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Abstract

Superparamagnetic iron oxide nanoparticles (SPION) are an important and versatile nano- plat-
form with broad biological applications. Despite extensive studies, the biological and pharmaco-
logical activities of SPION have not been exploited in therapeutic applications. Recently,
B-lapachone (B-lap), a novel anticancer drug, has shown considerable cancer specificity by selec-
tively increasing reactive oxygen species (ROS) stress in cancer cells. In this study, we report that
pH-responsive SPION-micelles can synergize with B-lap for improved cancer therapy. These
SPION-micelles selectively release iron ions inside cancer cells, which interact with hydrogen
peroxide (H,O,) generated from B-lap in a tumor-specific, NQO |-dependent manner. Through
Fenton reactions, these iron ions escalate the ROS stress in -lap-exposed cancer cells, thereby
greatly enhancing the therapeutic index of $-lap. More specifically, a 10-fold increase in ROS stress
was detected in -lap-exposed cells pretreated with SPION-micelles over those treated with -lap
alone, which also correlates with significantly increased cell death. Catalase treatment of cells or
administration of an iron chelator can block the therapeutic synergy. Our data suggest that in-
corporation of SPION-micelles with ROS-generating drugs can potentially improve drug efficacy
during cancer treatment, thereby provides a synergistic strategy to integrate imaging and thera-
peutic functions in the development of theranostic nanomedicine.

Key words: superparamagnetic iron oxide nanoparticles, B-lapachone, reactive oxygen species,
Fenton reaction, theranostic nanomedicine.

Introduction

Superparamagnetic iron oxide nanoparticles
(SPION or Fe30s) have been widely used in a variety
of biological applications, such as magnetic resonance
imaging (MRI), biosensing, magnetic hyperthermia,
cell separations, targeted drug delivery, and tissue
engineering [1-4]. Several imaging products such as

Feridex IV, Resovist and Lumirem are clinically ap-
proved for liver or GI tract imaging [5]. Recently,
SPIONs have been incorporated with therapeutic
drugs into theranostic nanomedicine platforms for
multimodal cancer imaging and image-guided cancer
therapy [6, 7]. Our laboratory has previously estab-
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lished SPION-loaded polymeric micelles as ul-
tra-sensitive MRI contrast agents [8-11] or targeted
drug delivery systems [12, 13]. In general, SPIONs are
considered inert imaging agents without intended
pharmacological functions [14]. In recent years,
SPION metabolism has been extensively studied in
various biological systems [15-17]. So far, SPIONs
have not shown observable short- or long-term toxic-
ities [18-20], after cell uptake and internalization
[21-23]. A few studies reported that SPION nanopar-
ticles were degraded and metabolized in endocytic
organelles within cells [18, 23], and the resulting iron
ions were transported across the endo/lysosomal
membranes via the divalent metal transporter-1
(DMT1) into the cytosol [24, 25]. Conceivably, newly
formed iron ions may considerably affect the intra-
cellular oxido-reduction reactions and homeostasis of
reactive oxygen species (ROS) inside cells. One ex-
ample is the Fenton reaction (Eqgs. 1-2) [26-29]:

Fe?* + HO, — Fe?* + OH + OH- ..(1)
Fe3* + H,O, — Fe2* + OOH "+ H* ...(2)

where H>O» is converted into highly reactive hydroxyl
or superoxide radicals catalyzed by Fe?*/Fe3* ions.
However, there are no reports documenting effects of
SPION/ Fe?*/Fe3* on drug efficacy inside cancer cells.

Recently, exploiting increased ROS levels and
altered redox status in cancer cells has become a new
therapeutic strategy to improve cancer selectivity over
normal cells [30]. Moderate increases in ROS may
confer cancer cells advantages of faster genetic muta-
tions, higher cell proliferation and elevated differen-
tiation rates. However, cancer cells are also more
susceptible to oxidative insults compared to normal
cells. Additional ROS stress induced by exogenous
agents can overwhelm the relatively low antioxidant
capacity and disrupt the redox homeostasis inside
cancer cells, which can lead to selective tumor cell
toxicity. A variety of therapeutic drugs that either
generate ROS or inhibit antioxidant enzymes have
been developed for cancer treatment [30-32]. For ex-
ample, motexafin gadolinium, which can selectively
accumulate in tumor cells and induce intracellular
superoxide formation for cytotoxicity, has been eval-
uated in phase III trials for cancer therapy [33]. In
another example, mangafodipir acts as antioxidant in
normal cells, but increases H>O; levels in cancer cells,
showing synergy in combination with chemotherapy
among liver cancer patients in phase II studies [34].

In the past 10 years, our labs have studied an
exogenous ROS-generating agent, p-lapachone

(B-lap), for cancer chemotherapy [35, 36]. Catalysed by
NAD(P)H: quinone oxidoreductase 1 (NQO1) that is
specifically overexpressed in breast, prostate, lung,
and pancreatic cancer cells, f-lap can undergo futile
redox cycles to generate elevated superoxide (Oz) and
H>O,, causing massive ROS levels and
poly(ADP-ribose) polymerase 1 (PARP1) hyperacti-
vation-mediated programmed necrosis (Scheme
1/Figure S1). Combination of iron ions with B-lap can
further produce highly reactive hydroxyl radicals
through Fenton reactions, increasing the antitumor
activity of B-lap, lowering its effective dose. In most
cells, intracellular iron ions are generally bound in
specific proteins and only trace amount of free ions
are available for Fenton reactions [37]. Herein, we
investigate ~a  nanoplatform  composed  of
pH-responsive SPION-micelles to investigate its
therapeutic synergy with p-lap. We hypothesize that
once taken up by the cancer cells, SPION-micelles can
act as an intracellular iron donor, degraded in acidic
organelles such as endosomes (pH 5.5-6.3) or
lysosomes (pH 5.0-5.5) [38], with pH-dependent re-
lease of iron ions [39] (Scheme 1/Figure S1). In the
presence of these iron ions, hydrogen peroxide gen-
erated from NQO1-specific -lap futile redox cycling
will be transformed into highly reactive hydroxyl
radicals, and increase ROS stress in the cancer cells.
Integration of SPION-micelles with ROS-based anti-
cancer drugs can potentially improve drug targeting
specificity and therapeutic efficacy in cancer therapy.

Materials and Methods

Preparation and Characterization of
SPION-micelles. SPION (5.8 nm) was first synthe-
sized following a published procedure [40]. The
pH-sensitive amphiphilic copolymer, poly(ethylene
glycol)-b-poly(2-(2-diisopropylamino) ethyl methac-
rylate (PEG114-b-PDPA129), was synthesized by atomic
transfer radical polymerization (ATRP) [41]. For the
preparation of pH-responsive SPION micelles, 8.0 mg
PEG-b-PDPA and 2.0 mg SPIONs were first dissolved
in 1.0 mL tetrahydrofuran (THF) in a glass vial. Then
the solution was added to purified water (3.0 mL)
under vigorous ultrasonic agitation using a Type 60
Sonic Dismembrator (Fisher Scientific). The vial was
then open to air overnight, allowing evaporation of
THF and formation of micelles. The residual THF was
completely removed using centrifugation dialysis
(MW cutoff 100 kD, Millipore, MA) (3,000 rpm, 30
min, 3 times). Finally, SPION micelles were filtered
through 0.22 um filter and stored at 4 °C.
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Figure S| (Scheme I). Schematic illustration of intracellular distribution of pH-sensitive SPION-micelles, iron ion release, subsequent
Fenton reactions with NQO|-dependent H,O: generated from B-lapachone (B3-lap) futile redox cycle to amplify ROS stress levels for
improved antitumor efficacy. NQO| - NAD(P)H: quinone oxidoreductase |; SOD - superoxide dismutase.

Transmission electron microscopy (TEM) was
performed to examine the particle size and morphol-
ogy using a JEOL 1200 EX II instrument (Tokyo, Ja-
pan). Each sample was first diluted using water and
then placed on a glow discharged copper grid and
allowed to adsorb for 45 seconds. The excess solution
was removed by blotting the grid against filter paper
and then the grid was stained for 30 seconds using 2%

phosphotungstic acid. After the excess solution was
removed, the grid was directly dried in the air before
TEM analysis. Dynamic light scattering (DLS) was
used to measure the size of SPION micelles in solu-
tion. The hydrodynamic diameters of SPION micelles
were characterized by a Zetasizer (Malvern NanoZS
model).

Release of Iron Ions from SPION-micelles.
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Release of iron ions from SPION-micelles was meas-
ured using a dialysis setup (MW cut-off 3000 Da) in an
oscillator shaker. SPION-micelles (1.0 mM, 1.0 mL)
were placed in a dialysis tube and the tube was placed
into 20 mL buffers as the release media at pH 7.4, 6.2
and 5.0 (T = 37°C). At selected time points, buffered
solutions outside the dialysis tube (1.0 mL each) were
taken with the replacement of an equal volume of new
release medium. The concentration of iron ions was
measured by atom absorption spectrometer (Spectra
AA, Varian).

Relative Cell Survival Assays. A549 non-small
cell lung carcinoma (NSCLC) cells were grown in
Dulbecco’s minimal essential medium (DMEM) with
5% fetal bovine serum (FBS). Cells were cultured at 37
°Cin a 5% C0O2-95% air humidified atmosphere and
were free from mycoplasma contamination. Briefly,
cells were treated with SPION-micelles and B-lap at
indicated concentrations with or without 48 h pre-
treatment of SPION-micelles. When indicated,
deferoxamine (5 mM) or Catalase (1000 U) pre- and
co-treatments were also studied. Drug-free media
were then added and cells allowed to grow for an-
other 7 days or until control cells reached ~95% con-
fluence. DNA contents of samples were determined
by Hoechst 33258 dye staining and fluorescence de-
tection using a plate reader (Perkin-Elmer, Boston,
MA) [42]. Results were reported as means + standard
error (SE) from sextuplet repeats. Statistical analysis
was performed in all the experiments. The p values
were calculated using the Students’ two-tailed ¢ test
for paired comparisons, and p<0.05 is considered sta-
tistically significant.

Confocal Laser Scanning Microscopy. SPION mi-
celles from rhodamine-conjugated PEG-b-PDPA copoly-
mer (iron concentration = 0.14 mM) were incubated with
A549 cells for 4 h, followed by treatment with
LysoTracker Green DND26 (50 nM) for 5 minutes.
Live cell imaging was performed on a confocal laser
scanning microscope (Nikon TE2000-E model). The
excitation/emission wavelengths were set at 488/510
nm for LysoTracker Green and 543/590 nm for rho-
damine, respectively.

Western Immunoblotting. Whole-cell extracts
were prepared, and Western blots were developed
using SuperSignal West Pico Chemiluminescent sub-
strate (Thermo Scientific) and exposed using autora-
diography film (Denville Scientific, Inc.). PAR anti-
bodies (BD Pharmagin™) were used at 1:2000 dilu-
tions.

ROS Formation. ROS formation was monitored
by fluorescence microscopy using the superoxide in-
dicator dihydroethidium (DHE) staining. Briefly, cells
were seeded on a 35-mm glass cover slip and allowed

to attach overnight followed by 48 h pre-incubation of
SPION-micelles (0.14 mM) when described. Cells
were then loaded with 10 pM of DHE in phosphate
buffered saline (PBS) for 30 min at 37 °C, washed
twice with PBS, and co-treated with 3 uM B-lap and
0.14 mM SPION-micelles. At indicated time points,
cells were fixed in 10% formalin for 30 min at room
temperature, then washed twice in PBS and mounted
in Vectashield (with DAPI, Vector Laboratories, Inc.,
Burlingame, CA). Images were taken using a Leica
DM5500 fluorescence microscope (Buffalo Grove, IL).
Quantitative data analysis was performed using NIH
Image ] software, where 50 random cells were chosen
and the fluorescence intensities were measured and com-
pared with the fluorescence intensities of untreated control
cells to quantify the ROS level (treated over control). Each
data point represented the mean * SE of 50 cells and
data were representative of experiments performed in
triplicate.

Results

Characterization of SPION-loaded micelles.
Figure 1A shows the transmission electron micros-
copy (TEM) image of a representative SPION-micelle
sample, where a cluster of SPIONs was encapsulated
inside the hydrophobic core of poly(ethylene gly-
col)-b-poly(2-(2-diisopropylamino) ethyl methacrylate
(PEG-b-PDPA) micelles. SPIONSs alone had a diame-
ter of 58 £ 10 nm (Fig. 1A inset).
SPION/PEG-b-PDPA micelles had an average hy-
drodynamic diameter of 65 + 5 nm, which was signif-
icantly larger than blank PEG-b-PDPA micelles (32 £ 3
nm, data not shown).

Release profile of iron ions from
SPION-micelles at different pH values. In order to
evaluate the release behavior of iron ions from
SPION-micelles in an acidic environment, we meas-
ured the kinetics of iron ion release from
SPION-micelles at different pH. At pH 5.0 and 6.2,
SPION-micelles released 60 + 2% and 11 + 1% of total
iron ions after 72 h, respectively (Fig. 1B). In contrast,
release of iron ions from micelles was not observable
at pH 7.4. At pH 7.4, the neutral PDPA segments en-
capsulated SPION in the hydrophobic core of the mi-
celles, making SPIONSs inaccessible to water. While at
lower pH (i.e. pH = 6.2 or lower), the tertiary amines
on the PDPA segments became protonated and posi-
tively charged, leading to micelle dissociation and
facile release of iron ions.

Intracellular uptake and lysosomal distribution
of SPION-micelles in A549 NSCLC cells. To track
the intracellular distribution of SPION-micelles, we
synthesized rhodamine-conjugated PEG-b-PDPA to
produce pH-activatable fluorescent SPION-micelles

http://www.thno.org



Theranostics 2013, Vol. 3, Issue 2

120

[41]. These micelles have ultra-sensitive pH response
at 6.2, and their fluorescence can be selectively acti-
vated in endocytic compartments such as endosomes
or lysosomes [41]. LysoTracker Green DND-26 was
selected as a green marker for labeling acidic late en-
dosomes and lysosomes. Confocal imaging was used
to monitor the intracellular distribution of micelles in
A549 lung cancer cells. Majority of the
SPION-micelles (>80%) were localized in late endo-

Normalized Iron Release

LysoTracker Green

somes and lysosomes after 4 hr incubation, as evi-
denced by co-localization of red fluorescence with
LysoTracker Green (Fig. 1C). Residence of
SPION-micelles in the acidic microenvironment re-
sulted in subsequent release of iron ions [39, 43]. The
iron ions can be transported through the membrane
and diffuse into cytosol, which acts as a reservoir of
free iron ions for increasing ROS stress [21, 39].

Time (hrs)

Rhodamine Merge

Figure 1. (A) Transmission electron microscopy (TEM) image of a representative SPION-micelle sample (inset TEM image shows 5.8 £
1.0 nm SPIO nanoparticles). (B) Release profiles of iron ions from SPION-micelles at various pH values. (C) Confocal laser scanning
microscopy of intracellular distribution of rhodamine-labelled SPION-micelles in A549 NSCLC cells stained with LysoTracker green after
4 h incubation. Dissociation of SPION-micelles in acidic organelles resulted in activation of rhodamine signal (red), which co-localized with

lysosomes (green).

Enhanced ROS stress in $3-lap-exposed A549
NSCLC cells pretreated with SPION-micelles. To
evaluate if released iron ions can interact with H>O» to
increase ROS stress in cancer cells, we used dihy-
droethidium (DHE) staining to detect ROS levels in
B-lap-exposed A549 cells under different conditions
(Fig. 2A-B). In this assay, DHE is oxidized by hy-
droxyl or superoxide radicals yielding
2-hydroxyethidium, which intercalates DNA and

emits bright fluorescence signals inside cell nuclei.
Because it took 48 hrs for SPION-micelles to release 40%
of total iron ions at pH 5.0 (Fig. 1B), we used 48 hr
pretreatment of SPION-micelles in all of the following
experiments. For control group, cells treated with
SPION-micelles only didn’t show any fluorescence
inside the nuclei (data not shown). A549 cells without
SPION pretreatment had very weak fluorescence in-
side nuclei after exposure to B-lap (3 pM) at early time
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points, indicating modest ROS generation from B-lap
redox cycle (Fig. 2A). After 60 mins, ROS stress was
still kept at a very low level due to the limited ROS
formation. In contrast, cells pretreated with
SPION-micelles at 0.14 mM showed a similar low
fluorescence at 10 mins, but the fluorescence intensity
increased dramatically at 20 and 60 mins of p-lap in-
cubation, compared to those cells without pretreat-
ment. Quantitative image analysis showed that 20
mins after B-lap treatment, cells pretreated with 0.14
mM SPION-micelles had 12-fold higher fluorescence
intensity compared to cells without SPION-micelle

A

SPION-micelle pre-treatment
- +

co-treatment
3uM B-lap

10 min

60 min

[~
(=]
]

*k
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2

c

flapM) O 1 2 3 0 1 2 3
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pretreatment (p<0.001), indicating an over 10-fold
increase in ROS level. After 60 mins of f-lap treatment,
the fluorescence intensity increased 16-fold for cells
pretreated with SPION-micelles, a 5-fold enhance-
ment over cells without pretreatment (p<0.001) (Fig.
2B). In addition, lethal dose of B-lap is known to in-
duce programmed necrosis involving PARP1 hyper-
activation as a result of released Ca?* and extensive
DNA single strand breaks (SS5B) and base damages [36,
44]. However, p-lap alone at sublethal concentrations
(i.e., 3 uM) didn’t cause observable PARP1 hyperac-
tivation as measured by PAR formation within 15 min
after treatment (Fig. 2C). In comparison, pretreat-
ment with SPION-micelles dramatically elevated
ROS levels in the cells at sublethal dose of B-lap,
caused significantly increased levels of SSB and
PARP1 hyperactivation (Fig. 2C).

Figure 2. (A) Fluorescent images of A549 cells treated with
SPION-micelles and fB-lap under different conditions using DHE
staining for hydroxyl and superoxide radical detection. (B)
Quantification of fluorescence intensity changes reflecting ROS
levels in A549 NSCLC cells pretreated with or without
SPION-micelles followed by exposure to B-lap. Fluorescent
intensity of each image was quantified using ImageJ; values are
means £ SE from at least 50 cells in triplicate experiments. (C)
Western blot analyses of PAR formation in A549 cancer cells
treated with different B-lap concentrations, with or without
SPION-micelle pretreatment (0.07mM).

Synergy of SPION-micelles and B-lap in
treating A549 NSCLC cells. To further evaluate if
SPION-micelles can improve the cytotoxicity of p-lap
by amplifying ROS stress in wvitro, we monitored
long-term survival changes using a 7-day DNA as-
say after treating A549 NSCLC cells with various
SPION-micelles, with or without B-lap treatment
conditions. SPION-micelles at 0.14 mM iron con-
centration, as well as pB-lap at sublethal concentra-
tions (1-3 uM), did not result in significant cytotoxi-
city (Fig. 3A) [36]. However, pretreatment of A549
cells with 0.14 mM SPION-micelles followed by the
sublethal B-lap concentrations showed significantly
increased lethality compared to B-lap-exposed cells
without SPION-micelle pretreatment. For example,
exposure of 3 pM p-lap-treated A549 cells with
SPION-micelle pretreatment had a survival rate of
only 10+6%, much lower than in cells without
SPION-micelle pretreatment, which was 72 +1%
(p<0.001). To further characterize synergy, survival
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levels were evaluated at different iron concentrations,
while maintaining a sublethal 3 pM f-lap dose (Fig.
3B). Because SPION-micelles failed to induce signifi-
cant ROS stress, even at high concentrations (up to 0.5
mM), no cytotoxicity was observed (data not shown).
In contrast, pretreatment of SPION-micelles at dif-
ferent concentrations significantly increased p-lap
cytotoxicity (Fig. 3B). Lethality decreased from 61
+1.7% to 9.7 £5.6%, when the iron concentration in-
creased to 0.07 mM. Importantly, the synergy in cy-
totoxic effects of SPION-micelle + B-lap treatments
were NQOI1 dependent, since a specific NQO1 inhib-
itor, dicoumarol (Dic, 40 uM) completely abrogated
lethality (Fig. 3B).

A
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E3 SPION only
B3 p-lap only
B SPION+p-lap

*p<0.001
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Figure 3. (A) Cell survival study of A549 cells with or without
pretreatment of 0.14 mM SPION-micelles for 48 hrs followed by
treatment with various f3-lap concentrations. (B) Survival study of
A549 cells pretreated with 0.14 mM SPION-micelles for 48 hrs,
followed by 3 uM B-lap for 4 hrs with or without dicoumarol.

Catalase and an iron chelator protect cells from
ROS cytotoxicity. To evaluate whether H,O, is the
primary reactive oxygen intermediate for the syner-
gistic efficacy caused by SPION-micelles and B-lap,
Catalase, the intracellular H> O, scavenger, was exog-

enously administered to cells during B-lap addition to
interfere with ROS stress formation. Without Cata-
lase, pre-treatment of SPION-micelles led to signifi-
cant cell death at sublethal concentration of p-lap (Fig.
4A). When Catalase (1000 U) was added into the
culture media, it blocked the synergistic effects of
SPION-micelles. Survival increased from 24 + 2% to
72 £ 6% for SPION-micelles delivering an iron con-
centration at 0.07 mM (p<0.001). These data suggest
that H>O, generated by NQO1-dependent futile cy-
cling of B-lap was detoxified by Catalase forming
water and oxygen, which blocks its reaction with iron
ions to form more reactive hydroxyl radicals [45].
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Figure 4. (A) Cytotoxicity of A549 NSCLC cells pretreated with
SPION-micelles at 0.07 mM or 0.14 mM for 48 hrs followed by
exposure to 3.0 uM B-lap for 4 hrs with or without the H202
scavenger, catalase (1000 U). (B) Survival study of A549 cells
pretreated with 0.07 mM or 0.14 mM SPION-micelles for 48 hrs,
with or without the iron chelator, deferoxamine (Def, 5 pg/mL),
with or without 3 uM B-lap for 4 hrs. Data presented are means *
SE from experiments performed in triplicate.
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To further confirm that the released iron ions
from SPION-micelles are indeed responsible for the
noted synergistic cytotoxicity, we used deferoxamine,
an FDA-approved iron-chelating agent that binds free
iron ions in the body [46, 47], to prevent Fenton
reactions with H>O». A549 cells were pretreated with
SPION-micelles (0.07mM and 0.14 mM iron, respec-
tively) with or without 5.0 ng/mL deferoxamine, fol-
lowed by a 4 hr treatment with sublethal 3.0 uM B-lap
(Fig. 4B). Survival of cells exposed to 0.07 mM iron

from SPION-micelles increased from 42 +2% to 62 +1%

when deferoxamine was added. A similar trend was
also observed at 0.14 mM iron delivered by

SPION-micelles, where survival increased from 29 + 2%

to 57 = 2% (p<0.001). These data suggest that
deferoxamine may bind to released iron ions from
SPION-micelles and formed Fe-chelates in cells. Since
deferoxamine does not interfere with NQO1 activity,
the futile cycling of B-lap by NQO1, or chelate Ca?*
[44], these data suggest that the specific presence of
the iron ions from SPION-micelles as well as HxO»
from B-lap are two prerequisites for achieving the
synergistic efficacy in cancer cells.

Discussion

For the past two decades, SPIONs have been
clinically used as MRI contrast probes in cancer di-
agnosis [5-7]. Recent efforts in SPION research have
been devoted to developing structurally well-defined
SPIONSs for improved magnetization, or incorporating
more versatile surface groups for cancer-specific im-
aging applications [19]. On the other hand, the bio-
logical and pharmacological functions of these
iron-rich nanoparticles are rarely exploited. In fact,
the exogenous supply of iron ions and their delivery
into cells are essential for cell metabolism, growth and
proliferation [25]. Under aerobic conditions, free iron
ions can catalyze the propagation of ROS and genera-
tion of highly reactive radicals through Fenton reac-
tions. This characteristic provides a new strategy to
utilize SPION for ROS amplification in combination
with antitumor agents for improved cancer therapy.

It is well known that cancer cells have height-
ened level of oxidative stress due to the fast cell pro-
liferation and metabolism compared to normal cells.
Although the increased ROS stress confers mutation
advantages in some cases, it also makes the cancer
cells more susceptible for ROS-induced toxicity [30].
Therefore, manipulating ROS levels by redox modu-
lation from exogenous agents may provide a useful
strategy to selectively kill cancer cells without causing
significant toxicity to normal cells. f-Lap is a novel
anticancer agent with selectivity against cancer cells
that overexpress two-electron oxidoreductase NQO1.

NQOI1 induces a futile cycling of B-lap that exhausts
NAD(P)H reducing equivalents in cancer cells, lead-
ing to a dramatic increase in ROS levels that causes
specific DNA base damage and DNA SSBs. Massive
levels of SSBs that result from B-lap exposures hy-
peractivate PARP1, leading to a unique programmed
cell death mechanism (Fig. 5). Since a threshold level
of SSB formation is required to hyperactivate PARP1,
synergy can result between B-lap and agents that
cause DNA lesions, including ionizing radiation [48].
We reasoned, and our results support the hypothesis,
that co-administering SPION-micelles as a source of
intracellular iron ions could augment ROS levels
generated by NQOI futile cycling of otherwise sub-
lethal doses of B-lap, to synergistically meet the SSB
DNA lesion threshold required for PARP1 hyperac-
tivation (Scheme 1/Figure S1). Once PARP1 hyperac-
tivation is met, cell death without resistance is en-
sured [49].

3-Lapachone
l SPION-micelles

d

l Fe2*/Fe3* |—— Deferoxamine

Catalase — H,0,

OH. 1
l Ca2+
DNA Repair
Damage Overwhelmed PARP1
Hyper-activation
l I (NAD*/ATP Loss)

Repair

Figure 5. Enhanced cell death mechanism at sublethal dose of
fB-lap as induced by SPION-micelles. Production of hydroxyl rad-
icals are dramatically elevated in cancer cells exposed to -lap and
SPION-micelles, which results in DNA damage, Ca?* release, and
eventually PARP-1 hyperactivation. Catalase and deferoxamine
can prevent the synergized lethality by consuming the H202 or
chelating iron ions, respectively.

The objective of this study was to investigate
pH-responsive SPION-micelles and their synergy
with B-lap for improved drug efficacy and therapeutic
index. SPION-micelles offer a continuous Fe?*/Fe3*
release in acidic organelles, such as late endosomes
and lysosomes, in cancer cells. A fraction of these iron
ions can enter the cytosol and eventually penetrate
into the nucleus, where in each location they can es-
calate ROS levels through Fenton reactions with H>O»

http://www.thno.org



Theranostics 2013, Vol. 3, Issue 2

124

in cancer cells as generated by B-lap (Scheme 1/Figure
S1). This ROS generation/escalation mechanism is
different from reports by other groups, where reactive
hydroxyl radicals were directly produced at SPION
surface [29, 50]. The latter mechanism may not be
adequate in the generation of hydroxyl radicals inside
cell nucleus for DNA damage due to the trapping of
SPION inside endosomes/lysosomes. In contrast, we
anticipate that the released Fe?*/Fe3* as well as HO»
can be more freely to diffuse into the nucleus to gen-
erate elevated ROS stress for efficient DNA damage.
This hypothesis is in agreement with the deferox-
amine experiment where the iron chelator can effi-
ciently block the increased cytotoxicity of B-lap due to
pretreatment of SPION-micelles, whereas it should
have little effect on the hydroxyl radical formation at
SPION surface.

In cancer therapy, strategies to combine two an-
ticancer drugs or combine drugs with radiation are
normally applied to improve therapeutic outcome.
However, those methods may not always lead to a
selective killing of the cancer cells. Under persistent
intrinsic oxidative stress, ROS scavenging systems can
be upregulated and cells may become well-adapted to
such stress, acquiring resistance. In addition, ROS
stress levels caused by indiscriminate cytotoxic anti-
tumor exposure of normal cells may also increase le-
thality, leading to major normal tissue complications
and concerns of drug safety. Our data suggest that
administration of SPION-micelles followed by f-lap
may provide a safer and more efficacious treatment
regimen that specifically targets cancer cells that
overexpress NQOIL. In the absence of HO,,
SPION-micelle itself did not appear to induce ROS
stress. However, when B-lap was administered and
significant NQO1-dependent H>O» levels increased,
released Fe?*/Fe®* from SPION-micelles amplified
ROS levels, resulting in cell-death threshold levels of
DNA damage. Since, in general, normal cells lack
NQOI1 expression, the presence of iron ions together
with B-lap treatment would not result in cytotoxic
effects since H>O, is not generated without NQO1
futile cycling.

Although we mainly investigated the biological
activity of SPION-micelles in combination with B-lap
in vitro, the imaging functions of SPION can still be
utilized to provide vital information on tumor re-
sponses and nanoparticle delivery in vivo. By func-
tionalization of SPION-micelles with specific cancer
targets, these nanoparticles can be specifically deliv-
ered to the tumor site, providing early feedback of
therapeutic efficacy by SPION and B-lap, monitoring
real-time tumor responses. Nevertheless, current sys-
tem still needs to address several limitations before

preclinical animal studies or clinical translations.
First, iron release kinetics from the current
SPIO-micelles were still relatively slow (e.g. 20% after
24 hrs at pH 5.0), which requires the pretreatment of
cancer cells with SPIO-micelles before drug exposure.
This prevented the incorporation of both drug and
SPIONSs into a single theranostic system to achieve
similar pharmacokinetics and tumor distribution for
in vivo studies. Future work is necessary to establish
an integrated system with comparable release kinetics
of iron ions and B-lap. Second, safety and toxicity of
the co-delivered micelle therapeutics will need to be
carefully examined in normal tissues and organs, in
particular in reticuloendothelial system (RES) where
higher uptake of the micelle nanoparticles is antici-
pated. Our current data show that dicourmarol can
effectively block the formation of H>O, by B-lap in
NQO1-expressing cancer cells (Fig. 3B), leading to
dramatically reduced toxicity from p-lap-SPION
co-treatment. It is shown that normal tissues have
low levels of NQO1 and high levels of catalase [51,
52], which should render significantly lowered tox-
icity from the co-treatment. Further mechanistic cor-
relation of the toxicity and antitumor efficacy of
B-lap-SPION micelles with intended biomarkers (e.g.
NQOI1 and catalase) will be important to establish the
therapeutic window for the combination therapy.

Conclusion

In summary, we report the use of pH-responsive
SPION-micelles to synergize with an anticancer drug,
B-lap, for improved therapeutic efficacy in
NQO1-overexpressing cancer cells. SPION-micelles
were internalized into acidic organelles, where iron
ions were released from micelles in a pH-dependent
manner. The iron ions further reacted with H>O»
generated from f-lap to produce highly active hy-
droxyl radicals, escalated ROS stress levels in cancer
cells, resulting in catalase-sensitive, NQO1-specific
B-lap drug cytotoxicity. These biocompatible
SPION-micelle imaging vehicles display a synergistic
efficacy in combination with ROS-generating anti-
cancer agents for cancer therapy and opens up a new
avenue for their applications in theranostic nano-
medicine.
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