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Multidrug resistance (MDR) is characterized by the overexpression of ATP-binding cassette (ABC)
transporters that actively pump a broad class of hydrophobic chemotherapeutic drugs out of cancer cells.
MDR is a major mechanism of treatment resistance in a variety of human tumors, and clinically applicable
strategies to circumvent MDR remain to be characterized. Here we describe the fabrication and
characterization of a drug-loaded iron oxide nanoparticle designed to circumvent MDR. Doxorubicin
(DOX), an anthracycline antibiotic commonly used in cancer chemotherapy and substrate for ABC-mediated
drug efflux, was covalently bound to polyethylenimine via a pH sensitive hydrazone linkage and conjugated to
an iron oxide nanoparticle coated with amine terminated polyethylene glycol. Drug loading, physiochemical
properties and pH lability of the DOX-hydrazone linkage were evaluated in vitro. Nanoparticle uptake,
retention, and dose-dependent effects on viability were compared in wild-type and DOX-resistant ABC
transporter over-expressing rat glioma C6 cells. We found that DOX release from nanoparticles was greatest at
acidic pH, indicative of cleavage of the hydrazone linkage. DOX-conjugated nanoparticles were readily taken
up by wild-type and drug-resistant cells. In contrast to free drug, DOX-conjugated nanoparticles persisted in
drug-resistant cells, indicating that they were not subject to drug efflux. Greater retention of DOX-conjugated
nanoparticles was accompanied by reduction of viability relative to cells treated with free drug. Our results
suggest that DOX-conjugated nanoparticles could improve the efficacy of chemotherapy by circumventing
MDR.
oxorubicin; ABC, ATP-binding
article; NP, nanoparticle; NP-
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1. Introduction

Treatment of approximately 50% of human cancers includes the
use of chemotherapy [1]. In many instances, the effectiveness of
chemotherapy is limited by selection of drug-resistant cells expres-
sing the multidrug resistance (MDR) phenotype. MDR generally
reflects the overexpression of ATP-binding cassette (ABC) transpor-
ters which increase the efflux of a broad class of hydrophobic drugs
from cancer cells [2]. While significant effort has been placed on the
discovery and development of MDR inhibitors, their clinical applica-
tion has been hindered by low efficacy and high toxicity [2]. This has
provided a strong incentive for researchers to develop other strategies
to overcome MDR.
Nanotechnology provides an alternative strategy to circum-
vent MDR by offering a means to encapsulate or attach drugs to
nanomaterials such as lipids, polymers and solid-core nanoparticles
which are resistant to drug efflux. Conjugation to nanomaterials can
also maximize exposure of target cells to drug by prolonging drug
persistence in the circulation and enhancing penetration of physio-
logical barriers. Inclusion of targeting ligands has the potential of
effecting tumor-specific drug delivery and retention, thus minimizing
systemic toxicity [3–5].

Early nanotechnology strategies for overcoming MDR included
loading drug into liposomes in order to increase drug concentration in
the tumor [6]. This has led to the development of liposome encapsu-
lated doxorubicin (DOX; trade names Doxil, Caelyx, and Myocet), and
daunorubicin (DaunoXome), two anthracycline antibiotics commonly
used in cancer chemotherapy. However, these lipid-encapsulated
anthracyclines have limited clinical utility and are used primarily in
the treatment of breast cancer and AIDS-related Kaposi sarcoma and
multiple myeloma [7]. Furthermore, in an early study, liposome
encapsulated DOX was subject to MDR in glioma cells [8]. An
improved lipid nanocapsule formulation containing paclitaxel was
developed and showed improved resistance to MDR in a rodent
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glioma model [9]. These results indicate that encapsulating drugs in
nanomaterials is a promising strategy for overcoming MDR. Other
early nanotechnology approaches for overcoming MDR in cancer
include covalent attachment of drug to polymers and solid-core
nanoparticles to prevent drug efflux [10,11].
Fig. 1. Synthesis schematic. a) Polyethylenimine (PEI) was activated with a hydrazine group
b) Doxorubicin (DOX) was attached to PEI-BMPH through a hydrazone bond. c) Amine termi
free iodoacetyl group and subsequently reacted to PEI-DOX through a thioether linkage to
Superparamagnetic iron oxide nanoparticles (SPIONs) have
emerged as a promising nanomaterial for drug delivery due to their
ability for integrative therapeutic and diagnostic (i.e. theranostic) ap-
plications [5,12–14]. The superparamagnetism of the iron oxide core
enhances contrast in magnetic resonance imaging (MRI) facilitating
through subsequent modifications with Traut's reagent and BMPH to form PEI-BMPH.
nated PEG coated iron oxide nanoparticles (NP-PEG) were activated with SIA to render a
form NP-DOX. Each NP-DOX had 216±99 PEI, and 5±2 DOX per PEI.
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Table 1
Comparative expression level of MDR-related genes for C6 and C6-ADR cell populations.

IC50 (ng/mL DOX)a ABCB1b ABCB5b ABCB8b ABCC1b

C6 455 1±0.03 1±0.2 1±0.03 1±0.02
C6-ADR N10,000 97±7 7.3±1.8 2.3±0.11 2.8±0.04

Viability assessed by reduction of Alamar blue following the manufacturer's protocol
(Invitrogen, Carlsbad, CA). Primers for the ATP-binding cassette (ABC) transporters
involved in DOX efflux [30] were designed using Primer-BLAST (NCBI, Bethesda, MD)
and purchased from Integrated DNA Technologies (IDT, San Diego, CA).

a IC50 for DOX was calculated using a polynomial dose–response approximation
using the Origin software package (OriginLab Corporation, Northampton, MA).

b Expression of ABC transporters was relative to the housekeeping gene GAPDH and
was normalized to that of drug sensitive C6 cells.
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non-invasive, real-time monitoring of drug delivery. This could allow
physicians the ability to adjust dosing to achieve optimal tumor uptake
of drug [15]. In addition, SPIONs are non-toxic [16] as the iron from
degraded NP cores accumulates into the natural iron stores of the body
[17]. The high surface area to volume ratio of nanomaterials, such as
liposomes and solid core NPs including SPIONs, provides the potential
for high drug loading and attachment of other surface constituents such
as tumor-targeting ligands. Attachment of the chemotherapeutic
methotrexate to SPIONs provided both contrast in MRI and controlled
drug delivery to breast cancer, cervical cancer, and glioma cells in vitro
[18,19]. SPIONs and DOX have been loaded into polymeric micelles for
liver cancer theranostics and showedminimal side-effects as compared
to free DOX and the Doxil formulation in a rabbit model [20]. DOX
physically adsorbed to SPIONs for MR imaging and therapy of a mouse
model of Lewis lung carcinoma had excellent antitumor effects (63%
reduction in tumor growth) with no systemic toxicity [21]. Another
study showed that daunorubicin loaded SPIONs increased the intracel-
lular accumulation of drug in drug resistant leukemia cells, but their
therapeutic advantage was unclear [22,23]. These and other [24–28]
studies with drug loaded SPIONs demonstrate their advantage as drug
delivery vehicles by increasing intracellular drug concentration and
minimizing off-target side effects. However, no study to date has
determined if drug loaded SPIONs are able to overcome MDR for
improved treatment efficacy.

We previously developed SPIONs coated with polyethylene glycol
(PEG) that show long-term stability in biological media and excellent
magnetic properties [29]. Based on this work, here we develop a DOX-
conjugated SPION (NP-DOX) and examine its susceptibility to MDR-
mediated drug efflux, a common mechanism of resistance to DOX
[30]. DOX is conjugated via a pH sensitive hydrazone bond to control
intracellular release and facilitate nuclear uptake [31]. The nanopar-
ticle (NP) utilizes polyethylenimine (PEI) as a docking molecule for
DOX to achieve high drug loading and as a strategy to escape
endosomal retention in order to increase the intracellular DOX
concentration [32]. Low molecular weight PEI is less toxic than high
molecular weight PEIs [33], and conjugation to biocompatible
polymers (such as PEG on NP) greatly reduces its toxicity [34,35]
while maintaining a significant buffering capacity [36–39]. We show
that NP-DOX is resistant to ABC-mediated drug efflux, and that
increased drug retention is accompanied by enhanced loss of viability.

2. Materials and methods

2.1. Materials

Doxorubicin-HCl, PEI (1.2 kDa), and all other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.
The heterobifunctional linkers 2-iminothiolane (Traut's reagent),
succinimidyl iodoacetate (SIA), and β-maleimidopropionic acid hydra-
zide (BMPH)werepurchased fromMolecularBiosciences (Boulder, CO).
Tissue culture reagents including Dulbecco's modified Eagle medium
(DMEM) and antibiotic–antimycotic were purchased from Invitrogen
(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals (Lawrenceville, GA).

2.2. Nanoparticle synthesis

Iron oxide NPs coated with a monolayer of amine terminated PEG
(SPION) were prepared as previously described and stored at 4 °C in
PBS [29]. DOX was covalently attached to PEI as outlined in Fig. 1. PEI
(1 mg) was thiolated using Traut's reagent (1 mg) in 100 μL of
100 mM sodium bicarbonate, pH 8.0, 5 mM EDTA. After a one-hour
incubation at room temperature, 2.2 mg of BMPH in 100 μL dimethyl-
formamide (DMF) was added to thiolated PEI, followed by 4 mg of
DOX in 200 μL DMF. The reaction was maintained in the dark at
room temperature for 2 hrs. In a separate reaction, 6 mg of SPIONs
in 1.16 mL PBS was incubated with 6 mg SIA in 133 μL DMF in the
dark with gentle rocking to produce a thiol reactive iodoacetyl
group. Unreacted SIA was removed by size exclusion chromatog-
raphy using a PD-10 desalting column (GE Healthcare, Piscataway,
NJ) equilibrated with 100 mM sodium bicarbonate, pH 8.0, 5 mM
EDTA. The PEI-linked DOX and SIA derivatized SPIONs were incubated
with gentle rocking in the dark for 2 h, and NPs were separated
from unreacted precursors by size exclusion chromatography using
S-200 resin (GE Healthcare, Piscataway, NJ) equilibrated with PBS.
DOX-conjugated SPIONs (NP-DOX) were stored in PBS at 4 °C in the
dark.

2.3. Nanoparticle characterization

The size and zeta potential were determined using a DTS Zetasizer
Nano (Malvern Instruments, Worcestershire, UK) by measuring
dynamic light scattering of a 100 μg/mL suspension of NP-DOX at
pH 7.4. The stability of NP-DOX was determined at 100 μg/mL in
DMEM containing 10% FBS and 1% antibiotic–antimycotic. DOX
content was determined by measuring fluorescence of NP-DOX
dissolved in concentrated HCl using a SpectraMax M5 microplate
reader (Molecular Devices, Union City, CA) at excitation and emission
wavelengths of 485 nm and 590 nm, respectively. NP-DOX were
placed in an equal volume of concentrated HCl to dissolve the iron
oxide core. The number of DOX per NP was calculated based on a
standard curve of DOX fluorescence to DOX concentration, and
assuming a NP core size of 12 nm, as determined previously, to
estimate NP molecular weight [29]. The number of PEI molecules per
NP was determined using proton NMR on a Bruker AVance
spectrometer operating at 300 MHz with TSP as a reference.

2.4. Drug release

NP-DOXwere diluted into PBS at pH 7.5 or 6.5 and acetate buffer at
pH 5.5 or 4.5 at a concentration equivalent to 5 μg/mL free DOX (i.e.
8.6 μM DOX) and incubated at 37 °C for 1, 2, 4, 8, and 24 h. Free DOX
was also diluted in the same buffers to 5 μg/mL and incubated under
the same conditions to serve as unbound control. After incubation and
centrifugation at 20,000×g to pellet NPs, free DOX content in the
supernatant was determined by fluorescence measurement as
described above. Percent DOX released from NP-DOX was calculated
using the fluorescence of free DOX as a standard.

2.5. Drug resistant cell line development and characterization

Rat glioma C6 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA) and maintained at 37 °C in 95%/5%
humidified air/CO2 in DMEM containing 10% FBS and 1% antibiotic–
antimycotic. DOX resistant C6 cells (C6-ADR) were developed by
exposing C6 cells to increasing doses (1, 5, 10, 25, 50, 100, 500, 1000,
and 5000 ng/mL) of DOX for 24 h followed by 3–4 days of recovery
before exposing to the next dose. C6-ADRwere then frozen and stored



Fig. 3. Drug release profiles showing the pH dependent release of DOX from NP-DOX.
The pH tested correspond to that of blood (pH 7.5), tumor microenvironment (pH 6.5),
and endosomes/lysosomes (pH 5.5 and 4.5).

Table 2
Physiochemical properties and physical characterizations of NP-DOX.

Z-average
size (nm)

Volume-average
size (nm)

Number-average
size (nm)

Zeta potential
(mV)

DOX per
NP

91 63 30 −2.86±6.80 1089±21
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in liquid nitrogen. Fresh aliquots of C6-ADR were used in all
experiments to ensure that C6-ADR did not revert to a drug sensitive
phenotype. As illustrated in Table 1, the DOX dose required to reduce
viability 50% (IC50) was more than 20-fold greater in C6-ADR
compared to its wild-type progenitor. Real time PCR revealed that
greater drug resistance was accompanied by 2.3- to 97-fold greater
abundance of message for the MDR genes ABCB1, ABCB5, ABCB8 and
ABCC1 (Table 1), suggesting that elevated resistance to DOX reflected
enhanced drug efflux.

2.6. Cellular uptake of NP-DOX

Cells were plated at 100,000 cells in 1 mL supplemented DMEM
per well in 24-well plates the night before treatment. Cells were
incubated with 1000 ng/mL free DOX or a concentration of NP-DOX
equivalent to 1000 ng/mL free drug in 1 mL supplemented medium
for 4 h before washing the cells thrice with PBS and returning them to
the drug-free medium. Cell number per well was determined using
Alamar blue and calculated based on a previously prepared standard
curve of Alamar blue reduction to plated cell number. At 4 h and 24 h
time points after initiating drug treatment, cells were solubilized with
400 μL concentrated HCl then transferred to a black bottom 96-well
plate for fluorescence measurement on the microplate reader. DOX
concentration per cell was calculated based on DOX fluorescence and
cell number obtained from Alamar blue reduction.

2.7. Fluorescence imaging

Cells were plated at 500,000 cells in 2 mL supplemented medium
per well in 6-well plates containing 22×22 mm glass cover slips the
night before treatment. Cells were incubated with 1000 ng/mL free
DOX or equimolar concentration of NP-DOX in 2 mL fully supple-
mented DMEM for 4 h. Cells were subsequently washed thrice with
PBS before adding 2 mL of supplemented media. After 24 h, cells were
washed thrice with PBS and fixed in 4% formaldehyde (Polysciences
Inc., Warrington, PA) for 30 min. Cell membranes were stained with
wheat germ agglutinin, Alexa Fluor 488 conjugates (WGA-AF488,
Invitrogen, Carlsbad, CA) following themanufacturer's protocol. Cover
slips were then mounted on microscope slides using Prolong Gold
anti-fade solution (Invitrogen, Carlsbad, CA) containing DAPI for cell
nuclei staining. Images were acquired on an inverted fluorescent
Fig. 2. Colloidal stability of NP-DOX. NP-DOX displayed no appreciable change in size
during incubation at 37 °C for 5 days in DMEM with 10% FBS.
microscope (Nikon Instruments, Melville, NY) with the appropriate
filters using a Nikon Ri1 Color Cooled Camera System (Nikon
Instruments, Melville, NY) and 60× Oil Objective Lens (Nikon
Instruments, Melville, NY).

2.8. Dose–response experiments

Sensitive C6 and resistant C6-ADR cells were plated at 10,000 cells
per well in 96-well plates the night before treatment. Cells were then
treated with free DOX or NP-DOX at 0, 10, 50, 100, 1000, and
10,000 ng/mL DOX in 150 μL supplemented DMEM for 4 h before
washing thrice with PBS and adding 150 μL fresh medium. Cell
viability was determined at 24, 48, and 72 h using the Alamar blue
viability assay following the manufacturer's protocol (Invitrogen,
Carlsbad, CA). IC50 values were calculated from dose–response curves
generated using a polynomial dose–response approximation using
the Origin software package (OriginLab Corporation, Northampton,
MA). The resistance factor was calculated from IC50 values at the 72 h
time point by dividing the IC50 of C6-ADR cells by the IC50 of C6 cells.
The fold increase in viability (i.e. C6-ADR viability/C6 viability) was
calculated at the 24, 48, and 72 h after exposure to 1000 ng/mL DOX
or NP-DOX.

2.9. Statistical analysis

All experiments were run in triplicate and acquired data are
expressed at mean±SD. Statistical significance was determined using
Student's t-test. Significant values were designated as follows:
*Pb0.05, **Pb0.01, and ***Pb0.001.
Fig. 4. Accumulation of free DOX or NP-DOX inwild-type and drug-resistant C6 cells. Cells
were treated for 4 hwith 1000 ng/mLDOXorequimolar concentration ofDOXonNP-DOX,
then intracellularDOXwasdeterminedby thefluorescence of cell lysate andnormalized to
cell number using Alamar Blue at a) 4 h and b) 24 h after initial drug exposure. N.S.
indicates no significance, * indicates Pb0.05, ** indicates Pb0.01, and *** indicates Pb0.001
as determined by Student's t-test.

image of Fig.�2
image of Fig.�3
image of Fig.�4
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3. Results and discussion

3.1. Nanoparticle development

Iron oxide NPs coated with amine terminated polyethylene glycol
(PEG) [29]were derivatizedwith doxorubicin (DOX) covalently bound
to PEI via a pH labile hydrazone bond using a BMPHheterobifunctional
linker (NP-DOX; Fig. 1). Using PEI as a linking molecule enabled very
high loading of DOX, i.e. 1089±21 DOX molecules per NP, quantified
by fluorescence. This high loading capacity is critical to minimize the
amount of NPs required to deliver cytotoxic drug doses. Furthermore,
the use of PEI as the dockingmolecule provided amechanism to escape
the endosome/lysosome, a likely site of internalization of NPs [5], by
preventing exocytosis through the proton sponge effect [40]. These
properties are designed to increase therapeutic efficacy in multidrug
resistant (MDR) cells by facilitating intracellular delivery of high drug
doses.

The size and surface charge of NPs are important physiochemical
parameters in designing drug delivery vehicles. NP-DOX had a
Fig. 5. Fluorescence visualization of DOX intracellular accumulation. Both a) drug sensitiv
equivalent DOX concentration of NP-DOX for 4 h then allowed to grow for an additional 20
hydrodynamic size within the desired range of 10–100 nm to prevent
elimination by the kidneys (b10 nm) and recognition by macrophage
cells (N100 nm) [41,42]. As listed in Table 2, Z-average size, volume
average size, and number average size were 91 nm, 63 nm, and
30 nm, respectively. NP-DOX had a slightly negative zeta potential, a
measure of the surface charge, (−2.86±6.80) owing to the negative
charge of both NP and DOX. This negative zeta potential may facilitate
deep penetration of NPs into tumors in vivo [43]. However, NPs with
volume-average sizes ≥60 nm are not expected to non-specifically
penetrate deeply into tumors [44]. Therefore, NP-DOX will require a
targeting ligand to achieve significant distribution throughout a
tumor in vivo [45–47]. These NP properties will facilitate clinical
application and are summarized in Table 2.

3.2. Nanoparticle stability

Another important parameter of nano-sized delivery vehicles is
their colloidal stability in complex fluids such as blood to prevent
aggregation and the potential for embolism. Furthermore, aggregation
e C6 and b) drug resistant C6-ADR cells were treated with 1000 ng/mL free DOX or
h. Scale bars correspond to 20 μm.

image of Fig.�5
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of NPs could compromise therapeutic efficacy by promoting removal
from the circulation by the reticuloendothelial system. NP-DOX
showed excellent stability in serum-supplemented DMEM over
5 days (Fig. 2) indicating that the NPs are not prone to aggregation
under physiological conditions. The larger number-average size in
DMEM containing 10% FBS as compared to PBS (Table 2) indicates that
although the colloidal stability of NP-DOX is not affected, the
hydrodynamic properties are slightly different, possibly due to the
presence of amino acids and globular proteins such as serum albumin.

3.3. pH dependent drug release

NP-DOX was incubated in PBS and acetate buffers at different pH to
examine drug release under conditions likely encountered followingNP
tumor uptake and intracellular sequestration. The pH levels chosen
replicated that found in the blood (pH 7.4), as well as the acidity
characteristic of the tumor microenvironment (pH 5.8–7.6) [48], and of
endosomes/lysosomes which are more acidic (pH 4–6) [49]. As
shown in Fig. 3, DOX was released more readily at pH less than 6.5.
This 50% improvement in DOX release at acidic pH indicates that DOX
can be released preferentially in the endosomal/lysosomal compart-
ment of the cell where it is protected from drug efflux. Fig. 3 also
shows that at pH 4.5 only 33% of bound drug is released in 24 h
suggesting that hydrophobic interactions may bind a fraction of the
DOX to the iron oxide NP core after cleavage of the hydrazone bond
[50]. This could account for limited release of DOX from NP-DOX.

3.4. Intracellular accumulation of doxorubicin

To determine if DOX conjugated to NPs could circumvent ABC-
mediated drug efflux, we compared DOX accumulation in wild-type
C6 glioma cells and in C6-ADR, a DOX-resistant variant that over-
expresses a number ABC transporter genes (Table 1). Cells were
incubated with 1000 ng/mL free DOX or an equivalent dose of NP-
DOX for 4 h before being returned to the drug-free, fresh medium. As
shown in Fig. 4a, after drug treatment (i.e., 4 h after initial drug
exposure), accumulation of free DOX in wild-type cells was 5-fold
greater compared to drug resistant cells (C6-ADR) (1.05±0.19 pg vs
0.22±0.11 pg DOX/cell; P≤0.01). By 24 h after initial drug exposure,
DOX concentration in C6 cells treated with free drug (0.11±0.06 pg
DOX/cell) was about 10-fold lower than at 4 h (1.05±0.19 pg DOX/
Fig. 6. Drug response curves. a) C6 and b) C6-ADR were treated with free DOX or NP-DOX a
in ng/mL.
cell) likely reflecting drug metabolism and efflux [51], while DOX was
undetectable (−0.02±0.04 pg DOX/cell) in C6-ADR cells (Fig. 4b).
These findings indicate that ABC transporter gene over-expression
impedes DOX accumulation in C6 cells.

In contrast to free drug, accumulation of DOX conjugated to NPs
did not differ between C6 and C6-ADR cells either 4 h (1.20±0.05 pg
vs 1.44±0.09 pg DOX/cell; Fig. 4a) or 24 h (0.67±0.06 pg vs 0.65±
0.04 pg DOX/cell; Fig. 4b) after initial drug exposure. These results
indicate that NP-DOX is less susceptible to ABC-mediated drug efflux.
The greater accumulation achieved by NP-DOX may also reflect
diminished drug metabolism. DOX is reduced by aldo-keto reductases
(AKR), a class of enzymes that facilitate the conversion of hydrophobic
substrates into alcohols (e.g., doxorubicinol) as an initial step in
detoxification [52]. NP-DOX is not a substrate for AKRs since the
relevant ketone groups of DOX are linked to PEI via hydrazone bonds
(Fig. 1). Importantly, AKR-mediated reduction has been implicated in
the life-threatening cardiotoxicity associated with DOX [52,53],
suggesting that conjugation of DOX to NPs could reduce the risk of
cardiotoxicity.

To further characterize drug uptake and accumulation in cells, the
intracellular localization of DOX in C6 and C6-ADR cells treated for 4 h
with either free DOX or NP-DOX was visualized by fluorescence
imaging 20 h after drug exposure (Fig. 5). Free DOX accumulated in
the nucleus of C6 cells while NP-DOX accumulated throughout the cell
and concentrated in the perinuclear region (Fig. 5a). In contrast, no
fluorescence was detectable in resistant C6-ADR cells treated with
free DOX, consistent with enhanced drug efflux mediated by the
overexpression of ABC transporters, in accord with previous studies
using cells displaying the MDR phenotype [31,54] (Fig. 5b). In
contrast, NP-DOX was detectable in C6-ADR cells further suggesting
that DOX conjugated NPs is not a substrate for drug efflux (Fig. 5b).

3.5. Overcoming MDR for increased therapeutic efficacy

To examine the susceptibility of NP-DOX to MDR, the viability of
C6-ADR cells was determined using the Alamar Blue assay at 24, 48,
and 72 h after initiating exposure to either free DOX or NP-DOX
(Fig. 6b). C6-ADR cells were more sensitive to NP-DOX than to free
drug, suggesting that NP-DOX can circumvent drug-efflux-mediated
drug resistance. Drug sensitive C6 cells were more sensitive to free
DOX (Fig. 6a) which is likely due to free DOX quickly diffusing to the
nd cell viability was analyzed 24, 48, and 72 h post-treatment. DOX concentrations are

image of Fig.�6


Table 3
IC50 values for free DOX and NP-DOX in sensitive C6 and resistant C6-ADR glioma cells
at 24, 48, and 72 h time points. IC50 values are given in ng/mL doxorubicin.

Free DOX NP-DOX P-value

C6 24 h N10,000 N10,000 n.a.
48 h 311±18 554±9 b0.001
72 h 99±4 521±17 b0.001

C6-ADR 24 h N10,000 N10,000 n.a.
48 h N10,000 2623±28 b0.001
72 h 5568±40 1728±25 b0.001
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nucleus, whereas NP-DOX must be trafficked through the cell before
free DOX is released and can reach the nucleus to intercalate DNA.
These trends in drug response are more clearly illustrated by the IC50

values obtained from the dose–response curves that were approxi-
mately 3- to 5-times lower for NP-DOX than for free DOX in C6-ADR
cells (Table 3). This provides evidence that the ability of NP-DOX to
prevent drug efflux from drug-resistant cells corresponds to enhanced
cell kill. Furthermore, the IC50 values are well within the range
achievable in blood plasma, suggesting their clinical applicability.
Clinically, the PEGylated liposome nanoparticle formulation of DOX,
Doxil, achieves peak plasma concentrations of 9–45 μg/mL for well
over 4 h (the amount of time cells were exposed to drug in our
study) [55].

Comparing the viability of C6-ADR to C6 cells treated with
1000 ng/mL of DOX or NP-DOX further indicates that NP conjugated
drug is less susceptible to MDR than free drug. As shown in Fig. 7a,
the increase in drug resistance conferred by overexpression of ABC
transporter genes is consistently less for NP-DOX treatment than
for free DOX treatment. Further evidence of NP-DOX circumventing
drug efflux-mediated resistance is provided by comparing the ratio
of IC50 values for C6-ADR and C6 cells treated with free DOX and
NP-DOX. As shown in Fig. 7b, this ratio, or resistance factor, for free
drug was 56±2.3 (i.e., the IC50 for C6-ADR was 56-fold greater
Fig. 7. NP-DOX circumvents MDR-mediated resistance. a) Fold increase in viability
of drug-resistant cells relative to drug-sensitive cells (C6-ADR∕C6) treated with
1000 ng/mL free DOX or equivalent dose of NP-DOX. b) Resistance factors for 72 h
time point. The resistance factor is the ratio of IC50 of C6-ADR to the IC50 of C6. N.S.
indicates no significance, * indicates Pb0.05, ** indicates Pb0.01, and *** indicates
Pb0.001 as determined by Student's t-test.
than that for C6). In contrast, the ratio for NP-DOX was approx-
imately 10-fold lower (3.3±0.1), consistent with NP-DOX being less
susceptible to drug efflux than free drug.

4. Conclusions

Superparamagnetic iron oxide NPs loaded with covalently bound,
biologically active DOX using the pH labile hydrazone bond were
successfully prepared. Very high loading of DOX was achieved
through the use of polyethylenimine as a docking molecule. DOX
loaded NPs showed greatest release at pH between 4 and 5, com-
parable to that found in endosomes/lysosomes. Importantly, NP-DOX
was able to circumvent the drug resistance associated with over-
expression of ATP-binding cassette (ABC) transporters, specifically
ABCB1, ABCB5, ABCB8, and ABCC1, in C6 glioma cells, suggesting a role
for NP-conjugated drugs in overcoming ABC-mediated drug resis-
tance. This nanoparticle system could provide an effective therapy
for patients afflicted with deadly drug-resistant cancers who would
otherwise not respond favorably.
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