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Peptide conjugated magnetic nanoparticles
for magnetically mediated energy delivery
to lung cancer cells
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Aim: In the present study, we examine the effects of internalized peptide-conjugated Anastasia K Hauser’,
iron oxide nanoparticles and their ability to locally convert alternating magnetic field Kimberly W Anderson'
(AMF) energy into other forms of energy (e.g., heat and rotational work). Materials &J Zach Hilt*!

'Department of Chemical & Materials
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Lexington, KY 40506, USA

& methods: Dextran-coated iron oxide nanoparticles were functionalized with a cell
penetrating peptide and after internalization by A549 and H358 cells were activated

by an AMF. Results: TAT-functionalized nanoparticles and AMF exposure increased *Author for correspondence:
reactive oxygen species generation compared with the nanoparticle system alone. Tel.: +1 859 257 9844
The TAT-functionalized nanoparticles induced lysosomal membrane permeability and Fax: +1 859323 1929

mitochondrial membrane depolarization, but these effects were not further enhanced hilt@engr.uky.edu

by AMF treatment. Although not statistically significant, there are trends suggesting
an increase in apoptosis via the Caspase 3/7 pathways when cells are exposed to TAT-
functionalized nanoparticles combined with AMF. Conclusion: Our results indicate
that internalized TAT-functionalized iron oxide nanoparticles activated by an AMF
elicit cellular responses without a measurable temperature rise.
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Background

Iron oxide nanoparticles have been studied for a wide
variety of biological applications including MRI, mag-
netic targeting, cell separation techniques, drug deliv-
ery, magnetically mediated hyperthermia (MMH)
and in the treatment of anemia [1-6]. In MMH, iron
oxide nanoparticles convert energy from an alternat-
ing magnetic field (AMF) to heat via Neél relaxation
and Brownian rotation [4]. MMH targets a bulk tem-
perature rise between 42 and 45°C, which can lead to
adverse cellular effects, and although MMH has been
extensively studied, its translation into the clinic has
been limited. MMH studies completed i vitro uti-
lize high bulk nanoparticle concentrations (on the
order of mg/ml) to achieve hyperthermia conditions in
monolayer cells or cell suspensions [2,7-10], and most
in vivo experiments directly inject nanoparticles into
tumors (usually subcutaneous) due to the need for
high local concentrations to generate a bulk tempera-
ture rise [11,12]. Since direct injection is not suitable for
many tumors and metastases, there is a gap between
bench scale MMH studies and clinical relevance.

Instead of relying on a bulk temperature rise to
induce hyperthermia conditions, it was suggested by
Gordon et al. in 1979 that intracellular hyperthermia
would be more advantageous due to insulation by the
cell membrane and lack of convection from blood
flow which dissipates heat away from the tumor tis-
sue. Heat dissipation is especially problematic when
treating small metastatic tumors with hyperther-
mia [13]. Nanoscale heating effects of the nanopar-
ticles have the ability to induce cellular toxicities as
shown by Creixell ez /. in 2011, where internalized
iron oxide nanoparticles in the presence of an AMF
induced a significant decrease in cell viability without
a measurable temperature rise [14]. This phenomena
was observed by other groups as well using a manga-
nese oxide nanoparticle system [15] and has been uti-
lized in applications other than cancer therapy, such
as therapy against parasite infections [16]. The phrase
magnetically mediated energy delivery (MagMED)
was then coined to describe the conversion of mag-
netic field energy to other forms such as heat or rota-
tion work but without significantly increasing the bulk
temperature [17].

Although there is a growing body of evidence sug-
gesting that local heating and energy delivery can be
used to kill cancer cells, theoretical calculations by
Rabin ez al. indicate that the heat dissipation from
the nanoparticle surface through conduction is greater
than the heat being generated by the nanoparticles [13].
These theoretical calculations were disputed when
Huang ez al. utilized iron oxide nanoparticles tar-
geted to proteins on the membrane of cells expressing

TRPV1 to locally deliver heat and open cation chan-
nels [19]. Nanoparticle heating at the surface was con-
firmed using a tethered thermoresponsive fluorophore
which fluoresced almost immediately upon AMF
exposure.

In addition to the effects of surface heating of mag-
netic nanoparticles in an AMF, rotational work has
also been studied as an explanation to the experimental
effects of MagMED. For example, mechanical forces
have been used to induce lysosomal permeabiliza-
tion [20.21], leading to the release of proteolytic enzymes
such as cathepsins which initiate apoptotic path-
ways [22-24]. This technique has also been shown to
stimulate apoptosis in apoptosis-resistant cell lines [25].
Sanchez ez al. proved that magnetic nanoparticles
functionalized with the ligand of a G-protein coupled
receptor were uptaken into malignant cancer cells
and able to induce apoptosis and cell death through
a lysosomal mediated pathway without a measurable
temperature rise 20]. Zhang et al. developed a dynamic
magnetic field generator to induce nanoparticle rota-
tions about their axis to examine whether physical
nanoparticle rotations can disrupt lysosomal mem-
branes and induce apoptosis [26]. By functionalizing the
nanoparticles with antibodies for the lysosomal protein
marker, it was found that the shear forces generated by
oscillating torques were enough to damage the lyso-
somal membranes, proving that Brownian rotation of
magnetic nanoparticles also plays an important role in
MagMED treatment.

In addition to the thermal and mechanical effects
described above, the production of reactive oxygen spe-
cies (ROS) via iron oxide nanoparticles is a potential
chemical effect of MagMED. Iron oxide nanoparticles
catalyze the Haber—Weiss reaction which makes use
of Fenton chemistry, and this reaction is considered a
major mechanism by which the highly reactive hydroxyl
radical is generated in biological systems [27]. The Fen-
ton chemistry reaction set is shown as Equation 1 and
the Haber—Weiss reaction (net reaction) is shown as
Equation 2.

Fe”+0,-— Fe” + O,
F62+ + HzOz - F63+ +OH-+OH -
Oz. -+ HzOz d Oz + OH -+ OH .

When iron oxide nanoparticles enter a cell, they can
stimulate the generation of ROS via one of the two
pathways: the release of ions into the cytosol resulting
in the iron ions participating in the Haber—Weiss cycle
or the surface of the nanoparticle may act as a cata-
lyst for the Haber—Weiss cycle and the Fenton Reac-
tion [28]. Although this reaction can proceed without
the addition of an AMF, recent work by Wydra ez al.
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demonstrated that the reaction is further catalyzed by
iron oxide nanoparticles in the presence of an AMF [29).

In order to increase intracellular concentrations of
iron oxide nanoparticles and therefore increase the
efficacy of MagMED, magnetic nanoparticles can be
functionalized with ligands, peptides or antibodies, in
order to target and penetrate into the cells. Here, the
TAT peptide (sequence: YGRKKRRQRRR) was of
particular interest due to its cell penetrating proper-
ties and associated ability to avoid receptor mediated
endocytosis, as well as its nuclear localizing signal.
The TAT peptide contains a characteristic lysine—
arginine sequence, and biomolecules with this tag are
known to bind to importin-a and -f in the cytoplasm
which facilitate active transportation to the nuclear
pore complex (NPC) and, if attached to a small
enough molecule or particle, through the NPC into
the nucleus [30]. The positive charge of the TAT pep-
tide also destabilizes the endosome/lysosome mem-
brane leading to nanoparticle and proteolytic enzyme
escape from the vesicles, which plays a role in apop-
tosis initiation. Previous work by Pan ez a/. in 2012
showed that functionalization of doxorubicin (DOX)
loaded silica nanoparticles with the TAT peptide facil-
itated DOX accumulation within the nuclear mem-
brane [31]. Another study by Austin e al. proved that
TAT-functionalized silver nanospheres were up taken
in to HSC-3 cancer cells at significantly greater con-
centrations than PEG functionalized nanospheres [30].
Several studies have utilized the TAT peptide as a cell
internalization mechanism [32-36] as well as a nuclear
targeting moiety [37-41]. Due to the size of our iron
oxide nanoparticles being larger than the upper limit
of the NPC (20-70 nm), we are interested in using
the TAT peptide to escape endosome/lysosomes and
facilitate interaction with other organelles such as the
mitochondria [31].

In this study, dextran coated iron oxide nanoparti-
cles were functionalized with a cell penetrating peptide,
TAT and characterized for their physical and chemi-
cal properties. Uptake studies into A549 and H358
non-small-cell lung carcinoma cells indicated that
attachment of the TAT peptide to iron oxide nanopar-
ticles significantly increased cell internalization of the
nanoparticles. The effects of internalized iron oxide
nanoparticles in combination with AMF exposure on
A549 and H358 cells were evaluated. Although A549
and H358 are both non-small-cell lung carcinoma
cells, this treatment is applicable to a wide variety of
cancers, and these cells lines were chosen to assess cell
line variability of the treatment. Intracellular genera-
tion of ROS, lysosomal membrane permeability, mito-
chondrial membrane depolarization and apoptosis via
the Caspase 3/7 pathway were all evaluated. Finally,

cell viability was analyzed to determine the toxic-
ity effects of the treatment. Figure 1 depicts the three
main mechanisms by which MagMED can affect cells.
After internalization of the TAT conjugated iron oxide
nanoparticles, the lysosomal/endosomal membranes
were permeabilized and facilitated nanoparticle escape
into the cytosol. Upon actuation by an AMF, nanopar-
ticles dissipated energy through Neel relaxations, fric-
tional energy via Brownian rotation and catalyzed
ROS generation. All three of these mechanisms can
play a role in the efficacy of MagMED.

Materials & methods

Materials

Iron (L) chloride hexahydrate (FeCl,-6H,0),
iron (II) chloride (FeCl,-4H,0), 9-11 kDa dex-
tran, epichlorohydrin (ECH) were obtained from
Sigma-Aldrich (MO, USA). Ammonium hydroxide
(NH,OH) was purchased from EMD Chemicals (NJ,
USA). Phosphate buffered saline solution (PBS) (10x)
was purchased from EMD Millipore (MA, USA). The
activation buffer 2-[N-morpholino] ethane sulfonic
acid (MES), N-hydroxysulfosuccinimide (sulfo-NHS)
and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC) were purchased from Thermo
scientific (IL, USA). The TAT peptide was purchased
from Biomatik. Phosphate buffered saline (PBS), Dul-
becco’s Modified Eagle Medium (DMEM), pen-strep,
L-glutamine, Fungizone®, sodium pyruvate, CellEvent
caspase 3/7 Assay, JC-1 and calcein AM were obtained
from Invitrogen (MD, USA). Acridine orange was
purchased from Nexcelom Bioscience (MA, USA)
and A549 lung carcinoma and trypsin were purchased
from American Type Culture Collection (ATCC, VA,

USA). All materials were used as received.

Synthesis of uncoated Fe,O, iron oxide
nanoparticles

FeCl,-6H,0 and FeCl,.4H O were combined in a 2:1
molar ratio (2.2 and 0.8 g, respectively) and dissolved
in 60 ml deionized (DI) water and sealed in a three-
neck flask under vigorous stirring and an inert nitro-
gen environment. The reaction solution was heated
to 85°C at which 5 ml of 30% NH,OH was diluted
to 40 ml with DI water and the combined solution
was injected dropwise into the vessel. The reaction
was carried out for 1 h at 85°C. The particles were
magnetically decanted and washed three-times with
DI water. The nanoparticles were then resuspended
in DI water and dialyzed against DI water for 24 h
(100 kDa molecular weight cutoff). After dialysis, the
nanoparticles were probe sonicated for 10 min and
then centrifuged at 1000 rpm for 5 min to remove
large agglomerates.
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Figure 1. TAT-conjugated iron oxide nanoparticles are internalized by cancer cells and permeabilize endosomal/
lysosomal membranes due to the positive charge of the peptide. Upon exposure to an alternating magnetic
field, the nanoparticles generate the hydroxyl radical via Fenton chemistry, friction from Brownian rotaion and

nanoscale heat effects by Neél relaxation.

Synthesis of dextran coated iron oxide
nanoparticles (Fe,O, + Dx)

FeCl,-6H,0 and FeCl,-4H,0 were combined in a 2:1
molar ratio (2.2 and 0.8 g, respectively) and dissolved
in 40 ml DI water and sealed in a three-neck flask
under vigorous stirring and an inert nitrogen environ-
ment. Five grams of dextran was solubilized in 20 ml of
DI water. The reaction solution was heated to 85°C at
which 5 ml of 30% NH,OH was added to the dextran
solution and the combined solution was injected drop-
wise into the vessel. The reaction was carried out for
1 h at 85°C. The particles were magnetically decanted
and washed three times with DI water. The nanopar-
ticles were then resuspended in DI water and dialyzed
against DI water for 24 h (100 kDa molecular weight
cutoff). After dialysis, the nanoparticles were probe
sonicated for 10 min and then centrifuged at 1000 rpm
for 5 min to remove large agglomerates.

Epichlorohydrin (ECH) cross-linking of dextran

coated iron oxide nanoparticles (Fe,O, + Dx-ECH)
Dextran coated iron oxide nanoparticles were cross-
linked using ECH for increased stability [42]. The par-
ticle colloid (9 ml, 1 mmol Fe) was added to 9 ml 5SM
NaOH and 1.5 ml ECH. The reaction was carried out

for 24 h at room temperature under continuous agita-
tion. The particles were then magnetically decanted and
dialyzed against DI water (100 kDa molecular weight
cutoff) for 24 h to remove excess ECH.

Amine functionalization of crosslinked dextran
coated iron oxide nanoparticles (Fe,O, + Dx-
ECH-Amine)

An equal volume of ammonium hydroxide to mmol
iron from Fe,O, + Dx-ECH were combined and placed
on the shaker table for 24 h. After 24 h, the nanopar-
ticles were dialyzed against DI H,O for an additional
24 h, with their water changed three-times during this
time period.

TAT peptide conjugation to iron oxide
nanoparticles (Fe,O, + TAT)

Around 10 mg of the TAT-peptide was dissolved in
10 ml MES buffer (2-[N-morpholino] ethane sul-
fonic acid). Around 4 mg EDC and 11 mg sulfo-NHS
were also added to the solution. Solution was reacted
for 15 min with continuous agitation after which 14
ul of 2-mercaptoethanol was added to the reaction in
order to quench excess EDC. Amine-functionalized
iron oxide nanoparticles were diluted to 1 mg Fe, O,/
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ml with PBS. The iron oxide suspension was added
to the TAT-peptide solution and reacted over night
under continuous agitation. After the Fe,O, + TAT
reaction was complete, and particles were washed
with PBS via magnetic decanting until the washing
solution was clear. This protocol was adapted from
Pan ez al. [31].

Iron concentration assay

Between each step of synthesizing a new system of iron
oxide nanoparticles, an iron assay was used to determine
the iron concentration of the nanoparticles. 20x, 50x
and 100x dilutions of the iron oxide nanoparticles were
made in DI water and 10 pl of each dilution was added
to 10 pul 6M HCI and allowed to sit for 3 h. After this
time, 500 pl of 1 M acetic acid, 100 pl of hydroxyl-
amine hydrochloride, 100 pl of 1, 10 phenanthroline
and 280 pl of DI water were added to each dilution.
Solutions were left overnight. After 24 h, the absorbance
of each solution (A = 511 nm) was used to calculate the
iron concentration based on a standard curve.

Iron oxide nanoparticle characterization
Dynamic light scattering (DLS)

DLS measurements were obtained using a Beckman
Coulter Delsa Nano C particle analyzer Nanoparticle
solutions were diluted to 200 pg/ml in DI water or cell
culture media and were sonicated in a water bath for
5 min prior to size analysis. The reported nanoparticle
sizes in cell culture media were recorded 10 min after
bath sonication.

Zeta potential

Zeta potential measurements were obtained using a
Beckman Coulter Delsa Nano C particle analyzer.
Nanoparticle solutions were diluted to 200 pg/ml in
2 mM NaCl and were sonicated in a water bath prior
to analysis.

X-ray diffraction (XRD)

XRD patters were obtained by a Siemens D-500 x-ray
spectrometer with a CuKat radiation source (A = 1.54 A)
at 40 kV and 30 mA scanning from 5° to 65° at a scan
rate of 1° per min. The XRD patterns were used to con-
firm the magnetite crystal structure of the iron oxide
nanoparticles. The XRD patterns are in coherence with
JDPCS card (19-0629). The crystal domain size was
estimated using the Scherrer equation (Equation 3):

.- KA
Bcos®

where T is the mean size of the ordered (crystalline)
domains, K is a dimensionless shape factor with a value
close to unity (0.8396 for iron oxide), A is the x-ray

wavelength, B is the line broadening at half the maxi-
mum intensity (FWHM) in radians after subtracting
the instrumental line broadening and 0 is the Bragg

angle (17.72°).

Fourier transform infrared spectra

Attenuated total reflectance Fourier transform infra-
red (FTIR; ATR-FTIR) was used to determine surface
functionalization with a Varian Inc. 7000e spectrom-
eter. Dried samples were placed on the diamond ATR
crystal and the spectrum was obtained between 700
and 4000 cm™ for 32 scans.

Transmission electron microscopy

Transmission electron microscopy (TEM) was com-
pleted using a JEOL 2010F system operating at
200 keV. Dextran coated iron oxide nanoparticles were
diluted to 1 mg/ml Fe in DI water and then dried on
carbon TEM grids prior to analysis. The TEM images
were analyzed using SigmaScan® 5.0 software (Systat,
CA, USA) to digitally determine the average crystal
size of the iron oxide nanoparticles. At least 60 crystals
from ten images were analyzed.

Cell culture

A549 and H358 cells were cultured between passages
5-11 in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% of fetal bovine serum (FBS),
1 mM sodium pyruvate, 4 mM L-glutamine, Pen-Strep
(100 pg/ml penicillin and 100 pg/ml streptomycin) and
10 pg/ml of Fungizone. Cells incubated at 37°C and 5%
CO,. A549 are lung carcinoma and H358 are bronchial-
veolar carcinoma. Both are derived from epithelial cells
but the proliferation rates of A549 and H358 cells dif-
fer greatly with doubling rates of approximately 22 and
38 h, respectively. This can cause differences in response
to treatment as A549 cells have been generally accepted
to be more robust and H358 cells more sensitive to treat-
ment. These cell lines were chosen for comparison due
to their similar origin but different proliferation proper-
ties. These cell lines have been previously compared in
literature in a variety of studies [43-46].

Iron oxide nanoparticle uptake

A549 and H358 cells were seeded into 6-well plates at a
density of 100,000 cells/ml and 2 ml/well. After 24 h,
the spent media was removed and cells were exposed to
the nanoparticle systems (uncoated Fe O, Fe,O, + Dx-
ECH or Fe,O, + TAT) at a concentration of 500 pg/ml
for 2 h. After 2 h, the nanoparticles were removed and
the cells were washed twice with PBS to remove any
nanoparticles not internalized within the cells. Cells
were then detached from the 6-well plates and counted
using a Nexcelom Cellometer to determine the cell
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concentration in each well. Cells were then centrifuges
and the media supernatant was removed. The cell pel-
lets were dried overnight then dissolved in 6 M HCl
for 72 h. After 72 h, 10 pl of the dissolved cell pellet
was transferred to a new microcentrifuge tube and the
iron concentration assay was completed. The iron con-
centration was then normalized to the number of cells
in the sample.

AMF exposure

A custom made Taylor Winfield magnetic induction
source was used for AMF treatment, and the tempera-
ture was measured with a fiber optic temperature sen-
sor (Luxtron FOT Lab Kit from LumaSense). One
milliliter of cell suspension in a 2 ml sterilized micro-
centrifuge tube was placed in the center of the AMF
induction coil for the stated exposure time (30 min or
1 h). The cell suspension was exposed to a field ampli-
tude of 58 kA/m and frequency of 292 kHz, and the
temperature did not increase above 37°C due to the
nanoparticles being internalized within the cells and
not inducing a bulk thermal effect. The AMF exposure
times were selected based on prior work indicating that
a 1 h AMF exposure induced enough ROS generation
to result in subcellular effects [47].

Reactive oxygen species generation

A549 and H358 cells were seeded at 150,000 cells/ml
and 2 ml/well in 6-well plates. After 24 h of growth,
the spent media was removed, and the cells were
exposed to various nanoparticle systems (uncoated
Fe,O,, Fe,O, + Dx-ECH or Fe,O, + TAT) at a con-
centration of 500 pg/ml iron oxide for 2 h. After 2 h
of exposure to the nanoparticles, the nanoparticle
solutions were removed and cells were washed two-
times with PBS, prior to trypsinizing and transfer-
ring the cells to microcentrifuge tubes. The cells were
then centrifuged and resuspended in 1 ml of 50 uM
6-carboxy-2’,7’-dichlorodihydrofluorescein (carboxy-
DCF) solution. The cells were incubated in the
carboxy-DCF solution for 30 min to facilitate inter-
nalization of the dye. Half of the samples were then
exposed to an AMF (292 kHz, 56 kA/m) for 30 min
or 1 h with 30 min post incubation. Carboxy-DCF
fluorescence was measured using an Accuri Flow
Cytometer in FL-1.

Acridine orange lysosomal permeabilization
experiments

A549 and H358 cells were seeded at 150,000 cells/ml
and 2 ml/well into 6-well plates. After 24 h of incu-
bation, the spent media was removed, and cells were
exposed to the nanoparticle systems (uncoated Fe,O,,
Fe,O, + Dx-ECH or Fe,O, + TAT) for 2 h at a concen-

tration of 500 pg/ml iron oxide then rinsed to remove
any nanoparticles not associated with the cells. The
cells were trypsinized, the trypsin was neutralized with
cell culture media and then the cells were transferred
to 1.5 ml microcentrifuge tubes. Half the cells were
exposed to an AMF (292 kHz, 56 kA/m) for 1 h, then
the cells were stained with acridine orange (10 pg/ml)
for 10 min at 37°C prior to analysis using an Accuri
Flow Cytometer (FL-3).

Mitochondrial membrane depolarization
studies (JC-1)

A549 and H358 cells were seeded at 150,000 cells/ml
and 2 ml/well into 6-well plates. After 24 h of incu-
bation, the spent media was removed, and cells were
exposed to the nanoparticle systems (uncoated Fe,O,,
Fe,O, + Dx-ECH or Fe,O +TAT) for 2 h at a concen-
tration of 500 pg/ml iron oxide then rinsed to remove
any nanoparticles not associated with the cells. The cells
were trypsinized, the trypsin was neutralized with cell
culture media and then the cells were transferred to
1.5 ml microcentrifuge tubes. Half the cells were exposed
to an AMF (292 kHz, 56kA/m) for 1 h, then the cells
were centrifuged, resuspended in PBS and stained with
JC-1 (2 uM) for 30 min at 37°C prior to analysis using
an Accuri Flow Cytometer (FL-1 and FL-3).

Caspase 3/7 apoptosis studies

A549 and H358 cells were seeded at 150,000 cells/ml
and 2 ml/well into 6-well plates. After 24 h of incu-
bation, the spent media was removed and cells were
exposed to the nanoparticle systems (uncoated Fe,O,,
Fe,O, + Dx-ECH or Fe,O, + TAT) for 2 h ata concen-
tration of 500 pg/ml iron oxide then rinsed to remove
any nanoparticles not associated with the cells. The
cells were trypsinized, the trypsin was neutralized with
cell culture media and then the cells were transferred
to 1.5 ml microcentrifuge tubes. Half the cells were
exposed to an AMF (292 kHz, 56 kA/m) for 1 h. At
12 or 24 h post AMF treatment, the cells were centri-
fuged, resuspended in PBS and stained with CellEvent
per manufacturer’s instructions (1 pl CellEvent/ml cell
solution) for 30 min at 37°C prior to analysis using an
Accuri Flow Cytometer (FL-1). Cells were gated into
two populations: nonapoptotic and apoptotic, with the
apoptotic group being higher in FL-1 fluorescence and
decreased in forward scatter.

Viability studies

A549 and H358 cells were seeded at 150,000 cells/ml
and 2 ml/well into 6-well plates. After 24 h of incu-
bation, the spent media was removed, and cells were
exposed to the nanoparticle systems (uncoated Fe,O,,

Fe,O, + Dx-ECH or Fe,O, + TAT) for 2 h at a final
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concentration of 500 pg/ml iron oxide then rinsed to
remove any nanoparticles not associated with the cells.
The cells were trypsinized, the trypsin was neutralized
with cell culture media, and then the cells were trans-
ferred to 1.5 ml microcentrifuge tubes. Half the cells
were exposed to an AMF (292 kHz, 56 kA/m) for 1 h.
The cells were then reseeded into black walled 96-well
plates at 15,000 cells/ml and 100 pl/well and allowed
to grow for 48 h prior to staining the cells with 2 pM
calcein AMF and reading fluorescence on a plate reader
(ex/em: 485/528 nm). Fluorescence was normalized to
the fluorescence of the control (no nanoparticles and no
AMF treatment).

Statistical analysis

Statistical analysis was completed using SigmaPlot
13.0. A one-way ANOVA was used to determine the
statistical differences in the iron oxide nanoparticle
uptake study. A two-way ANOVA with an interaction
tern was used to analyze all other experiments.

Results & discussion

Iron oxide nanoparticle characterization

Iron oxide nanoparticles were synthesized via a one-pot
coprecipitation method using a 2:1 molar ratio of iron
salts and 30% ammonium hydroxide as the reducing
agent. Figure 2 depicts the subsequent surface function-
alization strategy to conjugate the TAT peptide to the
nanoparticle surface via EDC/sulfo-NHS crosslink-
ing. Size and zeta potential measurements are summa-
rized in Table 1. The Z-average hydrated diameter of
the nanoparticles ranged from 127 nm for the Fe,O, +
TAT to 177 nm for the Fe,O, + Dx-ECH in water. The
cross-linked dextran coating on the nanoparticle sur-
face stabilizes the nanoparticles at physiological pH by
introducing steric interactions and a relatively neutral
surface charge, as indicated by the zeta potential [34.48].
The decrease in size between the Fe,O, + Dx-ECH and
Fe,O, + TAT is a result of the additional washing steps
required to remove unconjugated TAT peptide after
the reaction, which also removes loosely attached dex-
tran which was not cross-linked or removed in previ-
ous washing steps. The size of these nanoparticle sys-
tems is appropriate for cell internalization while being
above the cut-off of renal excretion [49,50]. DLS was also
completed in cell culture media to gauge nanoparticle
sizes during cell culture studies. The nanoparticles
were stored suspended in DI water at 4°C, diluted in
cell culture media and bath sonicated for 5 min prior to
recording DLS measurements over 10 min. The larger
size associated with uncoated Fe,O, and Fe,O, + Dx-
ECH-Amine nanoparticles in cell culture medium is an
indication that agglomeration of the nanoparticles dur-
ing storage is not easily reversible. In addition, protein

adsorption to the nanoparticle surface could cause the
nanoparticles to increase in size and agglomerate, but
significant changes in nanoparticle stability were not
observed. There is a slight increase in size of the Fe,O,
+ Dx-ECH and Fe,O, + TAT nanoparticles when sus-
pended in cell culture media compared with DI water
likely due to protein adsorption. However, the nanopar-
ticles are stabilized by the dextran cross-linked coating
and charge repulsion from the TAT peptide which
allows the nanoparticles to be easily resuspended upon
bath sonication. Distributions of the hydrodynamic
diameter of the nanoparticles is provided in the
supplemental section. Probe sonication after dilution
in cell culture media results in a unimodal distribution
of nanoparticle size. Bath sonication was not power-
ful enough to completely disassociate agglomerated
nanoparticles, resulting in wider and some bimodal
distributions. The z-averages presented in Table 1 rep-
resent the bath sonicated distributions. The increase in
zeta potential between the Fe,O, + Dx-ECH-Amine
(-7.45 mV) and Fe,O, + TAT (14.8 mV) indicates suc-
cessful attachment of the TAT peptide to the surface of
the nanoparticle [3s].

FTIR was also completed on the Fe,O, + Dx-ECH-
Amine and Fe,O, + TAT systems to confirm TAT
attachment to the surface [51]. As shown in Figure 3A,
there are slight changes in the FTIR spectra, most
notably a change in the N-H peak at 3300 cm™ indi-
cating a decrease in primary amines in the coating
due to conjugation of the TAT peptide using EDC/
sulfo-NHS cross-linking. TEM and XRD were used
to determine iron oxide crystal size. Example TEM
images of the dextran coated iron oxide nanoparticles
are shown in Figure 3B. The images shown depict mul-
tiple nanoparticle crystals of approximately 8.9 + 2 nm
(average + standard deviation as determined by ten
images at 60 nanoparticles per image) in size encapsu-
lated within the dextran coating. The crystalline size is
not expected to change with further functionalization
of the surface. XRD (Figure 3C) confirmed the crys-
talline structure of the nanoparticles to be iron oxide
(likely a combination of magnetite and maghemite due
to oxidation), and the Scherrer equation (Equation 1)
and the (311) peak was used to calculate the average
crystal length to be approximately 12.1 + 0.2 nm
(n = 3 individual batches), which is comparable to the
crystal length determined via TEM imaging. Although
bulk heating was not the focus of this work, the spe-
cific absorption rate (SAR) is an indication of how the
nanoparticles interact with an AMEF. Previous char-
acterization of the cross-linked dextran coated iron
oxide nanoparticles indicated a SAR value of 211.0
+ 46.6 W/g (58 kA/m, 292 kHz), confirming the
ability of the nanoparticles to respond to an AMF [s2].
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Table 1. Iron oxide nanoparticle Z-average size from dynamic light scattering in deionized water

and cell culture media and zeta potential represented as average + standard deviation of three

independent samples (n = 3).

Fe,O, DI water DMEM + 10% FBS Zeta potential
nanoparticle Size (nm) PDI Size (nm) PDI (mV)

system

Uncoated 136.5+ 1.8 0.2 +0.02 355.1 £ 23.2 0.3+0.04 17.3 4.1
Dx-ECH 177.3 £ 3.7 0.1 +0.03 203.4+4.8 0.2 +0.01 -5.3+£3.9
Amine 173.7 £ 1.6 0.1 +£0.02 405.7 £ 29.0 0.3 +0.03 -7.5+6.2

TAT 126.9 £ 3.2 0.2 +0.02 201.5 £ 15.1 0.2 +£0.02 14.8 +4.7

DI: Deionized; DMEM: Dulbecco’s modified Eagle medium; FBS: Fetal bovine serum; PDI: Polydispersity Index.

Cellular uptake of iron oxide nanoparticles

A549 and H358 lung cancer cells were exposed to
three nanoparticle systems of interest at a concentra-
tion of 500 pg/ml for 2 h. This exposure time and
concentration were kept constant throughout the
studies completed. As shown in Figure 4, Fe, O, +
TAT uptake was significantly greater than the other
nanoparticle systems in both cell lines due to the TAT
peptide being a cell penetrating peptide and positively

®

, N-H stretch

charged, which enhances internalization of its attached
cargo [32,36,48,53,54]. The uncoated Fe,O, nanoparticles
were internalized to a significantly greater extent than
Fe,O, + Dx-ECH in A549 cells and slightly greater in
H358 cells. This is likely due to the positive zeta poten-
tial associated with uncoated Fe,O, 55]. The Fe,O, +
Dx-ECH system did not result in significant uptake,
as the iron concentration is not different from that of
the control, and this is likely a result of the slightly

C=0 stretch ,

C=C stretch
(aromatic)
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Figure 3. Nanoparticle characterization. (A) FTIR spectra of amine functionalized and TAT conjugated iron oxide nanoparticles.
(B) TEM images of dextran coated iron oxide nanoparticles to confirm Fe,0, crystalline structure. (C) X-ray diffraction pattern of
dextran coated iron oxide nanoparticles.
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Figure 4. Uptake of Fe,O, nanoparticles into (A) A549 and (B) H358 lung cancer cells. Error bars represent standard error (n = 3) and
significant differences are indicated by *p < 0.05 and **p < 0.01 via a one-way ANOVA.
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negative surface charge which limits uptake [s3]. It was
expected that the effects of Fe,O, + TAT nanoparticles
in the presence of an AMF will be greater than the
other nanoparticle systems studied due to increased
intracellular concentrations.

Intracellular ROS formation

Iron oxide nanoparticles have the ability to catalyze the
formation of the hydroxyl radical via Fenton chemis-
try. It has been previously shown that hydroxyl radical
formation is enhanced in the presence of an AMF due
to energy dissipation by Brownian rotation and Neél

Fe,O, nanoparticle system

relaxation resulting in cellular stress [29]. Figure 5A
shows carboxy-DCF fluorescence of A549 lung carci-
noma exposed to the three nanoparticle systems and
a control followed by 30 min or 1 h AMF treatment,
which did not result in a measurable temperature rise.
AMEF treatment for 30 min significantly enhanced
ROS production in A549 cells exposed to uncoated
Fe,O, and Fe,O, + TAT. The surface of uncoated
Fe O, is not shielded and therefore can interact with
the cell environment and catalyze hydroxyl radical
formation through Fenton chemistry. Enhancement
of ROS generation via uncoated Fe,O, in the presence

[
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Figure 5. Normalized carboxy-DCF fluorescence of (A) A549 and (B) H358 lung cancer cells after treatment with Fe,O, nanoparticles
with and without 30 min or 1 h alternating magnetic field exposure. Error bars represent standard error (n = 3) and significant
difference is indicated by *p < 0.05 via a two-way ANOVA.
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of an AMF was previously shown by Wydra ez al. [29],
where methylene blue decolorization was enhanced
.0, and an AMF com-
pared with the theoretical degradation associated with

in the presence of uncoated Fe

bulk temperature rise.

Fe,O, + TAT nanoparticles are potentially inducing
local heating effects or frictional effects from Brownian
rotation and therefore causing cell stress and increas-
ing ROS production. Only the Fe,O, + TAT increased
ROS production in A549 lung carcinoma when exposed
to an AMF for both 30 min and 1 h, which is likely due
to the increased concentration of intracellular nanopar-
ticles and, therefore, greater local heating and frictional
effects. Although not significant, uncoated Fe,O, com-
bined with 1 h AMF exposure slightly increased intra-
cellular ROS production. The convergence in ROS pro-
duction between uncoated Fe,O, and uncoated Fe O,
with 1 h AMF can be explained by the inherent ability
of the nanoparticle to increase intracellular ROS pro-
duction through Fenton chemistry at the surface even
without local energy dissipation [29]. The longer AMF
exposure time increased the amount of time that the
internalized nanoparticles were able to interact intracel-
lularly, which could cause a convergence in ROS gen-
eration between the no AMF and 1 h AMF treatments
for cells exposed to uncoated Fe,O,.

It should also be noted that the A549 control cells,
which were not exposed to iron oxide nanoparticles,
still generate ROS through natural cellular respira-
tion. By increasing AMF exposure time, carboxy-DCF
exposure time also increased resulting in increased
fluorescence being associated with the longer AMF
exposure. By doubling the AMF exposure time, the
carboxy-DCF exposure nearly doubled, resulting in a
near twofold increase in fluorescence of control A549

cells. However, this was not observed in H358 cells as
shown in Figure 5B. Increased H358 incubation time
with carboxy-DCF did not show the same increase in
fluorescence indicating that the cells were potentially
operating at their maximal ROS generation rate. The
difference in inherent ROS production between A549
and H358 cells was determined by incubating the cells
with 50 uM carboxy-DCEF for 2 h and then measuring
the raw fluorescence of the cells via flow cytometry. As
shown in Figure 6, H358 cells operated at a higher level
of ROS generation than A549 cells. Previous work by
Trachootham ez 4/. in 2006 showed that increased oxi-
dative stress in cancer cells is associated with oncogenic
transformation by transfecting T72 ovarian cells with
the Ras gene [56]. Oncogenic transformation resulted
in increased oxidative stress as well as increased sen-
sitivity to ROS inducing agents. Therefore, increased
oxidative stress results in greater dependence upon
antioxidant systems causing the cells to be more sensi-
tive to exogenous agents, which threaten this delicate
balance [28,56-58].

Intracellular effects of internalized iron oxide
nanoparticles & AMF exposure
There are a multitude of intracellular properties and
pathways that can be affected by increased ROS pro-
duction. Therefore, we have evaluated lysosomal per-
meability, mitochondrial membrane permeability,
apoptosis via the Caspase 3/7 pathway and cell viability
of A549 and H358 lung cancer cells after exposure to
the nanoparticle systems with and without 1 h of AMF
exposure. AMF exposure did not result in a measurable
temperature rise.

An increase in lysosome permeability is associated
with several apoptosis pathways. Destabilization of
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Figure 6. Average fluorescence of A549 and H358 cells after 2 h of exposure to 50 uM carboxy-DCF. Error bars
represent standard error (n = 5) and * indicates a significant difference (p < 0.05) via a t-test.

Research Article

fsg

future science group

www.futuremedicine.com

1779



Research Article

)

Relative AO fluorescence

1.4+
1.2
1.0
0.8
0.6+
0.4+

0.2

0.0-

Hauser, Anderson & Hilt

the lysosomal membranes releases lysosomal contents
such as proteolytic enzymes (e.g., cathepsins) into the
cytosol, which then induces mitochondrial damage by
enhancing the production of superoxide radicals and
hydrogen peroxide, further increasing lysosome perme-
ability, resulting in an amplifying feedback loop [59].
Acridine orange (AO) is a metachromatic fluorophore
which gives a distinct red fluorescence at high lyso-
somal concentrations and a weakly green fluorescence
at the low cytosolic concentration and can therefore
be used to measure lysosomal membrane permeabil-
ity, with a decrease in the red fluorescence channel
corresponding to an increase in lysosome permeabil-
ity [60]. AO red fluorescence was measured for A549
(Figure 7A) and H358 (Figure 7B) immediately follow-
ing iron oxide nanoparticle internalization and 1 h of
AMEF exposure, and these fluorescence intensities were
then normalized to the control with no AMF exposure.
Lysosome permeability increased with Fe,O, + TAT
treatment in both A549 and H358 cells. However, the
permeability was not further increased by AMF expo-
sure. This could be a result of saturating the assay as
the Fe,O, + TAT nanoparticles permeabilized the lyso-
somal membranes to the same extent as the 100 uM
hydrogen peroxide positive control (data not shown),
and thus, the effects of the AMF could not increase
the permeability further. In A549 lung carcinoma, all
of the nanoparticles significantly increased lysosome
permeability. This could be due to the uncoated Fe,O,
nanoparticles generating ROS within the lysosome,
leading to destabilization of the membrane [60].

The JC-1 assay employs a cationic dye that exhibits
potential dependent accumulation in mitochondria. At
high concentrations, such as those in the mitochon-
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Relative AO fluorescence
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Fe,O, nanoparticle system

T
Uncoated

dria, the JC-1 dye aggregates to form red-fluorescent
J-aggregates. Depolarization of the mitochondrial
membrane results in lower JC-1 concentrations and
therefore the formation of green-fluorescent mono-
mers. Mitochondrial membrane potential can be mon-
itored using the JC-1 ratio (red/green fluorescence). A
decrease in the red/green fluorescence ratio is the result
of mitochondrial membrane depolarization, which
occurs in the early stages of apoptosis [61]. Figure 8
shows the percentage of cells with mitochondrial mem-
brane depolarization, which resulted in a decreased
JC-1 ratio. In A549 lung carcinoma, Fe, O, + TAT
treatment resulted in a significant increase in the per-
centage of the cell population with depolarized mito-
chondrial membranes. However, this was not signifi-
cantly increased with the addition of AMF treatment.
As previously mentioned, mitochondrial integrity can
be compromised by increases in lysosomal permeabil-
ity due to the escape of toxins and proteolytic enzymes
into the cytosol. Therefore, it is hypothesized that the
Fe O, + TAT nanoparticles permeabilized the lyso-
somal membranes which then affected the mitochon-
drial integrity of the A549 lung carcinoma. There is
also the possibility that the Fe,O, + TAT nanoparticles
fully escaped the lysosomes, interacting with the mito-
chondria and catalyzing ROS formation at the mito-
chondria. However, it should be noted that this effect
is cell line dependent as the Fe,O, + TAT nanoparticles
did not disrupt the mitochondrial membrane integrity
in H358 lung carcinoma.

An increase in lysosome membrane permeability and
depolarization of the mitochondrial membrane are both
found upstream in many apoptotic pathways [61.62].
Therefore, the effects of the iron oxide nanoparticle

H358
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Figure 7. Relative acridine orange (AO) fluorescence of (A) A549 and (B) H358 lung cancer cells after treatment with Fe,O,
nanoparticles with and without 1 h alternating magnetic field exposure. Error bars represent standard error (n = 3) and significant
difference from the control is indicated by *p < 0.05 via a two-way ANOVA.
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Figure 8. Percentage of (A) A549 and (B) H358 cells with depolarized mitochondrial membranes as indicated by a decrease in the
ratio between FL3/FL1 (JC1 ratio). Error bars represent standard error (n = 3) and * indicates a significant difference (p < 0.05)
compared with the control as determined via a two-way ANOVA.

systems and subsequent AMF exposure on the Caspase
3/7 apoptotic pathway were evaluated. Due to the cells
being in different stages of the cell cycle at the time of
treatment, the time between treatment and analysis of
the apoptotic population was delayed to 12 and 24 h
post treatment. These time points were determined
using hydrogen peroxide controls and evaluating the
peak times of apoptosis following treatment (data not
shown). Although there were no statistically significant
differences between the percent of apoptotic cells when
comparing the nanoparticle systems to one another and
the individual systems with and without AMF treat-
ment, there were trends in the data that are interest-
ing and warrant further exploration of these potential
effects. In Figure 9, both A549 lung carcinoma and

®

H358 bronchi alveolar appeared to increase in apopto-
sis when the nanoparticles were combined with AMF,
although not significant. Additionally, H358 cells
appeared to have increased apoptosis compared with
A549 in all treatments. This could be a result of the
H358 cells being more sensitive to the treatment as well
as the processing procedure of the experiment. It also
appeared as though uncoated Fe,O, and Fe,O, + TAT
resulted in greater apoptosis than the Fe,O, + Dx-ECH
in H358 cells which corresponds to the ROS generation
data provided previously. The significant error observed
in this assay prevents firm conclusions about differences
between the treatments. However, as previously men-
tioned, there were notable trends in the data. In future
studies, additional assays, such as Annexin V/Propid-
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Figure 9. Percentage apoptosis of (A) A549 and (B) H358 lung cancer cells 12 and 24 h after treatment with Fe,O

Fe,O, nanoparticle system

, hanoparticles with

and without 1 h alternating magnetic field. Error bars represent standard error (n = 3) and significant difference from the control is

indicated by *p < 0.05 via a two-way ANOVA.
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Figure 10. Relative viability of (A) A549 and (B) H358 lung cancer cells 48 h after treatment with Fe,O, nanoparticles with and
without 1 h alternating magnetic field. Error bars represent standard error (n = 3) and significant difference from the control is
indicated by *p < 0.05 via a two-way ANOVA.

ium iodide (PI), will be used as the variability in the
current assay limit the conclusions that can currently
be made. Additionally, prior work by Wydra ez a/. used
the Caspase 3/7 assay to show a significant increase in
apoptosis of CT26 colon cancer cells when uncoated,
citric acid coated and glucose functionalized iron oxide
nanoparticles were combined with AMF (292 kHz,
56 kA/m) exposure for 1 h compared with the nanopar-
ticle systems alone [47.63]. The effect was larger in this
case and found to be statistically significant, which fur-
ther confirms that the efficacy of MagMED treatment
is cell line dependent as expected.

A549 and H358 viability 48 h following treatment
with the nanoparticle systems with and without AMF
was evaluated and shown in Figure 10. In A549 lung
carcinoma, there is no significant difference between
the nanoparticle systems and the control or within a
nanoparticle system with and without AMF treatment.
In the H358 cells, only the uncoated Fe,O, nanopar-
ticles resulted in a decrease in cell viability compared
with the control, but there was no additional decrease
in viability as a result of AMF treatment. In the apop-
tosis experiments, specifically in the H358 cells, there
is no statistically significant increase in apoptosis of
cells exposed to the nanoparticle systems (with or
without AMF treatment) compared with the control.
Since the percentage of apoptosis is not significantly
different between the control and cells exposed to the
Fe,O, + TAT nanoparticles, it is not expected that
the relative viability would be significantly different
between the two treatments. The significant decrease
in H358 viability compared with the control associ-
ated with uncoated Fe,O, nanoparticles is likely due
to the long-term toxicity of the internalized uncoated
Fe,O, nanoparticles. Although intracellular effects of
the nanoparticle systems combined with AMF were

observed (e.g., especially in intracellular ROS gen-
eration), the intracellular effects were not enough to
induce a decrease in cell viability. Previous work by
Creixell er al. showed a significant decrease in cell
viability when internalized EGFR targeted iron oxide
nanoparticles were combined with an AMF for 2 h [14].
However, there was significant toxicity of the EGFR
targeted nanoparticles alone which could have sensi-
tized the cells to additional treatment with the AMF.
Additionally, the AMF treatment time was 2 h instead
of the 1 h used in these studies. Another study com-
pleted by Domenech et al. demonstrated that intra-
cellular energy delivery is cell line dependent. MDA-
MB 231 and 184-85 cells were incubated with EGF
targeted, carboxymethyl dextran coated iron oxide
nanoparticles and then exposed to an AMF (233 kHz,
41.75 kA/m) for 1 h [64]. A decrease in viability of
MDA-MB-231 cells was observed with the addition
of AMF treatment while 184-85 cell viability was not
affected by AMF treatment. Future work will explore
utilizing intracellular energy delivery as a combina-
tional treatment in order to enhance the efficacy of
conventional treatments such as chemotherapy and
radiation. It is possible that intracellular energy deliv-
ery can act as a sensitizer to additional treatments
resulting in a synergistic combinational effect.

Conclusion

Dextran coated iron oxide nanoparticles were suc-
cessfully functionalized with the TAT peptide and
characterized for their physicochemical properties.
The nanoparticles range in size from approximately
130-180 nm and successful conjugation of the TAT
peptide was confirmed by changes in nanoparticle zeta
potential and FTIR spectra. TAT functionalization to
dextran coated iron oxide nanoparticles resulted in a
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novel nanoparticle system in which the nanoparticles
were internalized within cells at significantly greater
concentrations but were not internalized via receptor-
mediated endocytosis. Uncoated Fe,O, and Fe,O, +
TAT increased cellular ROS generation in both A549
and H358 cell lines upon exposure to an AMF. Lyso-
somal permeability was increased in both cell lines fol-
lowing treatment with Fe,O, + TAT nanoparticles due
to the TAT peptide destabilizing the lysosomal mem-
branes. In A549 cells, the mitochondrial integrity was
compromised by the Fe,O, + TAT nanoparticles but
this was not enhanced by AMF exposure or observed
in H358 cells, indicating a cell dependent response to
treatment. Apoptosis response was also cell line depen-
dent, and although not statistically significant, trends
were observed that suggested an increase in apoptosis
when nanoparticle systems were combined with AMF
treatment. However, there was no difference in the
treatments when cell viability was analyzed 48 h post
treatment. Future work will aim to increase consistency
of apoptosis assays and increase the scope of tested cell
lines. Targeting the nanoparticles to specific organelles
could also improve the efficacy of MagMED, espe-
cially if the particles were targeted to vital organelles
such as the mitochondria.
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Executive summary

destabilization following internalization.
upon exposure to an alternating magnetic field.

manner.

nanoparticles and an alternating magnetic field.

e TAT conjugation to iron oxide nanoparticles facilitated increased cellular uptake and resulted lysosomal
e Uncoated and TAT conjugated iron oxide nanoparticles increased cellular reactive oxygen species generation
e TAT conjugated iron oxide nanoparticles compromised mitochondrial integrity in a cell line dependent

e Trends suggested increased cell apoptosis following treatment with both TAT conjugated iron oxide
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