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ABSTRACT: Multifunctional nanoparticles that carry che-
motherapeutic agents can be innovative anticancer therapeutic
options owing to their tumor-targeting ability and high drug-
loading capacity. However, the nonspecific release of toxic
DNA-intercalating anticancer drugs from the nanoparticles has
significant side effects on healthy cells surrounding the tumors.
Herein, we report a tumor homing reactive oxygen species
nanoparticle (THoR-NP) platform that is highly effective and
selective for ablating malignant tumors. Sodium nitroprusside
(SNP) and diethyldithiocarbamate (DDC) were selected as an
exogenous reactive oxygen species (ROS) generator and a
superoxide dismutase 1 inhibitor, respectively. DDC-loaded
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THoR-NP, in combination with SNP treatment, eliminated multiple cancer cell lines effectively by the generation of
peroxynitrite in the cells (>95% cell death), as compared to control drug treatments of the same concentration of DDC or SNP
alone (0% cell death). Moreover, the magnetic core (ZnFe,O,) of the THoR-NP can specifically ablate tumor cells (breast
cancer cells) via magnetic hyperthermia, in conjunction with DDC, even in the absence of any exogenous RS supplements.
Finally, by incorporating iRGD peptide moieties in the THoR-NP, integrin-enriched cancer cells (malignant tumors, MDA-MB-
231) were effectively and selectively killed, as opposed to nonmetastatic tumors (MCF-7), as confirmed in a mouse xenograft
model. Hence, our strategy of using nanoparticles embedded with ROS-scavenger-inhibitor with an exogenous ROS supplement

is highly selective and effective cancer therapy.
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B INTRODUCTION

Nanoparticle-based cancer therapies have emerged as a new
promising approach owing to the excellent physicochemical
properties of nanoparticles, which allow conjugation of cancer-
targeting moieties, "> high drug-loading capacity,”> and active
function through external forces (e.g, magnetic and photo-
thermal hyperthermia).””® Conventional nanoparticle-based
cancer therapies use nanomaterials as a drug carrier to block
DNA replication and transcription, resulting in the apoptosis of
target cancer cells. However, such therapies still suffer from
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drug leakage issue in the physiological condition, mostly due to
the substitution reaction of biomolecules and ions. Therefore,
undesirable adverse effects to the surrounding healthy tissues
and organs are unavoidable, which lead to vomiting, nausea,
low blood count, and diarrhea in patients undergoing
chemotherapies.” "'
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Reactive oxygen species (ROS) are highly reactive molecules
produced b?r mitochondria in aerobic cells during its energy
production. >~"* A moderate level of ROS is nontoxic and can
enhance cellular functions, such as proliferation, migration, and
differentiation,'® whereas high levels of ROS cause oxidative
stress/damage to cellular components (e.g., lipids, enzymes,
proteins, and DNAs/RNAs), resulting in cell death.'* Thus, to
maintain proper levels of ROS, cells regulate their intracellular
ROS levels via ROS-scavengers: superoxide dismutases
(SOD1, SOD2, and SOD3), glutathione peroxidase, gluta-
redoxin, and catalase."®™*® Due to the destructive nature of
ROS, elevated ROS levels have also been considered as an
attractive strategy for cancer tumor treatment by direct delivery
of ROS-generating agents and ROS-scavenger-inhibitors in the
abnormal/cancer cells to induce cell apoptosis.'”~*' In
particular, motexafin gadolinium (gadolinium texaphyrin) and
p-lapachone (ARQ_501) are representative exogenous ROS-
generating agents, which have been under clinical trials for
cancer treatment.””*® Other small molecule drugs, such as
buthionine sulfoximine,>* imexon,”® and 2-methoxyestradiol,26
have also been intensively studied as anticancer agents, acting
mainly via antioxidant inhibition, including glutathione and
SOD. However, these ROS-modulating drug candidates are
not free from the adverse effects associated with drug toxicity.
Therefore, the development of a targeted tumor cell ablation
strategy without damaging neighboring healthy cells is
essential.

One of the most attractive features of ROS-mediated cancer
treatment approach is that ROS only induce cell apoptosis at
high intracellular concentrations.””~*’ Thus, selectively in-
creasing ROS levels in the target cells by delivering both ROS-
releasing molecules and ROS-scavenger-inhibitors is a more
viable option for treating cancers, as compared to the expensive
and time-consuming process of developing new cancer-specific
drugs.**~** Considering the advantages of drug-loaded nano-
particles in cancer targeting, loading a single ROS-triggering
factor is highly effective for target-specific cancer ablation.
Therefore, a simple single drug-loading system is better than
complex nanoparticles loaded with multiple drugs or complex
functionalities, as it is easy to synthesize, standardize, and is
effective at inducing cancer cell apoptosis when combined with
exogenous ROS-releasing drugs (ROS supplements) through
conventional methods such as subcutaneous injection and oral
administration. Moreover, the excess ROS introduced via
supplements can be eliminated efficiently by antioxidant
administration, as opposed to DNA-intercalating chemo-
therapeutic agents (e.g,, doxorubicin, camsptothecin), which
damage normal/healthy cells permanently.*>*°

Thus, we report a new strategy with tumor homing ROS
nanoparticles (THoR-NPs) utilizing an ROS-generating agent
(sodium nitroprusside, SNP) and an ROS-scavenger-inhibitor
(diethyldithiocarbamate, DDC) via iRGD-conjugated mag-
netic core—shell silica nanoparticles to selectively ablate two
types of malignant tumors (glioblastoma and breast cancer)
(Figure 1). As highly elevated levels of ROS are not toxic to
cells in the presence of ROS-scavengers, we have designed a
simple system, for the first time, which uses nanoparticles to
deliver a ROS-scavenger-inhibitor to malignant tumor cells
(integrin over-expressing cells), whereas ROS-generating
molecules are freely delivered to cells without using targeting
moieties. SNP is a well-known nitric oxide-releasing molecule,
and DDC is a strong SOD1 inhibitor.>”~* Hence, due to the
synergistic effects of SNP and DDC on cancer cells, only cells
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Figure 1. Tumor homing reactive nanoparticle (THoR-NP) platform
was created to avoid damage to neighboring healthy cells in a reactive
oxygen species (ROS)-based cancer therapy. THoR-NP comprises a
magnetic core, mesoporous silica shell, and iRGD peptide and can
specifically deliver ROS-scavenger inhibitor diethyldithiocarbamate
(DDC) into targeted cancer cells. Working synergistically with locally
generated ROS and exogenously ROS-generating agents, sodium
nitroprusside (SNP) and DDC, delivered to the cytosol of cancer cells
through THoOR-NP, directly damage organelles, disrupt cancer
growth, and lead to tumor ablation. Individual treatments of THoR-
NP’ or ROS-generating reagent do not show any anticancer or
adverse effects to minimize off-target cell death.

exposed to both SNP and DDC-loaded nanoparticles showed a
highly elevated level of ROS, resulting in significant cell death
via ROS-mediated apoptosis. Moreover, we have also
confirmed that specific tumors, such as breast cancer (MDA-
MB-231), were effectively sensitized via magnetic field-
mediated ROS generation. Finally, by integrating an iRGD
ligand for the selective delivery of DDC into tumors expressing
high levels of integrin (MDA-MB-231),*'"* we have
confirmed that malignant tumors can be selectively ablated
using our THoR-NP platform in conjunction with free SNP
treatment for in vitro and in vivo conditions.

B RESULTS AND DISCUSSION

ROS-Mediated Cell Apoptosis Strategy using DDC-
Loaded Mesoporous Silica Nanoparticles. ROS levels in
cancer cells must be significantly increased to induce cell
apoptosis. Aerobic cells naturally produce various ROS, such as
superoxide radical (0O,°”), hydrogen peroxide (H,0,),
hydroxyl radical (OH*®), and hypochlorous acid (HOCI), and
RNS, such as nitric oxide (NO®) and peroxynitrite
(ONOO™).*** As ROS are toxic metabolic products, cells
activate various antioxidant enzymes to balance the ROS
levels.'® Imbalance in ROS generation/elimination induces
oxidative stress, and the increase in the ROS concentration
leads to undesirable changes in molecular functions of cells due
to oxidation of essential biomolecules. Hence, one of the most
effective ways to increase intracellular ROS levels is to inhibit
antioxidant enzymes.'” Considering that 1—4% of the
mitochondrial oxygen consumption is incompletely reduced
to O,°” to yield H,0,, OH®, HOCI, and ONOO™ via various
enzymatic or nonenzymatic reactions, we hypothesized that
SODs (CuZnSOD, MnSOD, and ECSOD), which catalyze the
dismutation of O,*” into O, and H,0,, are the most important
antioxidant enzymes involved in the ROS-scavenging sys-
tem.**™** The inhibition of SOD enzymes disturbs the 0,*~
detoxification pathway, ultimately resulting in the accumu-
lation of O,°” in cytoplasm and mitochondria.

ONOO is the most destructive derivative of O,°” and is
typically generated by a reaction between O,°” and NO®. Both
NO°® and ONOO™ are highly reactive molecules. However,
ONOO™ interacts with biomolecules more actively with a
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Figure 2. Synergistic effects of SNP and DDC on glioblastoma. (A) Schematic diagram of an intracellular ROS generation mechanism after DDC-
NP and SNP delivery into a cancer cell. To effectively increase the amount of destructive ROS molecule, ONOO™ in this case, the ROS-scavenging
activity of SOD1 should be silenced prior to NO® supplement via SNP treatment. (B) Dose-dependent synergistic anticancer effects with DDC-
loaded THoR-NP and SNP on glioblastoma were determined using the 3-(4,5-dimethylthiazol-2-yl)-S-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay. DDC-NPs were treated at 0, 10, 20, 30, and 40 pug/mL and SNP was treated at 0, 100, 200, and
300 uM. Less than 10% of the cells survived the THoR-NP treatment (S0 pg/mL) and SNPs treatment (300 yM). (C) Phage image of

glioblastoma after the combined treatment of THoR-NP and SNPs. The data represent means +

experiments (*p < 0.05, **p < 0.01, ***p < 0.0001).

standard deviations (SD) of five different

short half-life (10—20 ms) while generating additional
destructive ROS, such as CO,*~, NO,®, and OH".*’ Thus,
DDC, a CuZnSOD inhibitor, was used to block the pathway
responsible for converting O,°” to H,0, and O, and SNP was
used as an exogenous NO® source to facilitate the generation
of ONOO™ (Figure S1A).””*” Increased intracellular levels of
NO® are controlled by ROS-scavengers. Therefore, we
designed a nanoparticle platform loaded with SOD1 inhibitor
(DDC) and conjugated integrin-targeting ligands onto the
nanoparticle surface to selectively sensitize aggressive tumors
(integrin over-expressing cells). This strategy enabled exposing
only cells with DDC-loaded THoR-NPs to an uncontrollable
amount of ROS, leading to cell apoptosis via both SOD1
inhibition and exogenously delivered ROS-releasing molecules.
THoR-NPs were designed to have a diameter of 60 nm and a
surface charge of +30 mV (Figure S2) to facilitate the uptake
of nanoparticles and to absorb more DDC molecules in
mesoporous silica shell via electrostatic interactions (loading
efficiency = 15.21%, entrapment efficiency = 13.69%).” In
terms of drug release capability, 51.73% of DDC was found to
be released from the nanoparticles after 60 h of incubation in
phosphate buffer saline (pH 7.4), due in part to the positively
charged surface of THoR-NPs that allows for the sustained
release of DDC (Figure S3). In addition, the magnetic core of
the THoR-NP was utilized to effectively generate ROS on
exposing to an alternating magnetic field, which could ablate
cancer cells without using toxic exogenous ROS. Combining
the integrin-targeting iRGD moieties allowed us to target
malignant tumors such as brain (U87-EGFR-viii) and breast
cancer cells (MDA-MB-231) using DDC-loaded THoR-NPs
for SOD1 inhibition, whereas ROS generation was facilitated

by exogenous molecule (SNP) and magnetic hyperthermia
(Figure S1B).

Synergistic Effects of SNP and DDC on Glioblastoma
and Breast Cancer Cell Apoptosis. ROS are naturally
produced from the mitochondrial energy production cycles
and are toxic to cells when their concentration is higher than
the threshold (uncontrollable state)."*'® Thus, to investigate
the optimal concentration of ROS supplements and ROS-
inhibiting molecules for selective chemotherapy, their syner-
gistic effects were confirmed by varying the concentration of
each component. This evaluation was critical in determining
the optimal treatment conditions for selective cancer cell
ablation with minimum damage to the neighboring healthy
cells.

To effectively increase the concentration of destructive ROS
molecule, ONOO™ in this case, the ROS-scavenging activity of
SOD1 was disabled via SNP treatment, prior to NO*®
supplementation (Figure 2A).”" THoR-NPs were, thus, first
delivered to two different types of malignant tumors,
glioblastoma (U87-EGFR-viii) and breast cancer (MDA-MB-
231), followed by SNP treatment to significantly increase the
ROS levels in intracellular environments (Figures 2B,C and
S4). When administrated alone, both SNP and DDC-loaded
THoR-NPs showed no toxicity on glioblastoma within the
concentration ranges of 0—300 xM and 0—-30 pg/mlL,
respectively, which was consistent with our hypotheses.
However, when administrated simultaneously, cell viability
decreased significantly, especially at high doses of DDC-loaded
THoR-NPs. At a THoR-NP concentration of 40 yg/mL, SNP
was found to affect cell viability at concentrations higher than
200 pM. Synergistic effects of both THoR-NPs and SNP were
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Figure 3. Confirmation of generation of reactive species and its anticancer effects on glioblastoma. (A) Dose-dependent synergistic ROS generation
with THoR-NP and SNP treatment was measured based on fluorescence signal of ROS reactive reagent 2’,7-dichlorofluorescin diacetate (DCFH-
DA) (100 uM). THoR-NP was treated at concentrations of 0, 10, 20, 30, and 40 yg/mL, and SNP was treated at concentrations of 0, 100, 200, 300
uM. (B) The ROS inhibition analysis with antioxidant (2 mM, N-acetylcysteine) treatment was carried out to confirm the anticancer effects of
generated ROS from DDC-NP and SNP on U87-EGFR-viii. Less than 10% of the cells survived under THoR-NP (100 pg/mL) and SNPs (300
uM) treatment condition. (C) The effects of cyclopentadiene, the ONOO™ scavenger, were measured to validate the generation of ONOO™ at
fixed concentrations of SNP and DDC. The cell viability increased upon cyclopentadiene treatment up to a concentration of 400 yM. (D)
Quantitative reverse transcription PCR (RT-qPCR) showed synergistic upregulation of ROS-related genes, including cancer growth (TIMP2) and
apoptosis (caspase 9 [CASP9], caspase 3 [CASP3]). (E) Schematic diagram depicting the proposed mechanism that synergistically generates
ONOO~ with SNP and DDC co-treatment. The data represent means + SD of five different experiments (*p < 0.0S, **p < 0.01, ***p < 0.001).

apparent at 50 pg/mL and 300 uM, respectively, which
eliminated more than 95% of glioblastoma. The same
concentration of SNP was not toxic in the same cell line at
30 pug/mL of THoR-NPs, proving a clear synergistic effect of
SNP and DDC on ROS-mediated cell apoptosis. Interestingly,
owing to variations in the intracellular environments
concerning ROS production and ROS-scavenging systems,
breast cancer cells were more sensitive to SNP and DDC
treatment at a lower concentration of DDC (30 pg/mL). Thus,
the demonstrated strategy of using DDC as a SOD1 inhibitor
and SNP as ROS supplement to generate destructive ONOO™
molecule was highly effective for ablation of two different types
of malignant tumors.

Confirmation of ROS Generation and Effects of
Antioxidants on Cell Death. As DDC was used as a
SOD1 inhibitor for cancer ablation, we next sought to
investigate whether cells were affected by the increased
amount of ROS or the toxicity of DDC itself. DDC, a
metabolite of disulfiram, is a water-soluble, potent, copper-
chelating compound, which is capable of inhibiting the
CuZnSOD enzyme.39 However, DDC can also react with
various intracellular proteins and is known to be cytotoxic.>>
The toxicity of DDC can be attributed to several different
mechanisms: inhibition of DNA methyltransferase, reduction

of NF-kB activation, reduction of DNA replication, and
inhibition of interleukin-1 converting enzyme (ICE-1).%"%
Hence, to investigate the increase in the ROS levels in
response to SNP and DDC treatments, we confirmed ROS
generation by varying the SNP and DDC concentrations.
Consistent with our expectations, both DDC and SNP were
found to increase ROS levels in the cells, whereas DDC alone
was less effective as compared to the SNP treatment (Figure
3A). Interestingly, the ROS levels were around 5—7 fold higher
than the control group (no DDC and SNP treatment) when
both DDC-loaded THoR-NPs and SNP were delivered,
indicating that the cell apoptosis (confirmed in Figure 2)
was contributed to the synergistic effect of SNP and DDC on
ROS generation. Comparing with previously reported ROS-
generating agents or ROS-scavenger-inhibitors, the DDC-
loaded THoR-NPs alone showed similar ROS-generating
efficiency (1.85 folds, literature: 2.1 folds,”* 2.3 folds,”® and
2.1 folds™*). However, ROS generation induced by DDC-
loaded THoR-NPs was slightly lower than the numbers
reported by the previous literature, which might be due to the
self-limiting effect that was regulated by the upregulation of
several antioxidant response element-mediated genes such as
Nrfl and Nrf2.%* To further investigate, one of the antioxidants
(2 mM, N-acetylcysteine), effective for ROS species removal,

DOI: 10.1021/acsami.9b07483
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsami.9b07483

ACS Applied Materials & Interfaces

Research Article

AME Generator Increase of ROS level : ) Y
r * : £
(9) F %° “ : S =
. = . :
ot iy Nk upl O ©
O O Ll --i ..‘ . Enhanced
Breast Cancer Cell w Magnetic Hyperthermia & : c/??fcerth
(MDA-MB-231) Inhibition of SOD1 Loengeam
B 125 WU87-EGFR-VIII c Magnetic Hyperthermia Applied (min)
. W MDA-MB-231  _
100 =B
g
S 50 s
> o
= 25 a
3 E g
0 = . 3
30 60 90 S

Magnetic field induced time (min)

Figure 4. Effects of magnetic hyperthermia using DDC-loaded THoR-NP. (A) Schematic diagram of an application of THoR-NP-induced
magnetic hyperthermia. After the uptake, the anticancer effect of intracellular THoR-NP was enhanced with the release of the DDC, SOD1
inhibitor, and generation of heat with an alternating magnetic field (AMF). (B) The anticancer effects of magnetic hyperthermia on cancer cells of
different origins with different AMF applying time. (C) The phage images of cancer cells with magnetic hyperthermia. The data represent means +

SD of five different experiments (*p < 0.05).

was treated in the presence of both SNP and DDC-loaded
THoR-NPs.>* As shown in Figure 3B, cells showed a low loss
in viability at 50 ug/mL DDC-loaded THoR-NPs and 300 M
SNP, in contrast to the results (Figure 2) in the absence of
antioxidants. Remarkably, cells showed more than 90%
viability even at extremely high concentrations of DDC-loaded
THoR-NPs (100 ug/mL) and SNPs (300 yM), confirming
that antioxidants protect the cells from ROS-mediated cell
death. However, when the concentration of DDC-loaded
THoR-NPs delivered was higher than 200 pg/mL, cell viability
decreased by more than 90%, owing to the imbalance of
antioxidant and ROS generation mediated by DDC and SNP
co-treatment. Thereafter, cyclopentadiene, the ONOO~
scavenger, was used to check whether ONOO~, generated
by DDC and SNP co-treatment, was involved in cell apoptosis
by evaluating cell viability in response to varying concen-
trations of cyclopentadiene at fixed concentrations of SNP and
DDC.> As shown in Figure 3C, cell viability recovered up to
70 from 25% in the presence of cyclopentadiene, indicating
that apoptosis of cancer cells was triggered by the increase of
ONOO7, thus supporting our hypothesis. As cell viability did
not recover fully, even at an extremely high concentration of
cyclopentadiene (800 uM), further studies are needed to
clarify other factors involved in the DDC and SNP cancer co-
treatment strategy (Figure SS). To confirm the underlying
mechanism of this synergy, we conducted quantitative reverse
transcription polymerase chain reaction (RT-qPCR) for DDC
and SNP co-treated condition. We found that the co-treatment
of DDC and SNP significantly activated the apoptosis-related
genes (e.g., caspase 9 and caspase 3) and NO®-related gene
(e.g, TIMP2) (Figure 3D) suggesting that only DDC and SNP
co-localized cancer cells generated high ROS level, which led
to higher levels of apoptosis induction. Moreover, higher
expression of TIMP2 with NO® generation inhibited the
proliferation and migration of cancer, which explains the
reason why the high concentration of cyclopentadiene was not
recovered the cell viability (Figure 3E).

Magnetic Hyperthermia Combined with DDC Treat-
ment for Exogenous ROS-Generating Molecule-Free
Treatment. Although the co-treatment strategy using SNP

and DDC is quite effective for killing cancer cells at high levels
of ONOOT, investigations into cancer cell ablation methods
that do not rely on toxic exogenous molecules are worthwhile.
Since the THoR-NPs synthesized for this study possessed
strong magnetic properties, they could also be used to generate
ROS in THoR-NPs-transfected cells via magnetic hyper-
thermia, useful for cancer treatment in combination with DDC
treatment. Reports have shown that hyperthermia decreases
the SOD1 mRNA levels, resulting in a decrease of superoxide
scavenging activity and an increase in the ROS levels.”> The
alternating magnetic field rotational forces on MNPs in
lysosomes were found to not only distribute lysosomes but
also enhance lysosomal permeability.’® The enhancement of
lysosomal permeability was highly correlated with ROS
generation, which could ultimately affect cell viability.”” To
confirm this theory, two different cell lines, MDA-MB-231
(breast cancer) and U87-EGFR-viii (brain cancer), were used.
Interestingly, as shown in Figure 4, breast cancer (MDA-MB-
231) was found to be highly sensitive to magnetic hyper-
thermia treatment, wherein cell viability decreased significantly
to ~ 30% after 90 min. However, under the same conditions,
glioblastoma (U87-EGFR-viii) was not affected as drastically as
the MDA-MB-231 cells, regardless of the duration of magnetic
hyperthermia application. The difference in the effects of
hyperthermia on different types of cancer cells, in conjunction
with DDC treatment, may be attributed to distinct character-
istics of the brain. The brain consumes more glucose/oxygen
and, therefore, generates higher levels of ROS during
adenosine triphosphate synthesis, relative to other organs
(20% of total oxygen consumption), making it more resistant
to free-radical generation.58 In addition, the brain also
possesses a higher antioxidant capacity, as compared to other
organs, making neuronal cells more resistant to ROS
generation.59 Additionally, we confirmed that the ROS levels
in cells exposed to magnetic hyperthermia, combined with the
DDC treatment, increased with the duration of hyperthermia
application, proving that cell apoptosis resulted from elevated
levels of ROS (Figure S6). Hence, we concluded that along
with exogenous molecules, hyperthermia treatment using
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Figure S. In vivo effects of combined THoR-NPs and SNP therapy. (A) Schematic diagram of THoR-NPs (intratumor injection) and SNP
(intravenous injection) delivery into a mouse. THoR-NPs and SNP solutions were injected at an interval of 24 h weekly for 4 weeks. (B) Every
mouse had two tumors: one on the left shoulder and one on the left thigh. The mice were separated into two groups based on the SNP treatment
condition: group 1, control (phosphate-buffered saline (PBS), i and ii) and group 2, SNP injection (1 mg/kg, iii and iv). In each mouse, THoR-
NPs were injected into the tumor on the left thigh, and PBS was injected into the left shoulder as the control group. (C) After 4 weeks, the
extracted tumors showed clear size difference in the presence of THoR-NP treated with SNP: (i) PBS/PBS, (ii) THoR-NP/PBS, (iii) PBS/SNP,
and (iv) THoR-NP/SNP. Scale bar: 1 mm. (D) Inhibiting the ROS-scavenger with THoR-NPs suppressed the tumor growth. With synergistic
administration of SNP, THoR-NP further reduced tumor growth. The size of the tumor was quantified at various time points. Based on the size
measurement, the tumor growth was inhibited by synergistic THoR-NP and SNP treatment. (*p < 0.01).

magnetic nanoparticles is also a viable option for the treatment
of tumors, in combination with a SOD1 inhibitor (DDC).
Target-Specific Delivery and Therapeutic Effects of
THOR-NPs. After confirming that using both SNP and DDC
for the elevation of intracellular ROS levels promotes cancer
cell apoptosis, we next sought to investigate their targeting
efficacy toward malignant tumors using integrin-enriched
breast cancer as a model cell line (MDA-MB-231) in vitro
and in vivo. To achieve this goal, THoR-NPs were function-
alized with an iRGD peptide, a proven targeting moiety for
targeting the avf33 integrin surface receptors, which are highly
expressed in malignant tumors.”> Two different breast cancer
cell lines expressing low (nonmetastatic) and high (malignant)
level of integrin, MCF-7, and MDA-MB-231, respectively, were
treated with fluorescein isothiocyanate (FITC)-loaded THoR-
NPs (50 pg/mL) and analyzed with flow cytometry (Figure
S7A). With a higher expression level of integrin, 96.5%
population of MDA-MB-231 cells showed significantly high
fluorescence intensity, whereas 13.4% of MCF-7 cells showed
fluorescence signals. To further confirm the combined
therapeutic effects of THoR-NPs and SNP on MCF-7 cells,
a higher concentration of THoR-NPs was treated. As shown in
Figure S7B, no dramatic decrease in cell viability (50% cell
death) was observed in the presence of both THoR-NPs (60
ug/mL) and SNP (300 yM). This observation was entirely
different from that in the MDA-MB-231, which showed
around 80% cell death at low concentrations (S0 pg/mL) of
THoR-NPs and SNP (300 uM). When the concentration of
THoR-NPs reached 90 ug/mL, 60% cell death was observed,
indicating that THoR-NPs were not effectively transfected into
low integrin-expressing cells (MCF-7), as opposed to the
model malignant tumor (MDA-MB-231). After this, we next
developed a mouse tumor xenograft model with the MDA-MB-
231 to confirm the biodistribution of THoR-NPs. As shown in
Figure S8, the intravenous (iv) injected FITC-loaded THoR-
NPs showed time-dependent accumulation on the tumor
location specifically in both in vivo and ex vivo imaging,
proving excellent in vivo tumor-targeting ability of THoR-NPs.
Next, the toxicity of SNP in mice, where SNP was treated via

intravenous (iv) injection with different doses, was tested prior
to the investigation of therapeutic efficacy of the combined
treatment (Table S1). SNP is known to be utilized as an
intravenous vasodilator, which has been most clinically used in
cardiac surgery,”’ and has been reported to be neurotoxic at
concentrations of 2.5 mg/kg or higher, at which lipid
peroxidation in brain, kidney, and liver tissue typically occurs.
In this study, by varying the concentration of SNP, we found
that a concentration of 1 mg/kg or less did not affect
survivability at the daily iv injection condition, whereas over 10
mg/kg SNP was found to be toxic 1 h after injection.

After the confirmation of both biodistribution of THoR-NPs
and the optimum concentration of SNP for the mouse
xenograft model, THoR-NPs and SNP were applied to mice
via intratumoral (it) injection (two tumors at the left side of
shoulder and flank) and iv injection, respectively, to confirm
the synergistic effects of DDC and SNP co-treatment (Figure
S). After 4 weeks of injection, we confirmed that THoR-NPs
and SNP co-treatment significantly inhibited the tumor (80%
decrease in tumor volume vs control group), whereas THoR-
NPs and SNP single treatment showed 47 and 5% decrease in
tumor volume, respectively (Figure SB—D). Moreover, as
shown in Figures S9 and S10, no damage to other organs (e.g.,
liver, kidney, spleen) was observed from both shapes of organs
and tissue histology, proving that the THoR-NPs (it injection)
and SNP (iv injection) co-treatment was effective for in vivo
tumor ablation. In summary, these results suggest that THoR-
NP, in combination with an exogenous ROS supplement, is an
attractive candidate for targeted cancer therapy with minimal
side effects on healthy cells.

B CONCLUSIONS

In conclusion, we have shown that our strategy of using
nanoparticles containing a ROS-scavenger (SOD1 inhibitor)
and an exogenous ROS supplement is excellent for ablating
both brain and breast cancer cells, based on ROS-mediated cell
apoptosis. Co-treatment of 50 ug/mL THoR-NPs and 300 uM
SNP was found to kill more than 95 and 80% glioblastoma
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(U87-EGFR-viii) and breast cancer cells (MDA-MB-231),
respectively, whereas DDC or SNP single drug treatment
showed no toxicity in either cell line. Using two different types
of antioxidants, we further confirmed that cell death occurred
mainly due to the high level of ROS, especially ONOO™,
contributed by both exogenous ROS supplement (SNP) and
SOD1 inhibitor (DDC). The application of the magnetic core
of the THoR-NPs also showed that specific cell lines, especially
a breast cancer cell line, are vulnerable to ablation via magnetic
hyperthermia in conjunction with DDC treatment in toxic
exogenous ROS supplement-free conditions. Finally, by
incorporating integrin-targeting moieties (iRGD), THoR-NPs
were found to selectively ablate integrin-enriched cell lines
(MDA-MB-231) over nonmetastatic tumors (MCF-7) in the
presence of SNP, indicating that the developed single THoR-
NPs are highly effective for tumor-specific cancer therapy
causing minimal damage in healthy cells. These in vitro results
also matched those from in vivo studies, showing that THoR-
NPs therapy, in conjunction with SNP treatment, was effective
for tumor growth suppression, whereas SNP or THoR-NPs
single treatments failed to show significant inhibition of tumor
growth after 4 weeks of evaluation. We have proven that our
strategy, involving both the ROS-scavenger inhibitor and the
ROS supplement, is effective for selective malignant tumor
execution. However, further studies are needed for investigat-
ing the optimum drug combinations for ablation of specific
types of tumors with minimal damages to normal/healthy cells,
based on the tumor-specific ROS elevation method.

B METHODS

Reagents. Aminopropyltriethoxysilane (APTES), ammonium
nitrate, desferrioxamine, 2’,7’-dichlorofluorescin diacetate (DCFH-
DA), 1,2-dexadecandiol, hexadecylcetylammonium bromide (CTAB),
iron(1I) chloride [FeCl,], iron(III) pentadianoate [Fe(acac),], oleic
acid, oleylamine, penicillin, sodium diethyldithiocarbamate (DDC),
sodium hydroxide, sodium nitroprusside (SNP), fluorescein iso-
thiocyanate (FITC), streptomycin, tetraethyl orthosilicate (TEOS),
tri-n-octylamine, zinc chloride [ZnCl,], trypsin, and Dulbecco’s
modified eagle’s medium (DMEM) were purchased from Sigma-
Aldrich (St. Louis, MO) and used without further purification.

Synthesis of Magnetic Core—Shell Nanoparticles. Synthesis
of Zinc-Doped Magnetic Nanoparticles, MNPs. The 25 nm
(Zny4Fegs)Fe,0, magnetic cores were synthesized via modified
established procedures published by Cheon et al.®' Briefly, 1,2-
hexadecanediol (10 mmol), Fe(acac); (1.35 mmol), FeCl, (0.7
mmol), and ZnCl, (0.3 mmol) were added into a 100 mL round-
bottom flask with 45.75 mmol of tri-n-octylamine and 6 mmol each of
oleic acid and oleylamine. Then, under a blanket of nitrogen, the
reaction mixture was heated and maintained at 200 °C for 2 h. The
mixture was then heated to 300 °C for 2 h. The nanoparticles, thus
formed, were then allowed to cool down slowly to room temperature,
after which they were collected by centrifugation at 10 000 rpm for 10
min and purified via repeated washing using ethanol.

Synthesis of MNPs and Mesoporous Silica Core—Shell Nano-
particles. To coat the magnetic nanoparticle cores with mesoporous
silica, a modified procedure from Kim et al.®* was used. Alkyl-capped
magnetic cores (S mg) in chloroform were added to a 25 mL solution
of 0.1 M aqueous CTAB, followed by sonication via a probe-type
sonicator until the formation of a clear solution and evaporation of
chloroform. The CTAB-capped magnetic core solution was then
diluted to SO mL, and the pH of this mixture was adjusted to pH 11
using 2 M NaOH. This mixture was heated to 70 °C, and 0.4 mL of
TEOS in 2.4 mL of ethyl acetate was added under vigorous stirring.
After the addition of TEQOS, the reaction was allowed to continue for
4 h. The magnetic mesoporous silica nanoparticles (MSNs) were
collected and washed several times with ethanol. To remove the
surfactant template, the nanoparticles were heated to 60 °C in an

ammonium nitrate solution. The extracted MSNs were again washed
with ethanol. The product was confirmed using high-resolution
transmission electron microscopy (HR-TEM), dynamic light
scattering, and {-potential measurement.

APTES Surface Grafting on the MSN. To provide a functional
amine group, APTES was grafted onto the MSN surface using a
modified method used to graft organosilanes onto silica surfaces.®®
The particles were dried, weighed, and suspended in 15 mL of toluene
per 100 mg of MSNs. APTES (40 uL) was then added to the
suspension, which was stirred overnight at room temperature.

Formation of THoR-NPs. iRGD Conjugation on the MSN: iRGD
was conju§ated using an established carbodiimide crosslinker
chemistry.® Briefly, N-hydroxy succinimide (2.29 mg) was added
to a stirring solution of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (3.1 mg) and iRGD (9.39 mg) in 500
uL of anhydrous dimethylformamide (DMF) at 4 °C. The solution
was stirred at this temperature for 30 min and then stirred at room
temperature for an additional 4 h, all under an inert atmosphere.
Then, APTES-grafted MSN (10 mg) was added dropwise in 500 yuL
of anhydrous DMF. The mixture was stirred overnight under
nitrogen. The nanoparticles were collected by centrifugation and
washed several times with methanol and water before being
redispersed in PBS at 1 mg/mL.

DDC Loading into THoR-NPs. THoR-NPs (1 mL, 1 mg/mL) were
centrifuged at 2000 rpm for 3 min. After the removal of the
supernatant, S mL of DDC (0.05 g/mL, in PBS) was added and
sonicated for 1 min. After 2 h of mixing in the dark, excess DDC was
removed by centrifugation (3000 rpm, 3 min). DDC-loaded THoR-
NPs were dispersed and sonicated in 1 mL of PBS before use. The
amount of entrapped and loaded DDC was evaluated by Ellman’s
assay.”> The entrapment efficiency was calculated as

DDC — DDC
entrapment efficiency(%) = fotsl free % 100
D Dctatal (1)
The loading efficiency was calculated as
mass
loading efficiency (%) = —Tloaded DDC o 1
massnanoparticle (2)

DDC Release Profile of THoR-NPs. DDC-loaded THoR-NPs (1
mL) were incubated under the vigorously stirring condition. The
released DDC from the particle was estimated from the supernatant
after centrifugation of THoR-NPs. Centrifuged particles were
resuspended in 1 mL of pH 7.4 PBS and stirred again. This process
was repeated at every collection time point.

Cell Culture. U87-EGFR-viii cells were cultured in DMEM with
high glucose (Invitrogen), 10% fetal bovine serum (FBS), 1%
streptomycin—penicillin, 1% Glutamax (Invitrogen), and hygromycin
B (30 pg/mL), whereas MDA-MB-231 and MCF-7 cells were
cultured in DMEM with 10% FBS and 1% streptomycin—penicillin at
37 °C.

Cytotoxicity Assay. To test the sensitivity of U87-EGFR-viii,
MDA-MB-231, and MCE-7 cells to DDC and/or SNP compounds,
both cells were seeded at a concentration of 20 000 cells/well in 96-
well-plates (culture media: DMEM supplemented with 10% FBS, 1%
penicillin—streptomycin). After 24 h incubation, serial concentrations
of tested compounds were added, and each concentration was tested
4 times. These cells were incubated in a humidified atmosphere with
5% CO, for 24 h. Then, 20 uL of 3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
solution was added to each well and incubated at 37 °C for 1 h.
Fluorescence intensity was measured at 590 with S60 nm excitation
using a fluoro-microplate reader (Tecan, Switzerland). The cell
viability was determined using the following equation: cell viability =
sample’s FI X 100/control’s FIL

Detection of Intracellular ROS Formation. Reactive species
levels were measured using the cell permeable reagent DCFH-DA.*
Cells were incubated with 100 uM DCFH-DA [dissolved in dimethyl
sulfoxide] for 30 min at 37 °C. After incubation, cells were washed
with PBS, and the relative levels of fluorescence were quantified using
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a fluoro-microplate reader (excitation: 485 nm and emission: $3$
nm).

Analysis of Gene Expression. The messenger RNAs from genes
of interest were extracted as total RNA using TRIzol Reagent (Life
Technologies, CA) following the standard protocol from the
manufacturer. Subsequently, 1 ug of total RNA was primed by
oligo(dT) and converted to complementary DNA (cDNA) by
Superscript III First-Strand Synthesis System (Life Technologies,
CA). The cDNA was subjected to quantitative PCR (qPCR) analysis
with the gene-specific primers, listed in Table S1. The qPCR reactions
were performed on a StepOnePlus Real-Time PCR System (Applied
Biosystems, CA) using Power SYBR Green PCR Master Mix (Applied
Biosystems, CA). The fold change in gene expression was calculated
based on the resulting Ct values of the gene of interest relative to
those of endogenous control (GAPDH). Standard cycling conditions
were used for all reactions with a melting temperature of 60 °C. All
primers were obtained from the PrimerBank database (Table
§2).57-69

Flow Cytometry. To test the iRGD-mediated target-specific
delivery of THoR-NPs, MDA-MB-231, and MCE-7, cells were seeded
at a concentration of 100 000 cells/well in 6-well plates. After 24 h
incubation, THoR-NPs were treated on both cells with Opti-MEM
and incubated for 2 h. The particle solution was washed with PBS and
incubated with culture media. Both cells lines were dissociated with
trypsin, washed, and resuspended in PBS. Flow cytometry analysis on
the samples was performed using a Backman Coulter Gallios Flow
Cytometry instrument, and the results were analyzed using the Kaluza
software.

Magnetic Hyperthermia. After 24 h of seeding cells, 40 ug/mL
of DDC-loaded THoR-NPs were prepared in media and added to
each well (24-well plate). After 24 h of transfection, cells were washed
with DPBS, trypsinized, and exposed to an alternating magnetic field
(5 kA/m, 225 kHz) for the desired amount of time. Thereafter, fresh
media were added to the treated cells, and the cells were plated back
into 96-well plates.

Generation of Subcutaneous Tumor Xenografts in Mice
and Injection of THoR-NPs and SNP. To examine anticancer
effects of DDC-loaded THoR-NPs and SNP in the breast cancer
tissue, 6-week-old BALB/c nude mice were purchased from RaonBio
(Kayonggi-do, Yongin-si, Republic of Korea) (control, n = 4;
xenograft, n = 4). All animals were acclimatized to the animal facility
for at least 48 h prior to experimentation and maintained according to
the Guide for the Care and Use of Laboratory Animals published by
the NIH. They were housed in a barrier under HEPA filtration and
provided with sterilized food and water ad libitum. The animal facility
was maintained under 12 h light/dark cycles at room temperature 21
+ 2 °C with 30—40% humidity. Approximately, 5.0 X 10° cells of
MDA-MB-231 were mixed with 354234-matrigel (BD, San Jose, CA)
and subcutaneously injected in the shoulders and thighs of mice.
Studies were conducted when the tumors were ~4 mm in diameter.

In Vivo SNP Solution and DDC-Loaded Nanoparticle
Treatment. For the biodistribution analysis of THoR-NPs, 100 uL
(1 mg/mL in PBS) of fluorescein isothiocyanate (FITC)-labeled
THoR-NPs were injected intravenously and monitored at different
time points (0, 0.5, 1, 2, 4, 6, and 24 h post-injection). To confirm the
target-specific delivery of THoR-NPs, major organs included in the
circulatory system (heart, liver, kidney, spleen, and lung) and the
tumor were extracted from the mouse 24 h post-injection after the
euthanasia by CO,. In vivo imaging system spectrum (PerkinElmer,
Waltham, MA) was used to monitor the fluorescence emitted from
the FITC-labeled THoR-NPs for in vivo and ex vivo imaging. To
validate the nontoxicity of SNP in mice, SNP solutions were treated
via iv injection with 24 h interval for 1 week and at different doses:
0.01, 0.1, 1, 10, 25, and 50 mg/ (kg min) of SNP in 150 uL PBS. The
toxic effect was determined with a survival rate of the mouse. After the
selection of the optimum SNP condition, DDC-loaded THoR-NPs
were intratumorally injected (1 mg/mL in PBS and 100 uL/ site) in
tumors of both thighs in the mice. For the control test, PBS was
injected into both shoulder’s tumor in the same mouse with the same
method. To confirm the DDC-loaded THoR-NP’s anticancer effects

based on synergistic ROS generation in the presence of SNP, particle-
injected mice were divided into two groups: group 1, iv injection of
SNP solution and group 2, iv injection of PBS as a control. THoR-
NPs and SNP solutions were injected at 24 h intervals once a week for
4 weeks, and post-treatment tumor size measurement was measured
daily using a caliper before the injection.

Statistical Analyses. All experiments were repeated at least 4
times. Data are shown as means + standard deviations. Statistical
significance was determined by Student’s t-test with differences
considered statistically significant at a value of P < 0.0S.
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