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T
he outstanding progress made in
fundamental cancer biology over the
past decades has not yet fully trans-

lated into comparable clinical advances.1,2

This has been mainly attributed to inade-
quacies of approaches available to adminis-
ter the therapeutics moieties, such that
they will reach the target tumor site in their
most potent form with minimal collateral
damage.3 To overcome this challenge, it is
crucial to develop advanced methods that
can synergistically achieve threemain goals:
(i) provide the means to overcome any
physiological barriers preventing the access
of therapeutics to the target tumor or cellu-
lar site,4,5 (ii) increase the target selectivity of
the therapeutic moieties,6 and (iii) enhance
their chemotherapeutic efficacy by combin-
ing them with other adjuvant treatment
modalities.1,7

While tumor and cellular targeting of
chemotherapeutics has been widely de-
monstrated to improve their efficacy,4,6

subcellular organelles such as the nucleus
and mitochondria are also quickly gaining

interest as chemotherapeutic targets, since
any damage to these organelles leads to
efficient and irreversible cell death.8,9 Of
particular importance are mitochondria,
which have been shown to be intricately
linked to tumor progression and chemore-
sistance seen in cancer stem cells, in addi-
tion to playing an important role in cellular
apoptosis.10,11 Toward this, several thera-
peutic moieties, such as small molecules,
peptides, and RNA-interference (RNAi) mol-
ecules, capable of inducing mitochondria-
dependent cell death, have been developed
as new strategies for cancer therapy.12�15

Among these, peptides are considered
an attractive option, as they are not only
capable of endogenous high-affinity inter-
actions with mitochondria to initiate apop-
tosis but are also more readily delivered to
the cells.16

One such example of a novel mito-
chondrial targeting peptide is amphipathic
tail-anchoring peptide (ATAP), which has
been shown to trigger potent mitochondria-
dependent apoptosis.17 ATAP selectively targets
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ABSTRACT Mitochondria-targeting peptides have garnered

immense interest as potential chemotherapeutics in recent years.

However, there is a clear need to develop strategies to overcome the

critical limitations of peptides, such as poor solubility and the lack of

target specificity, which impede their clinical applications. To this

end, we report magnetic core�shell nanoparticle (MCNP)-mediated

delivery of a mitochondria-targeting pro-apoptotic amphipathic tail-anchoring peptide (ATAP) to malignant brain and metastatic breast cancer cells.

Conjugation of ATAP to the MCNPs significantly enhanced the chemotherapeutic efficacy of ATAP, while the presence of targeting ligands afforded selective

delivery to cancer cells. Induction of MCNP-mediated hyperthermia further potentiated the efficacy of ATAP. In summary, a combination of MCNP-mediated

ATAP delivery and subsequent hyperthermia resulted in an enhanced effect on mitochondrial dysfunction, thus resulting in increased cancer cell apoptosis.

KEYWORDS: magnetic core�shell nanoparticle . mitochondria-targeting peptide . amphipathic tail-anchoring peptide .
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mitochondria and induces cytochrome c release
through the perturbation of mitochondrial membrane
permeability, thus initiating an irreversible cascade of
biochemical changes finally resulting in apoptosis.18

More importantly, unlike othermitochondria-targeting
peptides, the cytotoxic effects of ATAP do not require
the presence of pro-apoptotic proteins nor are they in-
fluencedby the concentration of anti-apoptotic proteins,
which are often mutated in neoplasms, thus making
ATAPanovel andanattractive therapeuticmoiety for the
treatment of various types of cancers.17�19 However,
the widespread clinical applications of ATAP and other
mitochondria-targeting peptides are hampered by two
key limitations: (i) poor aqueous solubility and stability
under physiological conditions due to their amphipathic
structure and (ii) lack of tumor-targeting capabilities.16,20

Hence, prior to their clinical application, it is important
to develop strategies that can not only improve the
biopharmaceutical properties of these peptides but also
ensure their recognition and penetration specifically into
tumor cells.19�21

In this regard, nanoparticle-based approaches by
virtue of their unique nanoscale and physicochemical
properties (e.g., multivalent drug delivery) have been
shown to overcome the aforementioned challenges
by providing means to improve delivery and drug
efficacy. Moreover, they also allow for the incorpora-
tion of additional functionalities, such as hyperthermia,
imaging, and photothermal therapy, based upon
their unique compositions.22,23 For instance, magnetic
nanoparticles (MNPs) not only can be used as MRI
contrast agents but can also afford localized increase
in temperature (known as hyperthermia) in the pre-
sence of an alternating magnetic field.24,25 Such loca-
lized hyperthermia has beendemonstrated to sensitize

tumors to chemotherapy and radiation therapy
and hence is considered to be an attractive adjuvant
therapy.26,27 More importantly, hyperthermia has also
been shown to further enhance thepro-apoptotic ability
of peptides and other therapeutics by directly activating
the pro-apoptotic and inhibiting anti-apoptotic Bcl-2
family members,28 as well as increase the permeabiliza-
tion of the mitochondrial membrane.29�31 Additionally,
our group as well as others have recently demonstrated
that these MNPs can be further modified with a gold
shell, thus having both magnetic and plasmonic pro-
perties that can be utilized for various biological
applications including cell targeting, imaging, and
chemotherapy.32

To this end, we describe the development of mag-
netic core�shell nanoparticles (MCNP) for the efficient
delivery of ATAP and localized hyperthermia for en-
hanced apoptosis in cancer cells (Figure 1). As a proof-
of-concept, we tested the efficacy of our MCNP-ATAP
constructs inmalignant brain cancer cells (glioblastoma
multiforme, U87vIII) and metastatic breast cancer
cells (MDA-MB-231), which contain a subpopulation of
cancer stem cells.33 Owing to their unique composition,
our MCNPs performed multiple functions, as demon-
strated below. First, the gold shell allowed for facile
conjugation of ATAP and a tumor targeting peptide
(iRGD),6 thereby affording tumor-targeting capability to
our MCNP-ATAP constructs. Second, the magnetic core
allowed for magnetically facilitated delivery of the
MCNP-ATAP constructs, thus leading to enhanced cel-
lular uptake.32,34,35 In addition, themagnetic core of the
MCNPs enabled induction of localized hyperthermia,36

which could act in a complementary fashion with the
ATAP moieties to synergistically enhance cancer cell
apoptosis. Thus, we hypothesized that our MCNPs

Figure 1. (a) Schematic diagram depicting magnetically facilitated targeted delivery of MCNP-ATAP to brain and breast
cancer cells, wherein the release of ATAP from theMCNPs in the cytoplasm coupledwith induction ofmagnetic hyperthermia
in the presence of an alternating magnetic field (AMF) can result in synergistic cell death. (b) MCNP-based hyperthermia can
result in inactivation of anti-apoptotic bcl-2 proteins, with a concomitant increase in the pro-apoptotic bcl-2 proteins, thus
sensitizing the cancer cells toward apoptosis. On the other hand, MCNP-ATAP constructs permeabilize the outer mitochon-
drialmembrane and thus inducemitochondrial dysfunction. Such a combined therapy can synergistically enhance cancer cell
death. MCNP, magnetic core�shell nanoparticles; PEI, polyethylenimine; ATAP, amphipathic tail-anchoring peptide; PEG,
polyethylene glycol; iRGD, internalizing RGD.
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would serve as a versatile platform enabling the appli-
cation of two orthogonal yet complementary modal-
ities, thereby resulting in significant improvements in
cancer therapy.

RESULTS

Synthesis and Characterization of MCNP-ATAP Conjugates.
As a first step toward synthesizing MCNP-ATAP con-
structs (Figure 2a), the magnetic cores were synthe-
sized by making slight modifications to a previously
reported protocol.37 Then, citrate-capped MCNPs were
synthesized according to previously reportedmethods
with slight modifications.32 The as-synthesized citrate-
capped MCNPs were found to have a hydrodynamic
diameter of 15.4 nm (Figure 2b). Thereafter these
MCNPs were coated with branched polyethylenimine
(PEI, MW = 10 kDa) via electrostatic interactions to
afford an overall positive charge to the complex.
Additionally, PEI is known to act as a proton sponge
and induce endosomolysis within the cytoplasm,38

such that the MCNP-ATAP constructs will not be sub-
jected to the highly acidic endosomal environment and
be released within the cytoplasm in their most potent
form. Subsequently, these amine-terminated MCNPs
were coupled to the thiol-terminated ATAP moieties
via a heterobifunctional cross-linker, N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP), to form redox-
responsive MCNP-ATAP constructs. Additionally, thiol-
PEG moieties bearing targeting moieties (iRGD)6

were also conjugated to the MCNPs using the SPDP
linker to improve the overall aqueous solubility of
the MCNP-ATAP constructs and to allow for selective

delivery of MCNP-ATAP constructs to U87 glio-
blastoma cells, which contain upregulated levels of
integrins.39

The particle diameter and zeta potential of the
MCNP-ATAP constructs was measured using dynamic
light scattering after each step of conjugation (Figure 2c).
The final MCNP constructs had a hydrodynamic dia-
meter of 46.8 ( 2.3 nm and were positively charged
(ζ = þ15.78 mV) to allow for increased cellular uptake.
Additionally, these MCNP-ATAPs showed a slight red
shift in the characteristic surface plasmon resonance
band as compared to unconjugated MCNPs, thus con-
firming the presence of ATAP moieties on the surface
(Figure 2d).40 The amountofATAPpresent on theMCNPs
was quantified by measuring the concentration of the
unconjugated ATAPmoieties present in the supernatant
using UV�vis spectroscopy (Experimental Section).
Approximately, 50% of the loading amount of ATAP
was conjugated on the nanoparticles and it was found
that 10 nM ATAP was present per 1 μg/mL of MCNPs
(∼500 ATAP molecules per NP). The synthesized MCNPs
were also found tobebiocompatiblewithin awide range
of concentrations (5�50 μg/mL) and did not affect
the cell viability in either U87vIII or MDA-MB-231 cells
(Supporting Information, Figures S1 and S2). Addition-
ally, we tested the biocompatibility of MCNPs coated
with PEI (to mimic the conditions found after the clea-
vage of disulfide bond and subsequent release of ATAP
within the cytoplasm) and found that these MCNP-PEI
constructs also did not induce any noticeable cyto-
toxicity at the concentrations present in U87vIII cells
(Supporting Information, Figure S3).

Figure 2. (a) Conjugation of ATAP and targeting ligands to MCNPs. PEI, polyethylenimine; ATAP, amphipathic tail-
anchoring peptide; SPDP, N-succinimidyl 3-(2-pyridyldithio)propionate; PEG, polyethylene glycol; iRGD, internalizing
RGD. (b) TEM images of the MCNP-ATAP constructs. High-resolution TEM images of MCNPs (inset) show crystalline
lattices of Fe and Au. Scale bar is 20 nm (inset 5 nm). (c) Hydrodynamic diameter and zeta potential measurements at each
step of formation of MCNP-ATAP constructs. (d) UV�visible spectroscopy analysis of MCNPs before and after conjugation
with ATAP.
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Integrin-Mediated Targeted Delivery of MCNP-ATAP Con-
structs to Cancer Cells. Once the MCNP-ATAP constructs
were generated and characterized, we thenwent on to
test their targeted delivery and the subsequent apop-
totic efficacy in brain cancer cells (U87vIII) overexpres-
sing the mutant epidermal growth factor receptor vIII
(EGFRvIII).41 The overexpression of EGFRvIII has been
implicated in enhancing the tumorigenicity and resis-
tance to radiation and chemotherapy in GBM.42 As
mentioned earlier, ATAP lacks a tumor targeting moi-
ety, thereby restricting its widespread clinical applica-
tion. Hence, we modified the carboxyl end-groups of
the PEG chains, with a targeting ligand, iRGD, which
has been reported to home to the Rvβ3 integrin
surface receptors present in glioblastoma and other
cancer cells (Figure 3a).43 These iRGD-grafted PEG
chains were then conjugated on the surface of MCNPs
as described in the Experimental Section. Additionally,
we conjugated a fluorophore (Alexa Fluor 594) on
the surface of the MCNPs to make them amenable
for visualization using fluorescence microscopy. The
iRGD-conjugated MCNPs were then incubated with
U87vIII and MCF-7 (breast cancer) cells, which have
low integrin expression;44 the cells were then washed
thrice with PBS to remove any excess MCNPs and
thereafter imaged using fluorescence microscopy. As
seen in Figure 3b, U87vIII cells, having higher integrin
levels show significantly higher uptake of the iRGD
conjugated MCNPs as compared to MCF-7 cells, which
have low levels of integrins. Taken together, these

results indicate that by simply conjugating targeting
ligands on the surface of the MCNPs, we can adopt a
facile approach for conferring tumor targeting capabil-
ity to the ATAPmoieties without making any structural
modifications to ATAP, which can compromise its
activity.

Apoptotic Efficacy of MCNP-ATAP Constructs in Cancer Cells.
Wenext tested the apoptotic capability of theseMCNP-
ATAP constructs in both glioblastoma (U87vIII) and
breast cancer (MDA-MB-231) cells. Prior to testing
MCNP-ATAP constructs, we first tested the effect of
varying concentrations of unconjugatedATAP (inDMSO)
on the viability of U87vIII and MDA-MB-231 cells using
the MTS assay (Supporting Information, Figure S4).
Consistent with our previous study,18 the unconjugated
ATAP (in DMSO) had negligible effect on the viability of
both cell lines, even at significantly higher ATAP con-
centrations ([ATAP] =200nM); Figure 3c). Next,we tested
the chemotherapeutic efficacy ofMCNP-ATAPconstructs
delivered to brain and breast cancer cells using magne-
tically facilitated delivery.35,45 We first optimized the
duration of magnetic field exposure (Supporting Infor-
mation, Figure S5) and found that 30 min was the
optimal exposure time, resulting in significantly higher
uptake of MCNP-ATAP constructs. We then tested the
apoptosis-inducing ability of MCNP-ATAP constructs in
U87vIII and MDA-MB-231 cells by delivering varying
concentrations of MCNP-ATAP constructs (Figure 3c
and d) to cells using magnetically facilitated delivery
(30 min magnetic field exposure). The viability of the

Figure 3. (a) internalizing RGD (iRGD)-modified MCNP-ATAP constructs are delivered specifically to U87 cells (having high
levels of integrins) as compared toMCF-7 cells (having low levels of integrins), due to increased receptor�ligand interactions
between iRGD and integrins expressed on U87 cell membrane. (b) Epifluorescent images depicting targeted delivery of iRGD
modified MCNP-ATAP constructs to integrin-positive U87 and integrin-negative MCF-7 cells. (c) Cell viability of MCNP-ATAP
treated U87vIII cells in the presence and absence of hyperthermia 48h post transfection, using MTS-based cell proliferation
assay. Concentration of ATAP in DMSO and on the MCNPs was 200 nM. MCNP concentration was 20 μg/mL. Magnetic
hyperthermia was induced for 45 min. * indicates p < 0.01. d) Cell viability of MCNP-ATAP treated MDA-MB-231 cells in the
presence and absence of hyperthermia 48 h post transfection, using MTS-based cell proliferation assay. Concentration of
ATAP in DMSO and on the MCNPs was 200 nM. MCNP concentration was 20 μg/mL. Magnetic hyperthermia was induced for
45 min. * indicates p < 0.01.
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treated cells was then determined using the MTS assay
48 h post-transfection. As can be seen from Figure 3c,d,
MCNP-ATAP constructs led to a significant increase in
cell death, as compared to unconjugated ATAP at all
concentrations in both U87vIII and MDA-MB-231 cells.
Taken together, these results indicate that the potency of
ATAP is greatly enhanced when conjugated to MCNPs,
possibly due to an increase in its aqueous solubility in
the presence of PEG molecules. Additionally, we tested
whether release of ATAP from the MCNPs was required
to achieve a maximal effect on cell viability. For this
purpose, we compared the effect of cell viability of the
above-mentioned MCNP-ATAP constructs (with a clea-
vable disulfide bond) with MCNP-ATAP constructs (with
a noncleavable amide bond) in brain cancer cells. From
this, it is clearly evident that MCNP-ATAP constructs with
the noncleavable amide bond show a modest decrease
in the cell viability as compared to the cleavable con-
structs (Supporting Information, Figure S6). Taken to-
gether, these results suggest that while the conjugation
of ATAP to the MCNPs increases its overall chemo-
therapeutic efficacy, release of ATAP from the MCNPs is
essential to achieve the maximal apoptotic effect.

Effect of MCNP-Mediated Combined ATAP Delivery and
Hyperthermia in Cancer Cells. As mentioned earlier, our
MCNPs could induce localized hyperthermia in the
presence of an AMF, which can act in a synergistic
manner with the ATAP moieties to increase the per-
meabilization of themitochondrialmembrane and thus
enhance apoptosis (Figure 1b).28,29 Hence, we wanted
to evaluate whether the combination of MCNP-
mediated hyperthermia and ATAP delivery would lead
to a synergistic enhancement of cancer cell apoptosis.
However, prior to testing the MCNP-mediated mag-
netic hyperthermia, we tested the combination therapy
of MCNP-ATAP and water-bath hyperthermia. The
MCNP-ATAP-treated cells were exposed to 45 min of
water-bath hyperthermia (43 �C), and the percent cell
viability was quantified as before. Combined treatment
of water-bath hyperthermia with MCNP-ATAP con-
structs did not lead to significant increase in cancer cell
apoptosis (Supporting Information, Figure S7). Hence,
in the next step, we tested the combination therapy
of MCNP-mediated magnetic hyperthermia and ATAP
delivery. We first optimized the duration of hyperther-
mia by exposing the cells transfected with MCNPs to
either 15, 30, 45, or 60min of hyperthermia (Supporting
Information, Figure S8). From this, it was found that
45 min of hyperthermia was optimal to induce further
cell death (an additional ∼20% based on MTS), and
further increases in the exposure time did not lead to
a corresponding increase in cell death. Thereafter, we
tested the combined therapy by incubating the U87vIII
and MDA-MB-231 cells with MCNP-ATAP constructs
and inducing hyperthermia 24 h post-transfection.
The cell viability following the combined therapy was
determined 48 h post-transfection using an MTS cell

viability assay. From Figure 3c, it can be seen that the
combined therapy of MCNP-ATAP ([ATAP] = 200 nM)
and hyperthermia (45 min) caused significant cell
death, as compared to either treatment alone. Collec-
tively, these results support our hypothesis that hyper-
thermia can significantly enhance ATAP-mediated
cell death. In addition, these results also clearly suggest
that such an enhancement in cell death can only
be seen in the case of MCNP-mediated hyperthermia
and ATAP delivery, as compared to water-bath
hyperthermia.

Effect of MCNP-ATAP Constructs on Mitochondrial Depolariza-
tion of Cancer Cells. In order to confirm that the apoptotic
effect of MCNP-ATAP constructs was caused as a result
of mitochondrial dysfunction, we investigated the loss
of mitochondrial membrane potential (ΔΨm), using
a flow-cytometry-based JC-1 assay.11 Mitochondrial
depolarization occurs as a result of mitochondrial
dysfunction and is regarded as a hallmark of apoptosis
(Figure 4a). JC-1 is a lipophilic, cationic dye, which
selectively translocates to the mitochondria and un-
dergoes a color change as a function of the mito-
chondrial membrane potential (ΔΨm).46 In healthy
cells with high ΔΨm, JC-1 spontaneously forms in-
tense red colored complexes known as J-aggregates,
whereas in apoptotic cells with lowΔΨm, JC-1 remains
in the green monomeric form.47 From Figure 4b, it can
be seen that there is no obvious change in mitochon-
drial membrane potential in U87vIII cells treated with
MCNPs alone, as is evident from the formation of red
J-aggregates (96.0%) with minimal green JC-1 mono-
mers (2.6%). When the U87 cells are treated with
MCNP-ATAP, there is a dramatic increase in the green
fluorescence (JC-1 monomer in the cytoplasm, 25.7%),
suggesting increasedmitochondrial depolarization and
hence apoptosis. This is also coupled with a decrease
in red fluorescence (normal mitochondria, 67.0%).
Taken together, these results suggest that the MCNP-
mediated delivery of ATAP resulted in significantly
higher mitochondrial dysfunction and eventually
increased apoptosis, as compared to unconjugated
ATAP (Supporting Information, Figure S9). Furthermore,
when hyperthermia is induced in cells treated with
MCNP-ATAP, it causes a further increase in the green
fluorescence (38.1%, as compared to 25.7% seen with
MCNP-ATAP), thus suggesting the enhanced effect of
hyperthermia (HT) on the mitochondrial-regulated
apoptosis causedbyATAP, because of their cooperative
mechanism of action. To further quantify the ATAP-
induced mitochondria-dependent apoptosis of U87
cells, we conducted a flow-cytometry-based annexin
V-FITC/PI assay (Supporting Information, Figure S10).
Combined treatment of MCNP-mediated ATAP and
hyperthermia (MCNP-ATAPþHT) showed the highest
percentage of apoptotic cells (38.3%), as compared to
the individual MCNP-ATAP only and MCNP-induced
hyperthermia treatments.
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Preliminary in Vivo Testing of ATAP-iRGD Constructs. Once
we established that the potency of ATAP increases
exponentially upon conjugation to MCNPs, we then
went on to test the potency of MCNP-ATAP constructs
in vivo using a mouse xenograft model. Since such
peptide�nanoparticle constructs are administered
systemically in repeated dosages in a clinical setting,
it is therefore essential to identify the potential of these
constructs to induce an immune response in the mice.
We therefore systemically injected MCNP-ATAP-IRGD
constructs in mice and found that the constructs show
no obvious immunogenicity when tested over a period
of 3 weeks. In addition, we tested the tumor-targeting
capability of ATAP-iRGD constructs in an esophageal
cancer (KYSE)48 xenograft model. These studies showed
that ATAP-iRGDhad similar tumor suppression effects to
those of BH3-iRGD peptide (equal molar concentration),
thus indicating ATAP-iRGD suppresses esophageal tu-
mor growth with limited off-target toxicity in themouse
model (Supporting Information, Figure S11). While
the IC50 for ATAP-iRGD was found to be 4�5 μM, after
MCNP packaging of ATAP, we found that MCNP-ATAP
remarkably improved the IC50 from the μM range to
the50nM range in theMTT assay. Although these in vivo
experiments are still in the preliminary stage, these

in vivo results strongly suggest the potential of MCNPs
to enhance the delivery and efficacy of ATAP in tumors.

CONCLUSION

In conclusion, our MCNP-based targeted delivery of
ATAP combined with magnetic hyperthermia leads to
significantly enhanced apoptosis as a result of their
synergistic effect onmitochondrial dysfunction in both
malignant brain cancer and metastatic breast cancer
cells. By modifying these MCNPs with PEG molecules
and targeting ligands such as iRGD, we were also able
to overcome the critical obstacles impeding the clinical
applications of ATAP as a cancer therapeutic, namely,
poor aqueous solubility and lack of tumor-homing
capacity. Most importantly, our MCNPs afforded us
the dual capabilities of effectively delivering and re-
leasing the ATAPmoieties as well as inducing localized
hyperthermia, thereby potentiating the chemothera-
peutic efficacy of ATAP. Additionally, our nanoparticle
platform can also afford noninvasive tracking of cells
using MRI (due to the magnetic core) and dark-field
imaging (due to the gold shell) and, hence, afford
complementary information for therapy and diagnosis.
Our study represents a proof-of-concept demonstra-
tion of conjugation of ATAP molecules on the

Figure 4. (a) Schematic diagram depicting the presence of JC-1 aggregates (red; healthy cells) and JC-1 monomers (green;
apoptotic cells) as a result of combined MCNP-ATAP and hyperthermia treatment. (b) Flow-cytometry-based JC-1 assay as a
measure of mitochondrial depolarization induced by MCNP-ATAP constructs. The top right quadrant indicates normal
mitochondria (healthy cells, red fluorescence), whereas the bottom right quadrant indicates depolarized mitochondria
(apoptotic cells, green fluorescence). CCCP, carbonyl cyanide 3-chlorophenylhydrazone (positive control); MCNP, 20 μg/mL;
ATAP, 100 nM; hyperthermia (HT), 45 min.

A
RTIC

LE



SHAH ET AL . VOL. 8 ’ NO. 9 ’ 9379–9387 ’ 2014

www.acsnano.org

9385

surface of MCNPs and the downstream effects of
these constructs on cellular processes such as mito-
chondrial permeabilization and apoptosis. We are

currently continuing to evaluate the chemotherapeu-
tic efficacy of the combined therapy in xenograft
models.

METHODS

Synthesis of Core�Shell Nanoparticles. Synthesis of Zn-Doped
Iron Oxide Nanoparticles. In a typical experiment for synthesis
of the nanoparticles,49 1 mmol of zinc chloride (ZnCl2), 2 mmol
of iron(III) acetylacetonate (Fe(acac)3, C15H21FeO6), 6 mmol
of oleic acid, 6 mmol of oleylamine, and 10 mmol of 1,2-
hexadecanediol were mixed in 20 mL of trioctylamine in a
100 mL three-neck round-bottom flask. The reaction mixture
was heated to 200 �C for 2 h, after which the temperature was
increased to 300 �C. After 1 h, the reaction mixture was cooled
to room temperature and the magnetic nanoparticles were
precipitated using ethanol. They were purified by repeated
centrifugation and sonication. The as-obtained nanoparticles
were then dried overnight under vacuum.

Synthesis of Au-Coated Magnetic Nanoparticles. In a typical
coating experiment,37 2.5 mg of zinc-doped iron oxide nano-
particles in chloroform were added to 10mL of tri-n-octylamine
and heated in order to evaporate the chloroform. After cooling
the solution to room temperature, 15 μL of a gold stock
solution (5 mg of HAuCl4 in 300 μL of ethyl acetate) was added
slowly dropwise to the reaction vial followed by 0.306 μL
of 1-dodecanethiol. The reaction mixture was heated to
150 �C and kept at this temperature for 4 h. The Au-coated
nanoparticles were centrifuged and washed several times
with chloroform via centrifugation and magnetic decanta-
tion to separate pure gold nanoparticles from core�shell
nanoparticles

Synthesis of Water-Soluble Core�Shell Nanoparticles. For
converting the hydrophobic core�shell nanoparticles into
hydrophilic ones, a ligand exchange reaction was carried out
by sonicating the hydrophobic MCNPs in the presence of
trisodium citrate and TMAOH.50 In a typical experiment, the
particles were suspended in a minimal amount of chloroform
and added to 5mL of 1MTMAOH containing 0.06 g of trisodium
citrate. A few drops of acid were added to ensure slightly acidic
conditions. The resulting suspension was sonicated on a pro-
be-type sonicator for 30min. The resulting solutionwas purified
by multiple rounds of magnetic decantation.

Formation of MCNP-ATAP Complexes. To obtain PEI-coatedMNPs,
thewater-solubleMNPs fromabovewere first dilutedwithDPBS
to reach a final concentration of 0.1 mg/mL. Afterward, excess
10 kDa branched PEI (Sigma-Aldrich) was added dropwise
(1 mg/mL). After spinning overnight, the PEI-coated MNPs were
filtered using a centrifugal filter unit (EMDMillipore, 10 000MW).
Thereafter, the PEI-coated MNPs were mixed with heterobifunc-
tional linker and SPDP (0.1 mM) and incubated at room tem-
perature for 4�6 h with continuous shaking. Simultaneously,
SH-PEG-COOHmoieties were linked to iRGD-NH2 moieties using
EDC coupling. Thereafter, varying ratios of thiolated ATAP and
thiolated PEG-iRGD constructs were added to the thiol-reactive
SPDP-linked MCNP-PEI complexes. The resulting mixture was
allowed to react overnight, followed by purification using cen-
trifugation. The resulting MCNP-ATAP complexes were then
dispersed in sterile DPBS (Dulbecco's Phosphate Buffered Saline)
for further use. For targeted delivery, the MCNP-PEI complexes
were also conjugated with Alexa-Fluor594-succinimide to allow
for monitoring the uptake of MCNP constructs using fluores-
cence microscopy.

Quantification of ATAP Conjugated to MCNPs Using UV�Visible Spec-
troscopy. A standard curve of ATAP (in 8 M urea) was constructed
by measuring the absorbance of different concentrations of ATAP
solutions at 280 nm using a UV�visible spectrometer (Cary US).
Theamount (inmilligrams) ofATAPpresentpermilliliter of solution
was then calculated by using the following equation:

mg ATAP per mL ¼ (A280� Dilution Factor�MW) =[(1
� 5560)þ (1þ 1200)]

In order to calculate the amount of ATAP conjugated per
milligram of MCNP, the MCNP-ATAP constructs were incubated
with 0.1 M DTT solution to cleave the disulfide bonds between
MCNP and ATAP. The solution was centrifuged, and the super-
natant collected. The amount of ATAP per milligram of MCNP
was then calculated using the above equation bymeasuring the
absorbance at A280 nm.

Particle Size and Zeta Potential Analysis. Dynamic light scattering
(DLS) and zeta potential analyses were performed using aMalvern
Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA,
USA) with reproducibility being verified by collection and compar-
ison of sequential measurements. Complexes (MCNP, MCNP-PEI,
and MCNP-ATAP) for DLS and zeta potential measurements
were prepared using purified water (resistivity = 18.5 MΩ-cm).
DLS measurements were performed at a 90� scattering angle
at 25 �C. Z-Average sizes of three sequential measurements
were collected and analyzed. Zeta potential measurements were
collected at 25 �C, and the Z-average potentials following three
sequential measurements were collected and analyzed.

Cell Culture. U87-EGFRvIII cells were cultured in DMEM
(Dulbecco's modified Eagle's medium) with high glucose
(Invitrogen), 10% fetal bovine serum (FBS), 1% streptomycin�
penicillin, 1%Glutamax (Invitrogen), and hygromycin B (30μg/mL),
while MDA-MB-231 and MCF-7 cells were cultured in DMEM/F-12
with 10% FBS, 1% streptomycin�penicillin, and 1% Glutamax.

Magnetically Facilitated Delivery of MCNPs. Twenty-four hours
before the magnetically facilitated delivery of MCNPs, 2 �
105 cells in a volume of 500 μL were seeded into each well of
a 24-well plate, so as to attain 80�90% confluency at the time of
transfection. For the transfection of MCNP-ATAP constructs, the
varying amounts of MCNP-ATAP constructs were gently mixed
with OptiMEM and then were added to each well to obtain the
desired MCNP-ATAP concentration per well. Subsequently,
the cell culture plates were placed on the Nd�Fe�B magnetic
plates (OZ Biosciences, France) for 15 min. Following this, the
cells were transferred back to the incubator and the media
was replaced with growth medium after 1�2 h of additional
incubation.

Cytotoxicity Assays. The percentage of viable cells was deter-
mined by MTS assay following standard protocols described by
the manufacturer. All experiments were conducted in triplicate
and averaged. Forty-eight hours after initial transfection, the
MTS data are represented as formazan absorbance at 490 nm,
considering the control (untreated) cells as 100% viable.

Targeted Delivery. Highly tumorigenic U87-EGFRvIII cells and
low-tumorigenic MCF-7 cells were cultured in 24-well plates,
at a density of 5� 104 cells per well. For MCF-7 cells, the normal
growth media was DMEM/F-12 (with high glucose, Invitrogen),
10% FBS, 1% Glutamax, and 1% penicillin�streptomycin. For
the delivery of iRGD-conjugated MCNPs, media was exchanged
with serum-free DMEM media, and the cells were incubated
with iRGD-MCNPs for 6�8 h. Fluorescence images were taken
after replacing the serum-free media with regular media.

Magnetic Hyperthermia. Twenty-four hours after seeding cells
as described above, varying concentrations (5�20 μg/mL)
of MCNP-ATAP constructs were prepared in OptiMEM (Life
Technologies) and added to each well. Subsequently, the cell
culture plates were exposed to magnetofection for 15 min
as described above. The culture plates were placed back
into the incubator for 1 h, and afterward, the cells were
washed with DPBS and the transfection medium was replaced
with fresh growth medium. Twenty-four hours after transfec-
tion, cells were washed with DPBS, trypsinized, and exposed
to an alternating magnetic field (5 kA/m, 300 kHz) for the
desired amount of time. Thereafter, fresh media was added
to the treated cells and the cells were plated back into 12-well
plates.
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Measurement of Mitochondrial Membrane Potential. Mitochondrial
stability was assessed by flow cytometry after incubation with
5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidoazolylcarbo-
cyanino iodide (JC-1; Molecular Probes, Eugene, OR, USA) as
per the manufacturer's recommended protocol. Briefly, the cells
were analyzed using flow-cytometry-based JC-1 assay 48 h after
initial transfection. The cells were trypsinized, resuspended
in warm DPBS, and incubated with JC-1 (2 μM) for 15�30 min
at 37 �C and 5% CO2. Thereafter the cells were centrifuged,
resuspended in 500 μL of PBS, and analyzed immediately on
a flow cytometer (Gallios, Beckman Coulter, Inc.) with 488 nm
excitation using emission filters appropriate for Alexa Fluor
488 dye (520 nm) and R-phycoerthyrin (590 nm). Standard
compensation was performed using the carbonyl cyanide
3-chlorophenylhydrazone (CCCP)-treated cells as positive
control. Untreated cells (no MCNP and no ATAP) were used as
negative controls.

Apoptosis Assay. To assay apoptosis using annexin V-FLUOS
and propidium iodide staining (Roche), 48 h after initial trans-
fection, 106 cells were prepared in 1 mL of PBS with 10% FBS in
each test tube. After centrifugation, cells were resuspended
in 100 μL of annexin V binding buffer (ice-cold), and annexin
V-FLUOS and propidium iodide (PI) were added following
the manufacturer's recommendation. Samples were incubated
in the dark for 15 min at room temperature. Finally, 400 μL of
additional ice-cold annexin V binding buffer was added, and the
samples were kept on ice under foil until analysis using flow
cytometry (Gallios, Beckman Coulter, Inc.). Early apoptotic cells
with exposed phosphatidylserine but intact cell membranes
bound to annexin V-FITC but excluded propidium iodide. Cells
in necrotic or late apoptotic stages were labeled with both
annexin V-FITC and propidium iodide.

Xenograft Studies in Nude Mice. Handling of animals was per-
formed in accordance with protocols approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the The Ohio
State University. Five-week-old NCR nude mice (Taconic Farms,
Germantown, NY, USA) were implanted subcutaneously in both
flanks with 2 � 106 KYSE cells. After tumors reached 4 to 7 mm
in diameter (about 9�14 days after implantation), the mice
were randomly divided into two groups so that both the mean
and the variance of the tumor diameters are of no significant
difference among the groups prior to treatment. The ATAP-
iRGD-M8 peptide was injected through the tail vein once every
2 days during the whole procedure. Tumor volume was mea-
sured by a digital caliper (Thermo Fisher Scientific, Waltham,
MA, USA). Tumor volume was determined from the orthogonal
dimensions (length, width) using the following formula: tumor
volume = 1/2(length � width2). According to the IACUC guide-
line, the experiments were terminated when tumors reached
1.5 cm in diameter. At the end of the experiment, mice
were sacrificed and xenografts were removed and weighed.
For toxicological evaluation of peptide treatments, mouse
body weights were measured every 4 days. In addition, after
euthanizing animals, organs (kidney, heart, liver, lung, and
spleen) were expanded, fixed in 10% neutral buffered formalin,
paraffin embedded, and stained with hematoxylin-eosin (H&E)
for pathological analysis.
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