by a drop at later times.
Following inhalation delivery, it is expected that nanoparticles
would be distributed to both the malignant and healthy regions of
the lungs. The presence of targeting ligand on the surface is ex-
pected to enable nanoparticles to bind to the tumor cells, allowing
for greater retention in the tumor tissue. Thus, greater retention
within the tumor tissue and clearance from normal tissue are
expected to eventually result in relatively higher levels of nano-
particles in the tumor. Application of AMF during this window
would allow for tumor-specific induction of hyperthermia. In our
studies, tumor cell specificity was achieved by targeting SPIO
nanoparticles to EGFR, which is overexpressed in NSCLC tumors
[11—13]. Monoclonal antibodies against EGFR (cetuximab) and
EGFR tyrosine kinase inhibitors are clinically used for lung cancer.
Thus, EGFR is an attractive target in lung cancer. We used a

previously reported 11-residue peptide ligand for targeting EGFR
[15]. This peptide binds specifically and efficiently to EGFR
(dissociation constant of ~20 nM), but has much lower mitogenic
activity than EGF [15]. We found that EGFR targeting enhanced the
in vitro accumulation of targeted SPIO nanoparticles into A549
cells by 450% compared to non-targeted particles. Aerosolized
SPIO particles were directed to the periphery of the lung by con-
trolling the aerodynamic size of SPIO aggregates. One hour after
inhalation, the amount of the targeted or non-targeted particles
was similar in tumor-bearing or healthy lungs (about 70 pg iron
oxide). However, following mucociliary clearance from the lung (1
week after inhalation delivery), the level of non-targeted SPIO
nanoparticles was significantly lower than that of targeted parti-
cles. This difference could be attributed to the presence of tumor
targeting ligand on the surface. Thus, by combining receptor tar-
geting with inhalation delivery, superior tumor selectivity can be
achieved.

There are several challenges in the design of an effective
inhalation system, which can deposit a high dose to the peripheral
regions of the lung. Mice are obligatory nose breathers, with a
small inhalation volume (~24.5 ml/min). This restricts the rate of
delivery of therapeutics into the lungs. The dose delivered can,
however, be controlled by changing the concentration of the
aerosol generated (mass of aerosol/volume of air) and the aero-
dynamic diameter of the aerosol. An MMAD of 1 um has been
shown to result in the highest concentration of the therapeutic
agents in all lobes of mouse lungs [32], yielding a deposition
percent (ratio of mass deposited in the lungs to total mass inhaled)
of about 10% [21,33]. In our studies, we obtained a deposition of
nearly 15% with the 1.1 pm MMAD SPIO nanoparticles. The
elevated deposition fraction was probably attributed to pre-
acclimatization of the mice to the inhalation chambers and the
prolonged exposure (30 min), which prevented undue stress and
uneven breathing pattern caused by short aerosol exposures. This
fraction is amenable to further enhancement by using magnetic
deposition [21] or micro-spraying technique [34], which can in-
crease the deposition fraction of SPIO nanoparticles by several
folds.

The effectiveness of targeted magnetic hyperthermia was eval-
uated in an orthotopic mouse lung tumor model. Intravenous in-
jection of A549 cells led to the development of lung tumors, whose
bioluminescence scaled with the size of the tumor. Lung tumors
could be identified at a bioluminescence level of 1 x 10° photons/s
and the tumor burden reached 90% of the lung volume at
5 x 10% photons/s. Using an optimized aerosol formulation of tar-
geted SPIO nanoparticles, we could achieve therapeutic doses of
SPIO nanoparticles in the tumors. A single magnetic hyperthermia
regimen was effective in reducing the tumor growth rate over a
month compared to the non-targeted or non-treated control. In
addition, the treatment did not result in any toxic manifestations in
the mice.

Due to their epithelial nature, lung tumors fill up the alveolar
region and thus, most tumors are not exposed to the circulating
airways. This poses a challenge to the success of the nanoparticle
system. In spite of enhanced retention of targeted SPIO nano-
particles in the tumor, not all tumor cells possessed particles and
therefore would not receive magnetic hyperthermia therapy. As a
result, the treatment showed a significant delay in tumor growth
but not complete eradication. However, this problem could
potentially be addressed by using agents that normalize the tumor
extracellular matrix and enhance the penetration of nanoparticles
into the tumor [35,36]. Additionally, SPIO nanoparticle mediated
magnetic hyperthermia may be highly effective as an adjuvant
therapy for killing isolated tumors cells left behind after surgical
resection of the lung tumors.
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5. Conclusions

Inhalation delivery of EGFR-targeted SPIO nanoparticles was
investigated in this study as a potential approach for lung cancer
treatment. Our studies show that EGFR targeting enhances tumor
retention of SPIO nanoparticles while minimizing systemic expo-
sure. Tracheal instillation allowed for high doses of SPIO nano-
particles to be administered, however, aerosol delivery resulted in
better intra-tumoral distribution. Magnetic hyperthermia using
targeted SPIO nanoparticles resulted in a significant inhibition of
in vivo tumor growth. Overall this work highlights the potential for
developing magnetic hyperthermia as an effective anticancer
treatment modality for the treatment of non-small cell lung cancer.
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