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Abstract Carrier-free multi-component self-assembled nano-systems have attracted widespread atten-

tion owing to their easy preparation, high drug-loading efficiency, and excellent therapeutic efficacy.

Herein, MnAs-ICG nanospike was generated by self-assembly of indocyanine green (ICG), manganese

ions (Mn2þ), and arsenate (AsO4
3�) based on electrostatic and coordination interactions, effectively inte-

grating the bimodal imaging ability of magnetic resonance imaging (MRI) and fluorescence (FL)

imaging-guided synergistic therapy of photothermal/chemo/chemodynamic therapy within an “all-in-

one” theranostic nano-platform. The as-prepared MnAs-ICG nanospike had a uniform size, well-

defined nanospike morphology, and impressive loading capacities. The MnAs-ICG nanospike exhibited

sensitive responsiveness to the acidic tumor microenvironment with morphological transformation and
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Synergistic therapy;

Breast cancer
dimensional variability, enabling deep penetration into tumor tissue and on-demand release of functional

therapeutic components. In vitro and in vivo results revealed that MnAs-ICG nanospike showed synergis-

tic tumor-killing effect, prolonged blood circulation and increased tumor accumulation compared to their

individual components, effectively resulting in synergistic therapy of photothermal/chemo/chemody-

namic therapy with excellent anti-tumor effect. Taken together, this new strategy might hold great prom-

ise for rationally engineering multifunctional theranostic nano-platforms for breast cancer treatment.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer is the leading cause of disease-related death around the
world, among which breast cancer has become the most common
malignancy since 20201. The efficient integration of multiple anti-
tumor therapeutic modalities and medical diagnostics within
multifunctional theranostic nano-platforms with tailored pharma-
ceutical behavior, enhanced therapeutic efficacy, improved tumor
specificity, and reduced adverse side effects has proven a prom-
ising strategy for cancer therapy. Zhang et al.2 has reported a
multicomponent nano-platform based on the amphiphilic amino-
acid coordinated self-assembly of metal ions with the simulta-
neous encapsulation of photosensitive drugs to generate Fmoc-L-
L/Mn2þ/Ce6 nanoparticles (FMCNPs) capable of magnetic reso-
nance imaging (MRI)-guided photodynamic therapy (PDT) for
cancer therapy. Dong et al.3 constructed a safe multifunctional
nano-platform based on polydopamine nanoparticles as a versatile
carrier loading with indocyanine green (ICG), doxorubicin
(DOX), and manganese ions for MRI-guided chemo & photo-
thermal cancer therapy. However, it remains some challenges in
the development of multifunctional anti-tumor nano-platforms.
Between them, the paradox between particle size and tumor
penetration and blood circulation has dramatically hindered the
treatment efficacy, requiring intelligent size-variable nano-systems
for enhanced tumor accumulation and deep tumor penetration.

Recently, carrier-free nanodrugs have drawn considerable
attention. Compared to carrier-assistant drug delivery systems,
carrier-free nanodrugs have excellent flexibility and changeability,
low systemic toxicity, high drug loading capability, stimulus
sensitive features, and synergistic therapeutic efficacy4, facili-
tating their applications in cancer treatment. Qin et al.5 have re-
ported a self-delivery supramolecular nano-platform which
constructed via the hosteguest interaction between chlorine 6-
conjugated b-cyclodextrin and ferrocene-modified conjugates to
form an inclusion complex to fulfill self-amplified PDT for anti-
tumor therapy. Lin et al.6 incorporated chemotherapeutic agent
paclitaxel (PTX) and photosensitizer ICG into one carrier-free
nanodrug (PTX/ICG NDs) via self-assembly to realize chemo-
photothermal synergistic therapy. Hence, the development and
application of multifunctional carrier-free nanodrugs is an
important research direction in the field of nanobiology7.

With the enormous progress in nanomedicine-mediated cancer
therapy, various therapeutic methods have been exploited in
breast cancer treatment. As a non-invasive and spatio-
temporally controlled therapeutic strategy, photothermal therapy
(PTT) has been extensively used in breast cancer treatment via
light-converting agent-mediated localized photothermal tumor
ablation under the stimulation of near-infrared (NIR) laser8e12.
PTT has demonstrated a significant combinational effect with
chemotherapy, chemodynamic therapy (CDT), or immunotherapy,
representing an adaptable avenue to overcome the limitation of
monotherapy3,13e16. ICG is an NIR fluorescent dye for both
fluorescence (FL) imaging and PTT approved by U.S. Food
and Drug Administration (FDA), while suffering from rapid
in vivo elimination and unavoidable photobleaching17. Hence,
how to effectively apply ICG in breast cancer treatment remains
challenging.

Arsenic trioxide (ATO) is an FDA-approved chemotherapeutic
agent in the first-line treatment of acute promyelocytic leukemia
(APL) with clarified pharmacology18. The use of ATO has also
been extended to multiple solid tumors, including breast, liver,
lung, and glioma19e23. However, the clinical application of ATO
has been impeded by its rapid renal clearance and severe systemic
toxicity. In recent years, several types of nano-vehicles such as
liposomes, polymer micelles, and mesoporous silica were fabri-
cated to deliver ATO into the tumor site, while are limited by low
drug-loading efficiency, complex preparation process, and unde-
sirable leakage of ATO during circulation22,24e26. Pentavalent
arsenate [As (V)] is an important biological oxidation state of
arsenic with less systemic toxicity as well as weakened thera-
peutic efficacy27,28. As a bioactivitable “prodrug” of trivalent
arsenite [As (III)], As (V) can be transformed to the more toxic
ATO under the stimulation of hypoxia, high glutathione (GSH)
level, or mild acidity of tumor microenvironment (TME)28,29.
Based on the fact that single treatment with As (III) or As (V)
failed to provide sufficient beneficial effects for treatment for solid
tumor, effective partners were therefore needed to cooperate
against solid tumors30.

Given the characteristic features of the mild acidity and
hydrogen peroxide (H2O2) overproduction of the TME and the
high toxicity of hydroxyl radicals (∙OH)31e33, CDT has been
demonstrated as an emerging therapeutic modality and a prom-
ising strategy to trigger apoptosis of cancer cells that can convert
H2O2 to ∙OH via valence-variable metal ion-mediated Fenton or
Fenton-like reaction34. Among the most frequently utilized metal
ions for CDT (Fe, Cu, Mn, Co, and Ce), manganese ion (Mn2þ) is
highly favored for its intrinsic biocompatibility, high reactivity
towards Fenton-like reaction, and excellent contrast ability for
MRI35e38, which has become one of the most commonly adopted
medical imaging technologies in clinical treatment39. Mn2þ was

http://creativecommons.org/licenses/by-nc-nd/4.0/
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reported to co-precipitate with arsenite (AsO3
3�) to form manga-

nese arsenite complex (MnAs) via electrostatic interaction, stable
at neutral pH and dissociates in an acidic environment, with
elevated drug-loading efficiency and controlled release of
ATO40e42. Mn2þ can also self-assemble with ICG through coor-
dination interactions to form a 1D nanofiber-like structure with
enhanced therapeutic efficacy43. These results imply that Mn2þ

could act as a prospective bridging ligand via concomitant inter-
action with ICG and ATO to efficiently integrate multifunctional
components within a theranostic nano-platform.

It has been reported that, reactive oxygen species (ROS) and
GSH, which is the most overabundant antioxidant cofactor within
TME, play critical roles in cancer-related redox homeostasis
regulation44,45, and maintain the redox balance of TME38. In
addition, GSH is a scavenger to counteract intracellular ROS
and confers resistant capacity of chemo-, radio-, and photody-
namic therapy35. In addition, the elevated ROS and GSH
concentrations in the TME also contributed to the drug resistance
of tumors46. Hence, breaking the dynamic equilibrium of
redox via GSH depletion and elevating intracellular ROS level in
the meantime would be a potential strategy for anti-tumor
treatment47.

Herein, an “all-in-one” theranostic nano-platform (MnAs-ICG
nanospike) was constructed in this study. Employing electrostatic
and coordination interactions, Mn2þ, arsenate (AsO4

3�), and ICG
could be efficiently chelated and competitively coordinated, acting
as a multifunctional nano-platform towards MRI-guided photo-
thermal/chemo/chemodynamic synergistic therapy. Firstly, the
MnAs-ICG nanospike sensitively responded to the acidic TME,
collapsing and then dissociating into nanoparticles with a much
smaller diameter, which could efficiently penetrate deep into the
tumor tissue, accompanied by the on-demand release of Mn2þ,
AsO4

3�, and ICG. In addition, under the guidance of T1-weighted
MRI for real-time monitoring, Mn2þ could convert H2O2 into
highly toxic ∙OH through Fenton-like reaction. Through the
combination of PTT, higher temperature could accelerate ∙OH
formation and promote AsO4

3� endocytosis, leading to improved
CDT and chemotherapy efficiency48. Finally, AsO4

3� would be
converted to more toxic AsO3

3� with the assistance of GSH in
TME, which is 5e10-fold higher than normal cells47. Accord-
ingly, this “all in one” theranostic nano-platform works via
cascade reactions based on the feature of TME, including Mn2þ-
mediated CDT, ICG-mediated PTT, and AsO4

3�-mediated
chemotherapy, presenting excellent synergistic therapy. The ther-
apeutic combination developed here represents a novel strategy for
breast cancer treatment.
2. Materials and methods

2.1. Materials

Manganese chloride tetrahydrate (MnCl2∙4H2O) was purchased
from Macklin (Shanghai, China). HAsNa2O4∙7H2O, 5,5-dime
thyl-pyrroline-N-oxide (DMPO), amiloride hydrochloride and
chlorpromazine hydrochloride were bought from Sigma-Aldrich
(MO, USA). The Cell Counting Kit (CCK-8) was bought from
Jiangsu Aidisheng Biotechnology Co., Ltd. (Jiangsu, China).
Indocyanine green (ICG) and dimethyl sulfoxide (DMSO) were
purchased from Aladdin (Shanghai, China). 40,6-Diamidino-2-
phenylindole (DAPI) was bought from Beyotime (Shanghai,
China). The live/dead staining kit was obtained from Yeasen
Corporation (Shanghai, China). 20,70-Dichloro-fluorescein diac-
etate (DCFH-DA), filipin and dynasore were purchased from
Yuanye Biological Technology (Shanghai, China).

2.2. Synthesis of MnAs-ICG

MnAs nanofiber was synthesized using a hydrothermal method.
Briefly, HAsNa2O4∙7H2O solution (1.2 mmol) was mixed with
MnCl2∙4H2O solution (0.3 mmol) and stirred vigorously at 4 �C
for 30 min, and then transferred to a stainless steel Teflon-lined
autoclave at 180 �C for 30 min. The obtained MnAs was
collected by centrifugation, washed, and redispersed in water.

To synthesize MnAs-ICG, ICG (2.6 mg) pre-dissolved in
300 mL of DMSO was added to 3 mL of MnAs solution under
stirring overnight. The mixture was dialyzed against deionized
water using a dialysis bag (MWCO Z 3500 Da), and the products
were stored at 4 �C.

2.3. Characterization of MnAs-ICG

The morphology, elemental mapping and energy dispersive X-ray
spectroscopy (EDS) spectra of MnAs-ICG were observed using
transmission electron microscopy (TEM) (FEI, Tecnai F20, Ore-
gon, USA). And the surface morphology was observed using
scanning electron microscopy (SEM) (Zeiss, Sigma 300, Ober-
kochen, Germany). The hydrodynamic diameter and zeta potential
of MnAs-ICG were investigated using a Zetasizer (Malvern,
Nano-ZS90, Worcestershire, UK). The amount of Mn and As was
investigated by inductively coupled plasma mass spectrometry
(ICP-MS, Thermo Electron Corporation, ICAP-QC, Waltham,
MA, USA). ICG drug loading (DL) and encapsulation efficiency
(EE) were determined by measuring ICG absorbance at 780 nm
via a UVeVis spectrometer (Molecular Devices, SpectraMax M2,
Sunnyvale, CA, USA) and comparing them to standard curves of
the free ICG. The DL and EE were calculated based on formulas,
as shown in Eqs. (1) and (2). The valence of arsenic was evaluated
using Atomic Fluorescence Spectroscopy (AFS, Shimadzu,
Japan).

DLð%ÞZWeight of loaded drug

Total weight of NPs
� 100 ð1Þ

EEð%ÞZ Weight of loaded drug

Total weight of feeding drug
� 100 ð2Þ

2.4. Computational methods

Molecular dynamics (MD) simulations were conducted to study
Mn2þ, AsO4

3�, and ICG behavior. The simulation calculation was
conducted on four structures with an integration time-step of 1 fs.
First, the conjugate gradient algorithm and energy minimization
were performed to obtain a stable structure. Each sample was then
equilibrated under the NPT ensemble at a constant temperature of
300 K to achieve an equilibrium state with zero pressure for 20 ns.
Furthermore, a potential cutoff radius of 2.25 nm is applied in the
calculation of the non-bonded interaction. Finally, the properties
of the structures were obtained in the last 3000 ps. The interaction
energy was calculated for measuring the interaction intensity be-
tween the Mn2þ, AsO4

3�, and ICG.
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2.5. In vitro photothermal effect

The temperature changes of MnAs-ICG of various concentrations
were recorded to investigate the photothermal effect using an
infrared (IR) thermal camera (Infrared Camera Inc., ICI 7320,
Beaumont, TX, USA) under 808-nm laser irradiation.

2.6. Quantitative analysis of ∙OH generation

∙OH level was quantified using an electron spin resonance (ESR)
spectrometer using DMPO as a spin trap. Briefly, MnAs-ICG at
various pH conditions (7.4 or 5.0), 100 mL of H2O2 (2 mmol/L),
and 40 mL of DMPO solution (0.5 mol/L) were instantly added to
a capillary tube. The characteristic peak signals of ∙OH were
detected using an ESR spectrometer (Bruker, A300, Billerica,
Germany).

2.7. Hemolysis assay

The hemolysis assay of MnAs-ICG was carried out on fresh blood
from a New Zealand white rabbit. Briefly, 0.2 mL of fresh blood
was collected, centrifuged (1500 rpm, 5 min, Thermo, Sorvall
Legend Micro 17R, Lower Saxony, Germany), and washed with
PBS. After dilution to 2% (v/v) with PBS, equal volume of red
blood cells (RBCs) suspension and MnAs-ICG at various ICG
concentrations (1, 2.5, 5, 8, 10 and 20 mg/mL) were mixed, and
incubated at 37 �C for 1 h. After centrifugation (1500 rpm,
10 min, Thermo), the absorbance of supernatant at 414 nm was
determined using microplate reader to calculate hemolysis rates.

2.8. pH-Responsive study

The pH-responsive characteristics of the MnAs-ICG nanospike
were evaluated using TEM and in vitro release in PBS buffer at
different pH conditions. First, MnAs-ICG was added to PBS at pH
6.2 and 5.0. At the selected time, the solution was collected for
observation of morphological changes using TEM. Then, the
release of ICG and As from MnAs-ICG at different pH values and
photothermal treatments was measured by dialysis bag. Briefly,
MnAs-ICG (ICG: 100 mg) was suspended in a dialysis bag
(MWCO Z 3500 Da), immersed in 10 mL of PBS (pH 7.4, 6.2, or
5.0), and incubated at 37 �C with constant stirring. Then, 1 mL of
PBS was collected at specific time intervals, and the released As
and ICG was measured according to the standard curve of As and
ICG using ICP-MS (Thermo Electron Corporation) and UVeVis
spectrometer (Molecular Devices), respectively.

2.9. 3D tumor spheroids study

4T1 cells (ATCC, 1 � 104) were incubated into ultralow attach-
ment plates. After 3 days, tumor cell spheroids (w300 mm) were
treated with fresh medium of various pH conditions (pH 7.4 or
6.2) containing MnAs-ICG (ICG: 25 mg/mL) for 12 h. After 4-h
incubation, tumor cell spheroids of the laser treatment group
were treated with an 808-nm laser (1 W/cm2, 5 min) per well,
followed by observation with confocal laser scanning microscope
(CLSM, Zeiss, LSM880, Oberkochen, Germany).

2.10. In vitro cellular uptake study

4T1 cells were seeded into glass-bottom confocal dishes and
treated with PBS or MnAs-ICG (ICG: 20 mg/mL) for 4 h. Two
hours after laser irradiation, cells were washed and fixed with 4%
paraformaldehyde, followed by DAPI staining and CLSM imaging
(Zeiss).

2.11. Internalization mechanism of cellular uptake

To investigate the internalization mechanism of the MnAs-ICG,
2 � 105 of 4T1 cells were seeded into glass-bottom confocal
dishes, and pre-incubated with Hank’s, amiloride hydrochloride
(30 mg/mL), chlorpromazine hydrochloride (10 mg/mL), dynasore
(27.2 mg/mL) or filipin (5 mg/mL) for 30 min. After washed with
PBS, cells were incubated with MnAs-ICG (ICG: 20 mg/mL) for
1 h. Then, the cells were fixed with paraformaldehyde and stained
with DAPI for CLSM imaging (Zeiss). The 4 �C-treated group
was incubated in 4 �C refrigerator.

2.12. Reactive oxygen species (ROS) detection

Cells (2 � 105) were seeded into confocal dishes. After incubation
with PBS or MnAs-ICG (Mn: 20 mg/mL) for 6 h, the irradiated
groups were deal with an 808-nm laser (1 W/cm2, 5 min). After
DCFH-DA (10 mmol/L) staining, cells were washed and observed
using CLSM (Zeiss).

2.13. In vitro cytotoxicity assay

PTT/CDT/chemotherapy synergistic therapy of MnAs or MnAs-
ICG was evaluated by CCK-8 assay. Briefly, 1 � 104 of 4T1 cells
were seeded into 96-well plates and incubated with MnCl2,
HAsNa2O4∙7H2O, ICG, MnAs or MnAs-ICG of different con-
centrations for 24 h. The irradiated groups were exposed to an
808-nm laser (1 W/cm2, 5 min).

2.14. Live/dead staining assay

4T1 cells were seeded into culture dishes and incubated overnight,
followed by incubation with PBS or MnAs-ICG (ICG: 20 mg/mL)
for 4 h. After 2 h of incubation, the irradiation groups were irra-
diated for 5 min, followed by washing and co-staining with
Calcein-AM and PI for 30 min. After PBS washing, cells were
imaged using CLSM (Zeiss).

2.15. Cell apoptosis assay

4T1 cells were seeded into 6-well plates and treated with PBS or
MnAs-ICG (ICG: 20 mg/mL). Four hours later, cells were irradi-
ated for 5 min. After another 2-h incubation, cells were collected,
washed, and co-stained with Annexin-FITC and PI for 15 min for
flow cytometry (Beckman, CytoFlex, California, USA).

2.16. In vivo pharmacokinetic study

Male Sprague-Dawley (SD) rats (200 � 15 g) were obtained from
Zhejiang Chinese Medical University Laboratory Animal
Research Center. All animal experiments were performed in
compliance with guidance of the Zhejiang Chinese Medical
University Animal Care and Use Committee. SD rats were
randomly divided into two groups (n Z 3), and intravenously
injected with free ICG and MnAs-ICG (ICG: 1.5 mg/kg). The
blood samples were obtained from retro-orbital plexus at selected
times. After centrifugation and precipitation, the ICG con-
centration in plasma supernatant was measured via UVeVis
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spectrometer at 780 nm. And the pharmacokinetic parameters of
ICG and MnAs-ICG were analyzed via PKSolver 2.0 (China
Pharmaceutical University, China).

2.17. In vivo imaging and ex vivo distribution analysis

Female BALB/c mice (4e6 weeks, 20 � 2 g) were obtained from
Zhejiang Chinese Medical University Laboratory Animal
Research Center. To prepare 4T1 tumor-bearing mice, 4T1 cells in
PBS buffer were subcutaneously injected to the right back of mice
at a dose of 1 � 106 per mouse. After 15 days, the mice could be
used for in vivo experiments once the tumor volumes exceeded
100 mm3. Mice were injected with ICG or MnAs-ICG (ICG:
2 mg/kg) via tail vein. At specified times (0.5, 1, 2, 5, 8, and 24 h),
an in vivo imaging system was used to investigate the ICG fluo-
rescence (excitation: 710 nm, filter: 745 nm; IVIS, PerkinElmer,
Waltham, MA, USA). After 24-h post-injection, mice were
sacrificed, and the major organs (heart, liver, spleen, lung, and
kidney) and tumors were harvested for ex vivo imaging.

2.18. MR imaging of MnAs-ICG

For in vitro experiments, MnAs-ICG in PBS (pH 7.4 and 5.0) at
various Mn concentrations for 24 h was scanned using the 1.5T
MRI system (GE Healthcare, GE Signa HDxT, Little Chalfont,
UK) to measure the T1 relaxation time.

For in vivo experiments, MnAs-ICG was intravenously injected
into mice (Mn: 1.25 mg/kg). In vivo T1-weighted MRI images
Figure 1 Schematic illustration of MnAs nanofiber and MnAs-ICG na

enabled deep penetration and MRI and FL bimodal imaging-guided syner
were obtained at selected times using a 1.5T MRI system (GE
Healthcare).

2.19. In vivo anti-tumor evaluation

4T1 tumor-bearing mice of five groups were intravenously
injected with saline, ICG, or MnAs-ICG (ICG: 2.5 mg/kg)
(n Z 5). After 5 h, the illumination groups were treated with laser
irradiation (808 nm, 1 W/cm2, 10 min). During this process, the
temperature change of tumor site at different time points was
monitored via an IR thermal imaging camera. During 21 days
treatment period, body weight, tumor volume, and survival ratio
were recorded every two days. Tumor volume was measured ac-
cording to Eq. (3):

Tumor volumeZ
Tumor length�Tumor width2

2
ð3Þ

2.20. Histopathology analysis

Mice were sacrificed after 21 days, and the major organs and tu-
mors were collected and fixed in 10% paraformaldehyde. After
embedding in paraffin and sectioning, samples were stained with
hematoxylin and eosin (H&E). The tumors were stained with
terminal deoxynucleotidyl transferase-mediated nick end labeling
(TUNEL).
nospike preparation, and pH-sensitive morphological transformation-

gistic therapy.



Figure 2 Characterization of MnAs nanofiber and MnAs-ICG nanospike. (A) TEM and SEM images of MnAs and MnAs-ICG. (B) Hydro-

dynamic diameter and zeta potential of MnAs and MnAs-ICG. Data are presented as mean � SD (n Z 3). (C) UVeVis absorption spectra of

MnAs, ICG and MnAs-ICG. (D) Elemental mapping and (E) EDS spectrum of MnAs-ICG. Scale bar Z 100 nm. (F) MD simulation and (G)

interaction energy of MnAs nanofiber and MnAs-ICG nanospike. The covalent interactions were marked by dashed line.
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2.21. Statistical analysis

All data were presented as the mean � standard deviation (SD)
and analyzed using SPSS 25 (IBM SPSS Inc., Chicago, IL, USA).
Statistical significance was set at P < 0.05, and P < 0.01 was
considered as extreme significant.
3. Results and discussions

3.1. Design and preparations

GSH and ROS play critical roles in cancer-related redox homeo-
stasis regulation. GSH depletion and ROS elevation would be



Figure 3 Photothermal conversion and ∙OH generation. (A) Photothermal images and (B) corresponding temperature variation curve of MnAs-

ICG with various ICG concentrations under 808-nm laser irradiation. (C) Photothermal stability of ICG and MnAs-ICG undergoing five rounds of

laser irradiation. (D) The dynamic stability of ICG and MnAs-ICG at 4 �C, and calculated at 780 and 808 nm for ICG. (E) ESR spectra of ∙OH
generation under different conditions.
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promising strategies for breast cancer treatment. As illustrated in
Fig. 1, MnAs-ICG nanospike was constructed via a two-step
process. First, Mn2þ (0.3 mmol) and AsO4

3� (1.2 mmol) were
mixed and complexed through electrostatic interaction, and
colloidal suspension MnAs nanofiber was obtained via a hydro-
thermal method. Second, MnAs-ICG nanospike was formed when
ICG self-assembled with MnAs nanofiber by competitive coor-
dination interaction between Mn2þ and the two sulfonate anions
of ICG. The as-obtained “all-in-one” nano-platform (MnAs-ICG
nanospike) could combine the CDT of Mn2þ, chemotherapy of
AsO4

3� and PTT of ICG. Under the higher GSH level in TME,
AsO4

3� would deplete or exhaust GSH and be transformed to more
toxic AsO3

3�, further disturbing the balance between ROS and
GSH to increase the intracellular ROS level and facilitating the
CDT of Mn2þ. And ICG encapsulation via coordination interac-
tion could not only improve the dynamic stability of ICG, but also
enhance its in vivo circulation time. The prepared MnAs-ICG
nanospike exhibited enhanced tumor accumulation and acid-
responsive morphological transformation and dimensional vari-
ability, efficiently promoting deep tumor penetration for improved
tumor therapy. Moreover, the photothermal ability of the nano-
spike could efficiently cooperate with chemotherapy and chemo-
dynamic therapy in a multifunctional MRI-guided synergistic
therapy for breast cancer treatment.

3.2. Characterization of MnAs-ICG nanospike

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) were employed to monitor the morphologies
of MnAs and MnAs-ICG. Firstly, we investigated the formation of
MnAs nanofiber via TEM. As shown in Supporting Information
Fig. S1A, with the increasing of AsO4

3�, MnAs showed obvious
nanofiber-like morphology. Compared with the ratio of 1:1 or 1:2,
MnAs at the ratio of 1:4 exhibited more uniform structure, hence
1:4 was chosen for further evaluation (Fig. 2A). As shown in
Supporting Information Fig. S1B, the addition of ICG obviously
changed the nanofiber-like morphology of MnAs, and led to a
morphological transformation from the nanofiber of MnAs into a
nanospike structure of MnAs-ICG, and more ICG would promote
the formation of nanospike structure, which allowing for a more
intact interaction with cells than a spherical structure49. And the
results of dynamic light scattering (DLS) displayed that the hy-
drodynamic diameters of MnAs and MnAs-ICG were
1954.33 � 87.08 nm and 144.87 � 2.91 nm, respectively, which
were in accordance with TEM results (Fig. 2B). In addition,
compared to the MnAs nanofiber, the MnAs-ICG nanospike was
negatively charged and displayed a slight decrease in zeta po-
tential. And the molecular mass of MnAs-ICG was 229 kDa
measured via Litesizer™ 500 (Anton Paar, Austria). The stability
of MnAs-ICG nanospike in PBS (pH 7.4), DMEM, and 10% FBS
solution was also investigated via DLS. As shown in Supporting
Information Fig. S2, MnAs-ICG nanospike in different physio-
logical conditions were similar and the hydrodynamic diameter
remains almost unchanged over 7 days, demonstrating that MnAs-
ICG nanospike could maintain a relatively stable state in blood
circulation. The UVeVis spectra of MnAs-ICG were evaluated
using a UVeVis spectrometer. The characteristic absorbance peak
of MnAs-ICG nanospike became broader and exhibited a higher
absorbance at 808 nm than ICG, further guiding the MnAs-
ICG for superior photothermal converting under 808-nm laser
irradiation50 (Fig. 2C). Elemental mapping and energy dispersive
X-ray spectroscopy (EDS) displayed uniform distribution of Mn,
As, O, and S elements of MnAs-ICG with a weight ratio of
29.79 � 1.33%, 26.39 � 1.90%, 41.67 � 0.59% and



Figure 4 pH-responsive study. (A) The morphology and (B) size variation of MnAs-ICG at pH 6.2 and 5.0. Data are presented as mean � SD

(nZ 3). Scale barZ 200 nm. (C) Cumulative release of ICG from MnAs-ICG at various conditions (pH 7.4, 6.2 or 5.0). (D) CLSM images of 3D

tumor spheroids with different treatment. Scale bar Z 100 mm *P < 0.05, **P < 0.01.
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2.14 � 0.41%, respectively (Fig. 2D and E). And the loading
capacity and encapsulation efficiency of ICG in MnAs-ICG
nanospike were 53.24 � 3.66% and 65.75 � 4.52%, respec-
tively, further illustrating the high loading capacity of carrier-free
nanodrugs. About 90.6% As (III) was converted from As (V) in
MnAs-ICG under excessive GSH, which further demonstrated the
reducibility of GSH on As (V).

Computational simulation by molecular dynamics (MD) was
conducted to further explain the morphological transformation
based on the hypothesis that the filamentous structures of
MnAs nanofiber and the nanospike structures of MnAs-ICG were
formed by multiple non-covalent interactions. Electrostatic self-
assembly was mediated by electrostatic interactions between
Mn2þ and AsO4

3�, generating a self-confined effect for an orga-
nized arrangement of ionic groups aligned in the linear direction.
Subsequently, owing to the higher interaction energy of ICG-Mn
(�27.66 eV) than that of Mn-As (�35.16 eV), ICG competi-
tively coordinated with the Mn2þ via coordination interaction,
thereby breaking the nanofiber into small fractions, which then re-
self-assembled into nanospike (Fig. 2F and G).

In order to confirm the photothermal potency of MnAs-ICG in
PTT, we compared the photothermal effects of MnAs-ICG at
various concentrations using 808-nm laser irradiation. MnAs-
ICG nanospike exhibited a concentration-dependent temperature
changing behavior, and the temperature change reached up to
39.7 �C at 20 mg/mL of ICG after 5 min of laser irradiation
(Fig. 3A and B). Subsequently, the photothermal stability of
MnAs-ICG was investigated using free ICG as a control.
Compared to ICG, MnAs-ICG maintained good photothermal
cycling stability after five rounds of 808-nm laser irradiation,
effectively overcoming the shortage of easy photobleaching of
ICG due to the stabilizing effect provided by the cooperative
coordination interaction17 (Fig. 3C). Then, the dynamic stability
of free ICG and MnAs-ICG at 780 and 808 nm was monitored
over a span of 7 days. As displayed in Fig. 3D, the absorbance of
ICG showed a noticeable attenuation of approximately 35% after
7 days at 4 �C. In contrast, MnAs-ICG showed a negligible
change, suggesting excellent dynamic stability, which might be
due to the coordination interaction between ICG and Mn2þ.

Electron spin resonance (ESR) was utilized to explore the ∙OH
generation using DMPO as a spin trap. As shown in Fig. 3E,
typical 1:2:2:1 multiple peaks were observed with co-existence of
MnAs-ICG and H2O2. At pH 5.0, the multiple peaks of ∙OH were
enhanced compared to those at pH 7.4, suggesting the pH-



Figure 5 In vitro cellular uptake study. (A) Schematic illustration of the balance between ROS and GSH. (B) CLSM images of ICG and MnAs-

ICG in 4T1 cells of different treatment. Scale bar Z 10 mm. (D) CLSM images and (C) its corresponding inhibition rate of ICG and MnAs-ICG

internalized by 4T1 cells treated with PBS, amiloride (macropinocytosis inhibitor), chlorpromazine (clathrin inhibitor), dynasore (caveolae/

clathrin inhibitor), filipin (caveolae inhibitor) at 37 �C, and PBS at 4 �C (inhibition of ATP-mediated endocytosis). Scale bar Z 20 mm. (E)

Intracellular ROS detections after PBS, ICG or MnAs-ICG treatment. Scale bar Z 50 mm.
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responsive properties of MnAs-ICG for increased oxidative stress.
In addition, 808-nm laser irradiation further enhanced the gener-
ation of ∙OH via the boosting effect of hyperthermia.
3.3. pH-Responsive study

Based on the pH-sensitivity of MnAs as previously reported41,42,
TEM was used to investigate the morphological transition of the
MnAs-ICG nanospike after incubation in PBS at pH 6.2 or 5.0 for
various time periods. After 5-min incubation at pH 6.2, the
nanospike collapsed and MnAs-ICG showed a hollow spherical
nanostructure (Fig. 4A and B). At 30 min, MnAs-ICG partially
decomposed into smaller nanoparticles of 34.26 � 5.97 nm,
allowing deep tumor penetration triggered by TME. As for pH 5.0,
MnAs-ICG nanospike was almost degraded into ultra-small
nanoparticles with the size of 7.83 � 1.71 nm, which might be
beneficial for on-demand release of functional therapeutic agents
after cellular uptake.
The pH-sensitive cumulative drug release was determined
using a dialysis method. At pH 7.4 for 12 h, the cumulative release
of ICG was approximately 13.44% and increased significantly to
24.51% and 36.04% at pH 6.2 and 5.0, respectively. There were
about 12.04% and 16.15% of As released from MnAs-ICG incu-
bated in pH 7.4 and pH 6.2 PBS for 12 h, while up to 37.93% of
As was released when the environmental pH was adjusted to 5.0,
which is similar to the pH value of the tumor microenvironment,
thus exhibiting a pH-sensitive release behavior (Fig. 4C and
Supporting Information Fig. S3). In addition, the release of ICG
was enhanced by laser irradiation at all pH conditions, suggesting
a photothermal-assisted release property of MnAs-ICG.

Furthermore, 3D tumor spheroids were used to investigate the
pH-sensitive penetration of MnAs-ICG. As shown in Fig. 4D, the
fluorescence of ICG was mainly distributed at the edges of the
spheroid after treatment with MnAs-ICG at pH 7.4. On the con-
trary, the fluorescence localized in the center of the 3D tumor
spheroids at pH 6.2, indicating the excellent penetration of MnAs-
ICG, which should be attributed to acid-triggered size variability.
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With the combination of laser irradiation, the fluorescence was
significantly enhanced in the center of tumor spheroids, benefiting
from the photothermal effect-induced tumor-priming effect.

3.4. In vitro cellular uptake study

GSH and ROS are two main substances in cancer-related redox
homeostasis regulation. Once disrupting the balance between them,
the tumor cells would be damaged by the overproduction of ROS
(Fig. 5A). It is essential for nanosystem-mediated cancer treatment
to evaluate the cellular uptake efficiency. The subcellular localiza-
tion of ICG in 4T1 cells was investigated via confocal laser scanning
microscopy (CLSM). As displayed in Fig. 5B, ICG was mainly
distributed in the cytoplasm due to the bonding action of ICG and
intracellular glutathione S-transferase51. Notably, the FL signals of
ICG increased significantly in 4T1 cells after 808-nm laser irradi-
ation both in the group of ICGþ laser andMnAs-ICGþ laser,which
could be explained by the hyperthermia caused by the laser. It has
been reported that laser-induced hyperthermia can increase the
permeability and fluidity of cell membrane, thereby facilitating
cellular uptake to enhance drug endocytosis inside cancer cells and
cause severe damage to the cells51,52.

3.5. Internalization mechanism of cellular uptake

The internalization mechanism of MnAs-ICG nanospike was
investigated via CLSM. Four inhibitors (amiloride, chlorproma-
zine, dynasore and filipin), and 4 �C-treatment were utilized to
inhibit macropinocytosis-mediated, clathrin-mediated, caveolae/
Figure 6 In vitro cytotoxicity study. (A) Live/dead staining assay after

viability of 4T1 cells after treatment with (B) MnAs or (C) MnAs-ICG at v

Cell apoptosis by flow cytometry and (D) its quantification after treatment w

presented as mean � SD (n Z 3). **P < 0.01.
clathrin-mediated, caveolae-mediated and ATP-dependent endo-
cytosis, respectively53e55. An obvious decrease in the fluorescence
intensity was observed in the inhibitor and 4 �C-treatment groups,
indicating that four inhibitors and 4 �C-treatment might be
involved in endocytosis pathway (Fig. 5C and D and Supporting
Information Fig. S4). While 4 �C-treatment group showed the
lowest ICG fluorescence intensity and highest inhibition rate
(58.7 � 12.9%) compared to the control group, indicating that the
internalization of MnAs-ICG mainly depends on ATP-mediated
endocytosis pathway.

3.6. Reactive oxygen species (ROS) detection

Based on its green fluorescence generated via oxidization of
DCFH-DA by ROS, dichlorofluorescein (DCF) was used to
investigate the intracellular ROS production56. As displayed in
Fig. 5E, evident fluorescence could be observed in cells incubated
with MnAs-ICG for 6 h compared to the control group or ICG
group with or without laser irradiation, which could be ascribed to
the Mn2þ-mediated Fenton-like reaction. Upon 808-nm laser
irradiation, the most potent green fluorescence was observed,
indicating sufficient production of ∙OH boosted by laser
irradiation-induced temperature increase15.

3.7. In vitro synergistic therapy effect

To visually observe live and dead cells, cells were co-stained with
Calcein-AM and PI with live cells for green fluorescence and dead
cells for red fluorescence36. As displayed in Fig. 6A and
treatment with PBS, ICG or MnAs-ICG. Scale bar Z 100 mm. Cell

arious concentrations. Data are presented as mean � SD (n Z 6). (E)

ith PBS, ICG or MnAs-ICG with or without laser irradiation. Data are



Figure 7 In vivo pharmacokinetic study, fluorescence, MRI and photothermal imaging. (A) Schematic illustration of in vivo applications of

MnAs-ICG nanospike. (B) The pharmacokinetics profiles after ICG or MnAs-ICG treatment. Data are presented as mean � SD (n Z 3). (C) FL

images of ICG or MnAs-ICG injected 4T1 tumor-bearing mice. (D) Semi-quantitative FL intensity of ICG around the tumors after ICG or MnAs-

ICG treatment. Data are presented as mean � SD (n Z 3). (E) Ex vivo FL images of major organs and tumors at 24-h post-injection. (F) Ex vivo

FL intensity of ICG or MnAs-ICG. Data are presented as mean � SD (n Z 3). (G) In vitro MRI images and (H) corresponding r1 value of MnAs-

ICG at various pH solution. (I) In vivo T1-weighted MRI of mice at selected times after MnAs-ICG injection. (J) Infrared thermal images and (K)

corresponding temperature change of 4T1 tumor-bearing mice at 5 h after saline, ICG or MnAs-ICG injection upon 808-nm laser irradiation. The

tumor was marked by white dotted circles. *P < 0.05, **P < 0.01.
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Supporting Information Fig. S5, cells did not show cell damage
after treatment with PBS with or without laser irradiation and
ICG. As for the MnAs-ICG groups, a small fraction of cells died
because of the CDT effect of ∙OH mediated by Mn2þ and AsO4

3�

cytotoxicity. Following laser irradiation, robust red FL signals
were observed after MnAs-ICG treatment, suggesting that the
majority of 4T1 cells died after synergistic therapy treatment.

Based on the above results, in vitro synergistic therapy effect
was investigated on 4T1 cells. To evaluate the cell viability of 4T1
cells treated by Mn2þ, AsO4

3�, MnAs or MnAs-ICG of different
conditions, CCK-8 assay was conducted, and the result showed
that the cell viability decreased when concentration of MnAs
increased, suggesting that the combination of chemotherapy with
AsO4

3� and CDT of Mn2þ had the potential to kill tumor cells
(Fig. 6B and Supporting Information Fig. S6). After treatment
with MnAs-ICG, 4T1 cell viability was also reduced with an in-
crease in the ICG concentration (Fig. 6C). Furthermore, cellular
activity dramatically decreased to 21.31 � 1.10% after treatment
with MnAs-ICG þ 808-nm laser irradiation (ICG: 20 mg/mL),
indicating the enhanced anti-tumor effect mediated by



Table 1 The main pharmacokinetic parameters of ICG after

treatment with ICG or MnAs-ICG in SD rats.

Parameter ICG MnAs-ICG

t1/2b (min) 48.60 � 6.10 147.73 �133.62

CL [(mg)/(mg/mL)/min] 1.43 � 0.57 0.24 � 0.12*

AUC0et (mg/mL∙min) 210.24 � 91.31 1145.12 � 518.13

MRT (min) 4.52 � 1.22 192.54 � 173.69

Vss [mg/(mg/mL)] 7.15 � 4.38 28.09 � 9.67*

Data are presented as mean � SD (n Z 3). *P < 0.05 vs. ICG

group.

t1/2b, elimination half-life; CL, clearance rate; AUC, area under the

curve; MRT, mean residence time; Vss, volume of distribution.

Figure 8 In vivo pharmacodynamics study. (A) Schematic illustration of

and (D) body weight of mice after saline, ICG, ICG þ laser, MnAs-ICG

(n Z 5). (E) Photographs of mice on Days 1 and 21. The tumor was marke

bar Z 100 mm. *P < 0.05, **P < 0.01.
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photothermal effect of ICG, which further confirmed the adequate
lethality on 4T1 cells achieved by the synergistic effect
(P < 0.01).

After co-staining with Annexin V-FITC and PI, the apoptosis
ratio of 4T1 cells after PBS or MnAs-ICG treatment with or
without laser irradiation was analyzed using flow cytometry. As
shown in Fig. 6D and E, 4T1 cells incubated with MnAs-ICG
displayed a small amount of early apoptosis, and the control
group exhibited relatively low apoptosis with or without laser
irradiation. The MnAs-ICG þ laser group showed the greatest
fraction of cells undergoing early apoptosis as well as slight late
apoptosis, highlighting the superior trimodal combination therapy
achieved in vitro. Furthermore, the results of cell apoptosis were in
line with the CCK-8 and live/dead assays.
the therapeutic protocol. (B) Relative tumor volume, (C) survival ratio

or MnAs-ICG þ laser treatment. Data are presented as mean � SD

d by red dotted circles. (F) H&E and TUNEL staining of tumors. Scale
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3.8. In vivo pharmacokinetic study

In this study, MnAs-ICG nanospike was constructed as an “all-in-
one” theranostic nano-platform, which could be applied in fluo-
rescence imaging, MRI and photothermal imaging (Fig. 7A).
Owning to its strong non-specific binding with plasma proteins,
ICG, whose half-life is 3e4 min, is rapidly eliminated from the
body after intravenous administration57. Normally, ICG is
permanently entrapped or conjugated to nanoparticles for pro-
longing the in vivo circulation time. Hence, the pharmacokinetic
profiles of ICG and MnAs-ICG were studied to investigate their
blood circulation and retention time. As shown in Fig. 7B, free
ICG was quickly removed from the circulating system at 5 min
after administration, while MnAs-ICG exhibited a markedly
delayed blood clearance. And the pharmacokinetic parameters
showed that MnAs-ICG could significantly increase the area under
the curve (AUC) from 210.24 � 91.31 to 1145.12 � 518.13 mg/
mL∙min, and prolonged t1/2b of ICG from 48.60 � 6.10 to
147.73 � 133.62 min, which was helpful for subsequent in vivo
imaging and anti-tumor evaluation (Table 1).

3.9. In vivo imaging and ex vivo distribution analysis

We then investigated the in vivo real-time and ex vivo tumor and
organs distribution of ICG or MnAs-ICG using the FL of ICG.
The FL signals were extensively observed in the liver but less at
the tumor site and completely extinguished at 24-h post-injection
Figure 9 H&E staining of major organs after treatment with saline, ICG
(Fig. 7C). In contrast, MnAs-ICG exhibited significantly enhanced
FL signals with increased time intervals, peaked at 1 h after in-
jection (Fig. 7D), then kept retaining at the tumor site over 24 h,
confirming the enhanced specific tumor-targeting ability and
prolonged circulation time (P < 0.01). At 24-h post-injection,
ex vivo FL signals were further performed to assess the MnAs-
ICG distribution in tumors and major organs. As displayed in
Fig. 7E and F, FL signals could be clearly detected in the tumors
of MnAs-ICG group, while no obvious FL signal could be
observed in tumors or organs in the ICG group, further indicating
the prolonged circulation time and enhanced tumor-targeting
ability of MnAs-ICG. In addition, FL signals could also be
observed in the liver and lung on account of the clearance effects
of the reticuloendothelial system (RES).
3.10. MR imaging of MnAs-ICG

Once arriving at the tumor site, mild acidity of TME would
decompose MnAs-ICG, and the released Mn2þ can be utilized for
MRI. In vitro MRI results showed that the r1 value of MnAs-ICG
at pH 5.0 was significantly higher than that at pH 7.4 (Fig. 7G and
H). For in vivo MRI experiments, mice were intravenously
injected with MnAs-ICG and scanned using a 1.5T MRI system.
As displayed in Fig. 7I, the MRI signals increased and peaked at
4 h, followed by a gradual decrease, well conforming to the FL
imaging study. In vitro and in vivo MRI results suggested inspiring
, ICG þ laser, MnAs-ICG or MnAs-ICG þ laser. Scale bar Z 20 mm.
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potential of MnAs-ICG to be an effective contrast agent for ac-
curate tumor detection.
3.11. In vivo photothermal imaging

Encouraged by the superior photothermal ability of MnAs-ICG,
in vivo photothermal imaging at the tumor site was performed to
assess the photothermal conversion capability of MnAs-ICG.
After intravenous administration of saline, ICG, or MnAs-ICG
for 5 h, the temperature changes at the tumor site were recorded
during irradiation. As displayed in Fig. 7J and K, temperature at
the tumor site rapidly increased with 27.6 �C within 5-min irra-
diation, suggesting effective in vivo photothermal conversion and
promising tumor killing ability of MnAs-ICG. Whereas the tem-
perature of mice intravenously injected with free ICG increased by
17.4 �C with 5-min laser irradiation, which might be caused by the
relatively insufficient tumor accumulation and poor photostability
of free ICG58.
3.12. In vivo anti-tumor study

To further assess the combined anti-tumor efficiency of chemo-
dynamic therapy, chemotherapy and photothermal therapy
induced by MnAs-ICG, in vivo anti-tumor study was conducted
with 4T1 tumor-bearing mice. Schematic illustration of experi-
mental protocol is shown in Fig. 8A. During a 21-day treatment
period, the tumor volume of mice treated with saline or ICG
increased rapidly, while that of mice receiving MnAs-ICG treat-
ment showed a certain inhibitory effect owing to the synergistic
therapy of MnAs-ICG (Fig. 8B and E). Compared with
ICG þ laser group, the mice treated with MnAs-ICG þ 808-nm
laser irradiation showed excellent inhibition effect on tumors,
and the tumors were negligible since Day 9. Mice treated with
MnAs-ICG þ laser resulted in the highest survival ratio during a
28-day period, while no mice survived after Day 28 in the saline
group (Fig. 8C). Body weight was used as an index for evaluation
of in vivo cytotoxicity. The body weight of mice treated with sa-
line, ICG, ICG þ laser or MnAs-ICG treatment suffered a slight
reduction, whereas the body weight of mice in the MnAs-
ICG þ laser group remained stable during the treatment period
(Fig. 8D).

The in vivo anti-tumor effect of MnAs-ICG was further verified
by H&E and TUNEL staining. Compared with that of other
groups, tumor tissue treated with MnAs-ICG with 808-nm laser
irradiation exhibited the most severe vacuolization and apoptotic
characteristics (Fig. 8F). Furthermore, the cell apoptosis of tumors
was observed via immunofluorescent TUNEL staining assay. As
shown in Fig. 8F and Supporting Information Fig. S7, compared
with other groups, the tumors of MnAs-ICG þ laser displayed the
most TUNEL-positive cancer cells, which indicated that MnAs-
ICG with 808-nm laser irradiation showed the best anti-tumor
effect.

Furthermore, the hemolysis assay showed that MnAs-ICG did
not cause hemolysis of red blood cells (RBCs) with ICG
concentrations as high as 20 mg/mL, indicating the excellent
hemocompatibility and biosafety of MnAs-ICG (Supporting
Information Fig. S8).

Moreover, no apparent damage was observed in the major
organ tissues stained with H&E (Fig. 9). Overall, these results
indicate that the synergistic therapy mediated by MnAs-ICG can
significantly inhibit tumor growth with excellent in vivo biosafety.
4. Conclusions

In this study, MnAs-ICG nanospike was constructed as a multi-
functional nano-platform for bimodal imaging-guided photo-
thermal/chemo/chemodynamic synergistic therapy. The MnAs-
ICG nanospike displayed excellent pH/photothermal dual-
responsive release. In addition, the MnAs-ICG nanospike
showed high photothermal conversion efficiency, which could
efficiently improve the cellular uptake and cytotoxicity in 4T1
cells. Furthermore, in vivo FL and MR imaging results showed
that MnAs-ICG could prolong the circulation time of ICG and
enhance specific tumor-targeting potency. Finally, the in vivo
anti-tumor in 4T1 tumor-bearing mice results showed that
MnAs-ICG could efficiently inhibit tumor growth and had no
apparent damage to normal tissues. In summary, MnAs-ICG may
be utilized as an excellent nanomaterial for MRI-guided breast
cancer treatment.
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