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Chemodynamic therapy (CDT) has recently emerged as a promising treatment for cancer due to the high spe-
cificity of CDT towards tumor microenvironment (TME). However, the low efficiency of reactive oxygen species
(ROS) generation and the robust ROS defensive mechanisms in cancer cells remain critical hurdles for current
CDT. Addressing both challenges in a single platform, we developed a novel redox and light-responsive (RLR)
nanoparticle with a core-shell structure. Remarkably, our hierarchical RLR nanoparticle is composed of an ul-
trasmall Fe;04 nanoparticle engineered framework of hollow carbon matrix core and a nanoflower-like MnO,
shell. Under the abundant overexpressed glutathione (GSH) and acidic nature in TME, the RLR nanoparticle was
programmed to degrade and self-activate CDT-induced cancer-killing by accelerating ROS generation via
overcoming the ROS defensive mechanisms based on the depletion of intracellular GSH, the sequential pro-
duction of theranostic ion species (e.g., Mn®* and Fe®>*), a spatiotemporal controllable photothermal hy-
perthermia and a redox triggered chemotherapeutic drug release. Additionally, the carbon framework of RLR
nanoparticle could collapse by leaching of iron ions. An excellent selective and near-complete tumor suppression
based on the RLR nanoparticles through a strong synergy between CDT, PTT and anti-cancer drugs was de-
monstrated via in vitro and in vivo anti-tumoral assays.

1. Introduction produces ROS in a unique and tumor microenvironment (TME) specific

manner [11-15]. More specifically, CDT catalyzes the conversion of less

Reactive oxygen species (ROS) are a group of chemically reactive
natural byproducts of the cell metabolism and encompass H,0,, su-
peroxide (O, ), and hydroxyl radical (OH), which share crucial roles in
cell signaling and homeostasis [1-3]. Recent interests in ROS-based
cancer treatment have been driven by the breakthroughs on the un-
derstanding of critical pro-survival mechanisms in cancer and has
shifted the paradigm of anti-tumor strategies [4-6]. Targeting multiple
cancer survival pathways such as intracellular redox and immune sur-
veillance has also been proven to be a more promising strategy to im-
prove the outcome of chemotherapy or radiotherapy [5,7-10]. In this
regard, chemodynamic therapy (CDT) has emerged as a promising al-
ternative and supplements for conventional cancer treatment as it
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toxic H,O, into more toxic -OH with significantly higher oxidative po-
tential typically via metal ion-mediated Fenton reaction to effectively
induce ferroptotic pathways in cancer cells [5,16-19]. Due to the high
concentrations of HO, in cancer cells, CDT is specific to TME, thereby
minimizing side effects to healthy tissues compared to conventional
photodynamic therapy [7,20-22]. Despite the clear advantages of CDT
for cancer treatment, critical limitations remain in the low catalytic
efficiency of H,O, into ‘OH conversion [23-26]. As such, the need for
improving the catalytic efficiency of Fenton reaction and maximizing
the toxic effects of ROS is clear in CDT-based cancer treatment [24].
Ferromagnetic nanoparticles have been mostly investigated to per-
form nanocatalase activity for CDT in a pH-dependent manner.
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However, the relatively low release speed of ferrous ions under mild
acidic tumor microenvironment significantly compromises the effi-
ciency of CDT. Addressing this critical issue, ultrasmall Fe3O, nano-
particles have shown great potential to accelerate the releasing of fer-
rous ions under mild acidic conditions but they often undergo fast
clearance, leading to unsatisfactory pharmacodynamic profiles in CDT-
based cancer treatment [25,27]. As such, it remains a major challenge
on how to leverage ultrasmall Fe;O,4 nanoparticles to accelerate ferrous
ion release while maintaining a proper circulation rate. In addition to
the slow releasing of iron ions, the efficiency of Fenton reaction has also
been restricted by its intrinsically low catalytic efficiency as well as the
limited H,O, concentrations in cancer cells [23,25,28]. Toward this,
one promising solution developed by scientists is to increase the tem-
perature locally at the tumor site, which facilitates the Fenton reaction
to overcome the activation barriers and increases ‘OH productivity.
Moreover, recent reports indicate that certain hydroxyl radicals gen-
erated during the Fenton reaction can be scavenged by excess H,0,, the
temperature elevation-induced fast consumption of H,O, could further
counteract the detoxification of -OH, thereby resulting in synergistic
therapeutic effects between CDT and photothermal therapy (PTT)
[24,29,30]. Nevertheless, conventional PTT reagents, such as noble
metal nanomaterials, copper sulfides, carbon nanotubes and graphene,
are typically non- or slow-biodegradable, thereby limiting their broad
clinical applications [31]. Lastly, in addition to inefficient ROS pro-
duction, unsatisfactory results from CDT-based cancer therapy has re-
cently been attributed to ROS defensive mechanisms adapted by cancer
[32]. For example, the elevation of ROS levels is heavily associated in
the early stage of cancer development [33,34]. In response to such
elevated ROS levels, cancer adapts stronger ROS defensive systems in-
cluding higher glutathione (GSH) levels [13,32,35,36]. Therefore, it
remains critical hurdles to simultaneously overcome the ROS defensive
mechanism in cancer cells and achieve high efficiency for ROS gen-
eration in CDT-based cancer treatment.

To this end, we developed a novel redox and light-responsive (RLR)
nanoparticle-based platform for synergistic induction of ROS sequen-
tially through GSH depletion, Fenton reaction, photothermal hy-
perthermia and chemotherapy (Fig. 1a). We rationally designed our
RLR nanoparticle platform with a hierarchical core-shell hybrid struc-
ture; the core is composed of ultrasmall iron oxide nanoparticles
(Fe30,4) embedded in an amorphous hollow carbon framework
(Fe304—C), and the shell is composed of MnO, nanosheet stacked
flower-like structures (Fig. 1b). When the core-shell nanoparticle en-
tered the cancer cell, the high level of GSH in cancer cells would de-
grade the MnO, shell and lead to simultaneous depletion of GSH, re-
leasing magnetic resonance imaging (MRI) contrast agent Mn?*, and
exposing the inner Fe30, core to the cancer cytoplasm. Due to the high
acidity of cancer cytoplasm, the ultrasmall Fe;O4 nanoparticles released
iron ions (Fe** and Fe®*) sequentially, which could self-activate the
Fenton reaction by catalyzing the conversion of H,O, into more toxic
‘OH radicals (Fig. 1c) [18]. In this process, without any external sti-
mulation, the RLR nanoparticle could activate CDT by reducing in-
tracellular antioxidant GSH and sequential generating -OH. Meanwhile,
the carbon framework with high absorption in the near-infrared (NIR)
region enabled “light-responsive” property to generate controllable
hyperthermia to accelerate the ROS generation via enhancing the cat-
alytic efficiency intracellularly (Fig. 1c) [12]. Afterward, the core-shell
nanoparticles were fully degraded with the etching of iron oxide na-
noparticles and the dissociation of carbon framework into a cleavable
form, thereby providing a safe nanotherapeutic platform for in vivo and
clinical applications. To maximize the cancer-killing efficiency, we
further combined and loaded doxorubicin (DOX), a clinically used anti-
cancer drug that not only block topoisomerase II but also generate ROS
(H,0,) to further amplify the outcome of CDT through the catalysis of
the nicotinamide adenine dinucleotide (phosphate) (NAD(P)H), to the
core-shell nanoparticle and then delivered into the cancer cell in a
target-specific manner (Fig. 1c) [37,38]. In vitro drug uptake assay also
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revealed an interesting photothermal (PTT)-enhanced accumulation
and therapeutic effect of anti-cancer drugs to amplify the combinatorial
therapy between CDT and chemotherapy (Fig. 1d). Taking advantage of
the synergy among CDT, photothermal hyperthermia, and anti-cancer
drug delivery in a single platform, we successfully achieved cancer-
killing efficiency of 99.4% and 99% in vitro and in vivo, respectively
(Fig. 1e). These results collectively indicated the potential of RLR na-
noparticles-based platform for the efficient clinical tumor treatment
and imaging.

2. Materials and methods
2.1. Chemicals and reagents

Ferrocene, acetone, carbamide, potassium permanganate, methy-
lene blue trihydrate (MB), 2’, 7’-dichlorodihydrofluorescein diacetate
(DCFH-DA), Doxorubicin (DOX), hydrogen peroxide (HO,) and re-
duced glutathione (GSH) were purchased from Sigma-Aldrich Co. (St
Louis, MO, USA). Calcein-AM and PI were bought from Invitrogen
(USA). PBS (pH 7.4), fetal bovine serum (FBS), DMEM, RPMI, trypsin-
EDTA and penicillin-streptomycin were purchased from Gibco Co., Ltd.
(Carlsbad, CA, USA). All chemical agents were of analytical grade and
were used directly with no further purification.

2.2. Synthesis of Fe304C nanoparticles and RLR nanoparticles

The Fe304-C hollow nanoparticles were synthesized by a novel one-
step hydrothermal method. In a typical synthesis, ferrocene (3.00 g)
and carbamide (0.80 g) were dissolved in acetone (300 mL). After in-
tense sonication for 30 min, 30 mL of 30% H,0, solution was slowly
added into the above solution, which was vigorously stirred for 30 min
with magnetic stirring apparatus. The precursor solution was trans-
ferred into a 500.0 mL Teflon-lined stainless-steel autoclave. After
sealing, the autoclave was heated to and maintained at 200 °C for 24 h.
The autoclave was cooled naturally to room temperature. After intense
sonication for 15 min, the products from the Teflon-lined stainless-steel
autoclave was magnetized for 10 min by a magnet of 0.20 T. The su-
pernatant was discarded under a magnetic field. The precipitates were
washed with acetone and DI water three times respectively. Finally, the
black products were dried via lyophilization.

The synthesis of RLR nanoparticles was based on the redox reaction.
Firstly, 50 mg of Fe;04-C nanoparticles were dispersed in 10 mL of
1 mM KMnO, aqueous solution. The solution was heated to 80 °C for 1 h
under stirring. The products were purified by DI water for three times.
The as-obtained nanoparticles were dried via lyophilization.

2.3. Surface modification with iRGD

To modify with targeting modality iRGD, the water-soluble RLR
nanoparticles from above were first diluted with DPBS to reach a final
concentration of 2mgmL~'. Afterward, excess 10kDa branched PEI
(Sigma-Aldrich) was added dropwise (1 mgmL~') and spun overnight.
After that, the PEI-coated RLR nanoparticles were mixed with hetero-
bifunctional linker Sulfo-SMCC (0.1 mM) and incubated at room tem-
perature for 4h with continuous shaking. Simultaneously, SH-PEG-
COOH moieties were linked to iRGD-NH, moieties using EDC/NHS
coupling. After that, thiolated PEG-iRGD constructs were added to the
thiol-reactive Sulfo-SMCC-linked RLR-PEI complexes. The resulting
mixture was allowed to react overnight, followed by purification by DI
water three times.

2.4. Drug loading and release
The Fe304~C and RLR nanoparticles were dispersed in an aqueous

solution of DOX with a final concentration of 1 mg mL~!. The solution
was stirred overnight for DOX loading. Purification was performed
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Fig. 1. Schematic diagram illustrating the photothermal and RLR nanoparticle-enhanced chemodynamic therapy (CDT) for synergistic cancer therapy. al,
Schematic diagrams showing the development of redox and light-responsvie (RLR) nanoparticles. a2, this unique nanostructure overcomes the two critical barriers
for CDT by accelerating reactive oxygen species (ROS) generation through photothermal (PTT) hyperthermia and depleting glutathione (GSH). a3, a diagram
illustrating the RLR nanoparticle-based efficient and selective in vivo cancer therapy through programmed CDT, PTT hyperthermia and delivery of anti-cancer drugs.
b, A 3D illustration of al showing the unique composition and structure of RLR nanoparticles and their distinctive advantages for the multimodal cancer therapy. The
inset chemical structure in a dark-blue color represents the anti-cancer drug (DOX) used in this study. ¢, Mechanisms on the synergistic effects for the CDT based on
the GSH reduction by MnO,, Fenton reaction by iron ions and the temperature increase by photothermal hyperthermia. d-e, Multimodal cancer therapy for in vitro
cancer apoptosis (d) and in vivo tumor suppression (e) based on the synergy between CDT, PTT and the targeted delivery of drugs. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

twice, then the DOX-loaded Fe;0,~C nanoparticles (Fe304,~C-DOX) and
RLR nanoparticles (RLR-DOX) were dispersed in Dulbecco's Phosphate
Buffered Saline (DPBS). The loading weight percentage of DOX in the
final amounts of the nanoparticle (20 mg) was calculated based on the
following equation:

(Cpb—Ca)mg/mL X 2 mL
20mg + [(Cp — Cg)mg/mL X 2 mL]

DOX (%) =

where C, and C, represent the weight concentration (mg/mL) before
(Cp) and after (C,) incubation with nanoparticles [39].
The Redox-triggered DOX release kinetics were further conducted.

Two concentration groups of GSH were used. For each group, RLR-DOX
nanoparticles (20 mg) were incubated in 20 mL GSH solution (2 uM or
10 mM) under stirring. At different time points, a portion of the solution
(1 mL) was collected for centrifugation. The absorption of the super-
natant was measured by a UV-Visible spectrometer (Varian Cary 50
spectrophotometer, CA) using maximum absorption of DOX at 480 nm.
The DOX content in the solution was determined by a standard curve.

2.5. Degradation kinetics

Degradation of the RLR nanoparticles (200 pg mL~ 1) was evaluated
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by mimicking intracellular GSH concentration (GSH, 10mM) in
pH = 5.0 (dibasic sodium phosphate-citric acid) buffer under constant
rotation. At predetermined time points (2h, 4h, 6 h, 8h, 1 day, 2 days,
5 days, 7 days, 9 days), samples were collected for TEM, UV-vis—-NIR
adsorption, DLS, and the Fe>*, Mn?* concentrations were measured by
ICP-MS to quantitatively evaluate the degradation kinetics.

2.6. Photothermal performance of Fe30,~C and RLR nanoparticles

Photothermal performance of Fe;04-C and RLR nanoparticles was
assessed by 808 nm laser irradiation with various power densities in a
96-well culture plate containing 100 pL Fe3O04—C or RLR nanoparticles
dispersion (PBS, pH = 7.4) with varying concentrations. The tempera-
ture of the irradiated aqueous dispersion was recorded by a thermal
probe.

2.7. The intracellular concentration of GSH detection

MDA-MB-231 cells were seeded in a six-well plate (10 x 10> per
well) and cultured to be fully confluent [32]. After treatment with
varied concentration of RLR nanoparticles for 6 hat 37 °C, cells were
harvested, washed with PBS and lysed on ice in 40 uL of Triton-X-100
lysis buffer. After 1 h, lysates were centrifuged at 9800 g and 200 pL of
the supernatant was mixed with 1000 pl of Ellman's reagent (0.5 mM
DTNB). The amount of GSH was quantified by measuring the absor-
bance at 405 nm using a UV-vis-NIR spectrophotometer. Percentage of
GSH content from treated cells were compared with untreated cells.

2.8. The -OH generation, detection and the promotive effect of heat

Study of the -OH generation was conducted by analyzing the de-
gradation of methylene blue (MB) as reported previously [24]. In brief,
the absorbance at 644 nm of MB solution (50 pg mL™ 1) with or without
400 uM of H,0, was measured before or after the addition of Fe**
(100 pM). Electron paramagnetic resonance (EPR) spectroscopy was
then employed to further ensure the generation of -OH and the ability of
heat-enhanced hydroxyl radical yield accurately using 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO) as a spin trapping agent for *OH. With 80 uL
of DMPO buffer solution (100 mM) in a dark EP tube, the subsequent
reaction groups included the following additions respectively: 1)
40uLH,0, (1 mM) + 20 pL 10 pug mL~' RLR nanoparticles at
pH =7.4; 2) 40pLH;05 (1 mM) + 20 pL 10 pg mL~! RLR nano-
particles at pH = 5.0; 3) 40 uL H,0, (1 mM) + 20 pL 10 pg mL~* RLR
nanoparticles at pH = 5.0 with 5min heating using 320 K water for
several seconds. Immediately, the mixture was transferred into a quartz
capillary using capillarity, X-band EPR spectra were then measured at
room temperature in perpendicular mode on a Bruker EMX-8/2.7
spectrometer and recorded with the following settings: microwave
frequency = 9.872 GHz, microwave power = 6.375mW, modulation
frequency = 100.00 kHz and modulation amplitude = 1.00 G.

2.9. Intracellular ROS detection

MDA-MB-231 cells were seeded in 24-well plates at an amount of
2 x 10* for 24h and incubated with the following additions respec-
tively: i) cells without any treatment; ii) cells incubated with Fe30,; iii)
cells incubated with MnO,; iv) cells incubated with RLR for another
24 h. After incubation with 1 mL DCFH-DA (10 uM in FBS-free DMEM)
at 37 °C in 5% CO,, for 20 min, cells were washed with PBS three times.
The level of intracellular ROS was evaluated by detecting the fluores-
cence of DCF (Aex = 488 nm, A, = 525nm) with a fluorescence mi-
croscope [25]. We calculate the intracellular ROS based on the popu-
lation of ROS signal detected cells.
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2.10. In vitro studies

Cytotoxicity of the samples was evaluated under various con-
centrations. human dermal fibroblasts (HDFs), adipose-derived stem
cells (ADSCs), C2C12 cells, MDA-MB-231 cells, Hela cells, and DU-
145cells were seeded on 96 well plates at an initial density of
1.0 x 10*cells per well and incubated overnight. A solution of free
DOX, RLR nanoparticles, RLR-NIR (808 nm, 1.5Wecem ™2, 5min, FC-
808-5W, CNI laser, Changchun, China), RLR-DOX, RLR-DOX-NIR
(808 nm, 1.5W cm ™2, 5min) at various concentrations were incubated
with cells for further 48 h. After incubation, cells were washed with
DPBS and medium was replaced by 100 pL of Prestoblue solution con-
taining medium. After incubation for 30 min, the fluorescence at
590 nm (excited at 560 nm) was measured by a microplate reader.

The half maximal inhibitory concentration (ICso) was conducted
under various DOX concentrations (0.1, 0.5 1.0, 5.0, 10, 20, 30, 50 uM)
and pretreated with fresh medium (control), RLR nanoparticles
(50pugmL™1), and RLR nanoparticles under laser irradiation
(50 uygmL ™, 808 nm, 1.5 W cm ™~ 2, 5min) and incubated for another 24
and 48 h.

2.11. In vivo anti-cancer efficacy

All animal work was conducted following the regulation of the
Institutional Animal Care and Use Committee (IACUC) at Rutgers
University.

To develop the breast tumor xenograft mouse model, MDA-MB-231
(5.0 x 10°) cells were mixed with Matrigel (BD Biosciences, San Jose,
CA) and were transplanted to the flanks of mice via subcutaneous in-
jection. For in vivo therapeutic evaluation, mice were randomly as-
signed (n = 3) into three groups. In particular, tumors were generated
on both sides of the flanks in the experimental group mice. The anti-
cancer experiments were performed until the volume of tumors reached
100 mm>. Three groups for different treatments contained the following
conditions: group 1) 50 uL per site of PBS as a control; group 2) 50 pL
per site of DOX (28 uM); group 3) 50 uL per site of DOX-loaded RLR
nanoparticles (with a concentration of 300 ugmL ™). To confirm the
photothermal therapeutic efficacy, 808 nm laser was irradiated (5 min,
1.5Wem ™ 2) to the right side of tumors while left side tumors were not
irradiated. Using a digital caliper to monitor the volume of the tumors
every 3-4 days lasting 28 days after the corresponding experiments.
The tumor volumes were calculated according to the following equa-
tion: V = length x width x height X 3.14 x 6. The normalized
tumor volume was defined as Vg=V X Vo ! x 100%. The body
weights were measured every 3—4 day to evaluate the in vivo toxicity.

The pathological tissue sections of the tumor and major organs (i.e.
heart, liver, spleen, kidney, and lung) were collected for hematoxylin
and eosin (H&E) staining assay. The terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) analysis was performed on the
tumor slides.

The fresh tumors were washed with PBS and transferred into liquid
nitrogen for in vivo PCR analysis. After crushing, the total RNA was
isolated using TRIzol Reagent and analyzed as previously mentioned
[39].

2.12. Invitro and in vivo MR imaging

The magnetic resonance (MR) imaging was conducted under an-
esthesia on a 3T MRI scanner with the following parameters: field of
view = 5 X 3cm? matrix size = 384 x 256, slice thickness = 1 mm,
echo time (TE) = 8 ms, and repetition time (TR) = 300 ms, 500 ms,
1000 ms, 2000 ms. The Mn concentration of RLR nanoparticle in aqu-
eous solution was determined by ICP-MS. To test the MR imaging
performance, different concentrations of RLR nanoparticles were in-
cubated with 10 mM GSH for 20 min, and the supernatant was collected
and placed in Eppendorf tubes (2 mL volume) for MRI scanning. T1
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Fig. 2. Synthesis and characterization of redox and light responsive nanoparticles for enhanced CDT. a, Schematic diagram illustrating the synthesis of RLR
nanoparticles with a core shell hybrid structure through two reactions. b-c, Representative SEM (left) and TEM (right) images showing the hollow structure of
Fe30,4—C (b) and the additional layer of MnO, with the nanosheets-stacked structure of RLR nanoparticles (c¢). d, Hydrodynamic size distributions of the Fe30,~C and
RLR nanoparticles. e-f, Gas absorption properties characterized by the Brunauer-Emmett-Teller measurement showing significantly increased surface area of the RLR
nanoparticles compared to Fe;0,4~C nanoparticles (e), which further leads to better loading capacities of RLR nanoparticles towards clinically used anti-cancer drugs,
as shown in the drug loading assay using UV-Vis absorption spectrum at a wavelength of 480 nm (f, inset image: the chemical formulation of doxorubicin). g, Zeta
potential measurements characterizing the step-by-step construction of RLR nanoparticles as shown in panel a. h-i, Energy diffraction spectroscopy (EDS), h)
confirmed the stimuli (GSH)-triggered degradation of RLR nanoparticles by using the EDS bands of Mn and Fe; Drug (DOX) release curve from RLR nanoparticles was

monitored by the colorimetric measurement (i).

value was measured on a GE workstation (ADW4.6) (GE Healthcare,
Milwaukee, Wisc., USA). For in vivo MR imaging, RLR nanoparticles
were injected and monitored its performance after 0, 1, 2, 3, 5, 24, and
96 h, respectively.

3. Results and discussion

3.1. Synthesis of RLR nanoparticles for anticancer drug loading and
delivery

The success of our synergistic multimodal cancer therapy was built
up upon a wide spectrum of unique material properties, which in-
cluded: i) the manipulation of redox-based depletion of GSH and Fenton
reactions for CDT; ii) high conversion efficiency of NIR light to thermal
energies for PTT; iii) tumor targeting and homing capabilities; and iv) a
robust biodegradability for safe nanomedicine. Based on these con-
siderations, we designed the hybrid nanostructure with the Fe;0,~C as
the core with the MnO, nanoshell. Starting from molecular precursors,
two sequential redox reactions synthesized our hierarchical

multifunctional RLR nanoparticle with the desired compositions and
sizes organized in a core-shell structure (Fig. 2a—d, Figs. S1-2). The
small size of Fe3O, nanoparticles (2nm) facilitated the leaching of
Fe?"/Fe®* under acidic conditions, essential for the induction of
Fenton reaction [18]. On the other hand, the carbon matrix, not only
provided NIR absorption and photothermal hyperthermia but also acted
as a template for synthesizing the MnO, nanoshell. More specifically, a
second redox reaction between the carbon (reductant) and KMnO,4
(oxidant) initiated the in situ growth of MnO, nanoshell onto the core
nanoparticles, as reflected by the changes of hydrodynamic sizes and
transmission electron microscope (TEM) images (Fig. 2c—d, Figs. S3-4).
The MnO, nanoshell was then utilized for intracellular redox manip-
ulation by receiving electrons from GSH and simultaneously enhancing
drug loading content (49.8%) through the increased surface area
162 m?® g_l) and the non-covalent interactions between MnO, and the
anti-cancer drug DOX (Fig. 2e and f). The high drug loading capacity
further improved anticancer activity and reduced cytotoxicity. These
two critical properties laid down the fundamentals for improved CDT
and chemotherapy. As demonstrated, the additional coating of a
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disulfide-based cyclic arginine glycine aspartic peptide (iRGD) could
further enable active targeting towards tumor in vivo and is achieved
through the electrostatic assembly with polyethyleneimine (PEI) fol-
lowed by amidization (Fig. 2a, g) [39,40]. In parallel, increasing de-
mands on safe nanomedicine in clinical applications would require the
nanotherapeutics to be biodegradable and cleared from the human
body timely to avoid chronic inflammation [41-43]. In this regard, the
RLR nanoparticles could undergo sequential degradation of MnO, shell
and Fe304—C core in response to the high GSH levels and acidic cyto-
plasm in the tumor, thereby meeting the standard for clinical applica-
tions (Fig. 2h). Equally importantly, the TME-specific degradation of
RLR nanoparticles brought additional modalities to selectively target
and eliminate cancer cells when the nanoparticles were loaded with
anti-cancer drugs. As a result of the TME-specific degradation of the
RLR nanoparticle, release profile of anti-cancer drugs was much faster
(5.46-fold increase) at high GSH concentration (10pM, which re-
presented the TME) compared to the control condition (2uM, re-
presenting the extracellular microenvironment) (Fig. 2i). Overall, con-
sidering the significant disparity of GSH concentration between
physiological conditions and cancer cells, the distinctive stimuli-re-
sponsive drug release suggests a good potential of RLR-based platform
for delivering clinically used anti-cancer drugs with minimal side ef-
fects from passive diffusion of drugs.

3.2. RLR nanoparticles-based redox regulation in cancer cells

Cancer cells overproduce ROS during the initial stage of tumor
growth and typically develop stronger ROS defensive mechanisms with
high concentrations of GSH [5,32,44]. In this regard, our hybrid RLR
nanoparticles undergoing step-wise biodegradation to reduce GSH le-
vels and simultaneously produce theranostic ion species (e.g., Mn?*
and Fe?*) for enhanced CDT (Fig. 3a and b). Specifically, after entering
cancer cells through endocytosis, the MnO,, shell on RLR nanoparticles
reacted with intracellular GSH to yield Mn?* and glutathione disulfide
(GSSH) (Fig. 3c—e). Consistent with previous reports [13], the addition
of RLR nanoparticles, which contained MnO, as a shell, directly led to a
concentration-dependent decrease of GSH level signals in the Ellman's
assay, (Fig. 3f and g). After the dissolution of the outer shell, the iron
oxide nanoparticles in the core would degrade to produce iron ions due
to combined effects from GSH and the high acidity of cancer cytoplasm
[24,45]. Lastly, the degradation of iron oxide destabilized the carbon
framework, leading to the dissociation of carbon into small graphitic
segments (less than 5nm on average), which could be excreted by the
human body (Figs. S5-6) [46]. During these sequential reactions, the
released Fe?* /Fe®* worked as catalysts for Fenton reaction. Therefore,
RLR nanoparticles amplified the oxidative stress by reducing GSH and
transforming the less toxic form of ROS (H,0-) into a more lethal form
(e.g., "OH) (Fig. S7) [5,13,47]. To test the ROS generation from the RLR
nanoparticles, we treated metastatic breast cancer cells (MDA-MB-231)
with the particles and three control groups were included: MnO, na-
noshell alone; Fe304,~C core alone; and no treatment group. The RLR
nanoparticles treated cells showed significantly higher signal (85.3%)
of intracellular ROS compared to the control (18.5%, no treatment)
(Fig. 3h). Most importantly, when the RLR nanoparticles delivered to
the cancer cells, the ROS levels are much higher even compared to the
group with GSH reduction (by MnO,) alone and the Fenton reaction (by
Fe;0,—C) alone, strongly suggesting a synergistic mechanism between
these two critical ROS generation pathways of Fe?* generation and
GSH depletion, which is consistent with previous reports on ferroptotic
pathways [13]. Moreover, we further treated MDA-MB-231 cells with
varying concentrations of RLR nanoparticle under mild acid condition
(pH = 6.5) that mimic the tumor microenvironment (Fig. S8). The cell
variability could be dramatically reduced (23.1%) compare to normal
condition (79.5%) under the concentration of 100 ug mL ™!, which in-
dicated acid could accelerate the Fenton reaction induced by iron oxide
nanoparticles and enhance the therapeutic effect via ferroptosis
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pathway. Given their high potency for synergistic induction of oxidative
stress, RLR nanoparticles could serve as excellent CDT reagents for
cancer therapy.

3.3. Photothermal hyperthermia-enhanced chemodynamic therapy

In addition to the effective delivery of CDT modalities, RLR nano-
particles also provided orthogonal modalities of photothermal hy-
perthermia to improve the catalytic efficiency of CDT by elevating the
local temperature. The spatiotemporally controllable photothermal
hyperthermia was achieved by using an 808 nm NIR laser for its deeper
tissue penetration property in vivo (Fig. 4a) [31,48-52]. Due to the
existence of carbon matrix in the Fe;04-C core, which strongly absorbs
808 nm NIR light, our core-shell RLR nanoparticles showed “light-re-
sponsive” property to convert light into heat under the 808 nm laser
[53-55]. For example, even under a low laser power density of
1.5Wcm ™2, we identified a significant temperature (15 °C) increase
within 5 min towards mild hyperthermia (Fig. 4b and c). As a control,
water under identical irradiation conditions did not show any notice-
able heating effect. Based on these results, we calculated the photo-
thermal conversion efficiency of RLR nanoparticles to be 26.8%, which
is comparable to the most efficient NIR photothermal reagents such as
graphene (Fig. S9) [56]. While water bath-based hyperthermia has also
been clinically used for sensitizing cancer towards apoptosis [57], the
RLR nanoparticles-based NIR photothermal hyperthermia penetrates
deeper tissues with high efficiencies and can be better controlled spa-
tiotemporally, which is much beneficial to minimize side effects on
surrounding healthy tissues and better serves our therapeutic purposes
in multimodal therapy [31].

Instead of sensitizing cancer towards apoptosis, PTT could also
speed up the formation of lethal -OH in CDT by directly amplifying the
catalytic effects of iron ions [12,23,24]. We delivered RLR nano-
particles to the cancer cells, irradiated cells with NIR and compared the
ROS generation to the control group (RLR nanoparticle without NIR) to
verify the effects of PTT on ROS generation. By performing live-cell
ROS assay, a significantly higher level of ROS (23.9% increase) showed
up in the laser exposed experimental group compared to the control
experiment (RLP nanoparticle delivery alone) (Fig. 4d). This result di-
rectly testified to the PTT-enhanced ROS generation, critical for en-
hancing the anti-cancer outcome in CDT. Additionally, by performing
the measurements under a higher temperature (45 °C, experimental
condition), we mimicked the NIR hyperthermia in vitro. Electron
paramagnetic resonance (EPR) was further used to detect -OH in situ,
and we directly confirmed the enhanced production of ROS originated
from the accelerated Fenton reaction under the acidic conditions
(Fig. 4e) [5,24]. Our results indicated the heat generated from photo-
thermal hyperthermia could robustly accelerate and improve RLR na-
noparticles-based CDT via ferroptosis pathways on a single platform.

3.4. Anti-cancer drug accumulation induced by NIR photothermal
hyperthermia

RLR nanoparticles not only provide efficient PTT for improving CDT
but also deliver clinically used chemotherapeutic drugs in a single
platform for cancer-killing. Interestingly, we confirmed that RLR na-
noparticles-based PTT could also enhance the accumulation of che-
motherapeutic agent in cancer cells to facilitate chemotherapy (Fig. 4f).
In the clinical settings, several cancer cells (e.g., breast cancer cells)
often become resistant towards anti-cancer drugs after repeated che-
motherapy, which is known as the process of chemoresistance [39].
While mechanisms remain largely unclear, the increased drug efflux
associated with ATP-binding cassette (ABC) transporter families and
inhibited apoptosis have been identified as the critical pathways for
chemoresistance [58]. In this regard, hyperthermia can be a promising
solution [53,59-61]. For example, the temperature increase can effec-
tively modulate the metabolism in cancer cells, downregulate drug
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efflux pathways, DNA repair, and mitochondrial turbulence, and
thereby increase drug accumulation, cell apoptosis and partially over-
come the chemoresistance [62,63]. To verify the effects of NIR photo-
thermal hyperthermia on drug uptake, we initiated photothermal hy-
perthermia using optimized conditions (1.5Wem™?}, 5min) and
performed anti-cancer drug uptake assay using MDA-MB-231 cancer
cells. Based on the fluorescent intensity of DOX in cell cytoplasm, a
significantly (1.93-fold) increased drug accumulation was found in-
tracellularly in the experimental condition compared to the no-treat-
ment control group (Fig. 4g). Such drug accumulation continued to rise
in a time-dependent manner throughout a 24 h process (Fig. 4h). These
results strongly indicate the successful increase of drug uptake and
reduced drug efflux in cancer cells mediated by RLR nanoparticles. We
further analyzed the change of gene expression pattern that is related to
drug efflux to investigate the mechanisms behind the enhanced drug

accumulation (Fig. 4i, Table S1). From the qRT-PCR experiments, we
reliably identified an upregulation of Heat shock factor 1 (HSF-1 genes:
3.45-fold), a downregulation of drug efflux gene MDR-1 (2.81-fold) and
antiapoptosis gene TP53 (3.52-fold) in the photothermal treated group
compared to the control, which is consistent with our drug uptake assay
and directly proves the NIR-irradiated RLR nanoparticles can target the
drug-resistant pathways [59]. In parallel, a significant downregulation
on the proapoptotic genes (BCL-2, 4.31-fold), and upregulation of
proapoptotic genes (BAX, 4.29-fold and Caspase 3, 3.77-fold) confirmed
the ability of RLR nanoparticle to sensitize cancer cells towards pro-
apoptotic status resulting from drug accumulation (Fig. S10). Moreover,
since DOX can generate H,0, through the catalysis of the NAD(P)H, the
accumulated DOX shows great promise for tumor-specific H,O, level
amplification [37]. In order to prove that, MDA-MB-231 cancer cells
were incubated with DOX with different concentrations for 2 h and the
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generated H,0, was stained with a ROS probe, 2/,7’-dichlorofluorescin 3.5. RLR nanoparticles-based synergistic cancer killing in vitro
diacetate (DCFH-DA). Dichlorofluorescein (DCF), the oxidized product

of DCFH-DA, showed increased fluorescence in cancer cells with higher Our goal is to develop the RLR nanoparticle-based multimodal
concentration of DOX, indicating more H,0, was generated (Fig. S11). therapy for the synergistic killing of cancer via synergies among CDT,
Collectively, the combination of heating stress and anti-cancer drugs PTT and chemotherapy. Through the CDT, the RLR nanoparticles di-
provide unique modalities to synergistically sensitize the cancer cells to rectly target the ferroptosis pathways of cancer cells. By NIR irradia-
death by utilizing RLR nanoparticles. tion, PTT further enhances CDT, overcome drug-resistant pathways,
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and simultaneously shift cancer towards pro-apoptotic status.
Combining these strategies in a single platform, the RLR nanoparticles
can significantly improve the potency of clinically used anti-cancer
drugs (Fig. 5a). To test the therapeutic outcome from the drug-loaded
RLR nanoparticles, we first performed a comprehensive cancer apop-
tosis assay in vitro by delivering DOX-loaded RLR nanoparticles at
varying concentrations followed by NIR treatment (RLR-NIR-DOX). As
controls, four additional groups were included: i) RLR nanoparticles
alone; ii) DOX alone; iii) RLR nanoparticles with NIR (RLR-NIR), and iv)
DOX-loaded RLR nanoparticles without NIR (RLR-DOX). From the re-
sults of cancer apoptosis assay, RLR nanoparticles exhibited good bio-
compatibility towards normal cells (Fig. S12). While RLR-NIR and RLR-
Dox groups induced significant apoptosis of three types of cancer cells
at all concentrations in a clear dosage-dependent manner (Fig. 5b, Fig.
S13, Table S2). Remarkably, by combining the NIR treatment and the
DOX treatment, we lowered ICs, of DOX to 0.38 pM (80 times decrease
compared to the DOX-only group) (Fig. S14). The synergistic effects
from multimodality of cancer therapy tested in a live-dead cell assay
showed a consistent trend as discovered from the cell apoptosis assay,
further validating the unique cancer-killing mechanisms (Fig. 5c).
Moreover, we further calculated the synergy index among CDT, PTT
and chemotherapy to be well above 1.02, further suggesting a sy-
nergistic effect between the multimodal therapy. We also modified the

RLR nanoparticles with iRGD to augment tumor targeting-abilities of
the highly potent therapeutic platform (Fig. S15). More specifically, the
iRGD peptide binds to a3 integrin, which is overexpressed in many
cancer cells (e.g., metastatic breast cancer cells) [40,64]. By delivering
the iRGD-modified and DOX-loaded RLR nanoparticles into a control
breast cancer cell line (MCF-7 cells, low integrin expression cell line),
we demonstrated the targeted specific delivery based on a significantly
higher (2-fold increase) fluorescence (Fig. 5d) and selective killing of
malignant cancer cells (MDA-MB-231). These results indicated not only
successful conjugation of functional iRGD to the particle but also the
suitability of this targeting strategy for specific targeting.

3.6. RLR nanoparticles-based in vivo cancer therapy

Following the promising in vitro findings, we further applied our
RLR nanoparticles for in vivo imaging and tumor suppression (Fig. 6a).
To be consistent with the in vitro experiments, we used a breast cancer
model to show the efficacy of RLR nanoparticles as a proof-of-concept.
We identified the demonstration of targeted delivery of RLR nano-
particles to the tumor sites and the subsequent degradation in vivo as
the primary interest before performing tumor suppression assay. As
such, we first conducted an in vivo nanoparticle distribution assay by
establishing a tumor model with MDA-MB-231 cells via subcutaneous
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injection to the mice. After the tumor formation, the FITC labeled-RLR the in situ MRI results, we found that while the initial nanoparticles
nanoparticles were intravenously injected through the tail vein. The injection did not yield noticeable MRI signals, a constant increase of
targeted delivery of RLR nanoparticles to the tumor site was success- MRI intensities was observed throughout the time course between 1h
fully confirmed by the significant in vivo fluorescence signal at the and 3 h. Thereafter, MRI intensity plateaued between 5 and 24 h fol-
tumor after 2 h, suggesting a minimal side effect caused by a non-spe- lowed by a signal decrease until 96 h after injection (Fig. S17). These
cific delivery to the healthy organs (Fig. 6b). Such fast accumulation results indicated that the RLR nanoparticles accumulated selectively
would also be helpful for achieving a stronger cytotoxic effects on and degraded timely in vivo at the tumor sites, which were among the
cancer cells and is consistent with other nanoparticle-based delivery critical considerations for clinical applications. Additionally, according
platforms that combine both active and negative targeting [65,66]. In to our previous results, the onset of T1 MRI signals quantitively cor-
parallel, we utilized MR imaging for validating biodistribution assay related with the drug release profile as the RLR nanoparticles degraded;
and confirmed the biodegradation profile of the RLR nanoparticles, and therefore, through MRI, we were able to give quantitative measure-
T, relaxation rate with GSH treatment was up to 5.11mM 's~! ments of drug release in vivo in a tumor model [67].

(Fig. 6¢, Fig. S16). The images solidly demonstrated the TME responsive Furthermore, the RLR nanoparticles-based platform showed su-
MRI performance of RLR nanoparticle. The high value of r; also re- perior anti-cancer outcome in vivo as well. Although many nanoparticle-
flected the RLR nanoparticle could be a good candidate for further di- based therapeutic approaches have been developed for cancer treat-
agnosis applications. The in situ MR imaging capability of RLR nano- ment, our strategy was advantageous for clinical applications being

particles was enabled by the release of T1 MRI positive probes (Mn?*) selective to tumor redox microenvironment, spatiotemporal con-

from the RLR nanoparticles when degraded by the cancer cells. From trollable, and provided high cancer-killing efficacy through synergistic
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effects from CDT, PTT, and chemotherapy. By creating a xenograft
mouse tumor model using the identical method [39], we first validated
the assay based on the exponential increase of tumor volume and the
suppression of tumor growth (1.74-fold) from chemotherapy (DOX
alone) (Fig. 6e). As a result of CDT and chemotherapy, the delivery of
chemotherapeutics by RLR nanoparticles slowed down tumor growth
significantly by 3.63-fold compared to the no treatment group. Most
importantly, mice treated by the experimental condition, which was the
combined CDT, PTT, and chemotherapy almost stopped the tumor
growth completely throughout the 1-month observation, directly sup-
porting our findings in vitro and the strong synergies using the multi-
modal cancer therapy. In the experimental condition, the NIR-triggered
PTT not only improved the outcome of ROS generation in CDT but also
increased drug accumulation and apoptotic pathways to enhance the
efficacy of chemotherapy, thereby leading to the synergistic effect.
Moreover, due to the relatively low power density we used for PTT, no
skin burn was found on the mice, which indicated that localized mild
PTT did not cause obvious side effect (Fig. S18). We found a similar
trend in tumor weights harvested from different groups of animals, with
a dramatic higher decrease for the experimental group compared to all
the controls (Fig. 6f). Moreover, additional gene analysis from the
dissected tumor tissue also revealed the suppression of drug efflux re-
lated genes (HSF-1, MDR-1, and TP-53) and the upregulation of pro-
apoptotic genes (BAX and Caspase 3) (Fig. 6g, Fig. S19, Table S1). As a
result, the experimental condition showed a significantly higher per-
centage of DNA damage and apoptosis in the TUNEL assay and H&E
staining compared to the control (Fig. 6h, Fig. S20). Also, this treatment
did not induce any significant change of the bodyweight as well as
toxicity in the histological analysis of major organ section (Figs.
§21-22). While more mechanistic investigations would be essential to
elucidate the interactions between the RLR nanoparticles-based CDT
and PTT modalities in vivo, our results strongly supported the potential
of RLR nanoparticle-based therapeutic platform for robust tumor sup-
pression.

4. Conclusions

In summary, as a proof of concept, we developed a multifunctional
nanoparticle-based versatile platform as synergetic CDT-PTT-Chemo
therapeutics for the treatment of cancer. A novel hierarchical RLR na-
noparticle composed of the core-shell structure was successfully syn-
thesized and characterized with excellent drug loading and redox-
triggered releasing, high photothermal conversion efficiency and pro-
grammed biodegradability. Most importantly, the RLR nanoparticle
advances current CDT-based cancer treatment first by enduing a self-
activated ROS generation via stepwise GSH depletion and Fenton re-
action, and then by accelerating the lethal radical formation through
spatiotemporally controlled hyperthermia (PTT). Furthermore, based
on the RLR nanoparticle-enabled CDT, we rationally designed an ad-
vanced combinatorial cancer therapy with PTT and a clinically used
chemotherapy and successfully achieved near-complete killing of
cancer cells in vitro and in vivo. Comprehensive gene analysis revealed
the PTT and CDT improve the outcome of clinically used anti-cancer
drugs by reducing drug efflux and downregulating cancer pro-survival
pathways, respectively. To the best of our knowledge, this is the first
study to construct activatable theranostic nanosystem for MRI-mon-
itored CDT-PTT-Chemo combinatorial cancer therapy.

Given the versatility of our synthetic routes for the core-shell na-
noparticles, our work can inspire more investigations on hierarchical
nanoparticles with programmable biodegradability for next-generation
safe nanomedicine. Also, considering their high clinical relevance, our
single platform-based delivery of CDT, PTT and chemotherapy with
thorough mechanistic studies opens a new avenue towards highly ef-
ficient anti-tumoral nanomedicine with high versatility and minimal
toxicity. Currently, we are working on the evaluation of the developed
therapeutic platform for treating drug-resistant and more lethal (e.g.,
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pancreatic cancer) tumor models by further engineering its hierarchical
nanostructures and delivering cancer-specific epigenetic drugs.
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