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Abstract Metastasis accounts for 90% of breast cancer deaths, where the lethality could be attributed

to the poor drug accumulation at the metastatic loci. The tolerance to chemotherapy induced by breast

cancer stem cells (BCSCs) and their particular redox microenvironment further aggravate the therapeutic

dilemma. To be specific, therapy-resistant BCSCs can differentiate into heterogeneous tumor cells

constantly, and simultaneously dynamic maintenance of redox homeostasis promote tumor cells to

retro-differentiate into stem-like state in response to cytotoxic chemotherapy. Herein, we develop a

specifically-designed biomimic platform employing neutrophil membrane as shell to inherit a

neutrophil-like tumor-targeting capability, and anchored chemotherapeutic and BCSCs-differentiating re-

agents with nitroimidazole (NI) to yield two hypoxia-responsive prodrugs, which could be encapsulated

into a polymeric nitroimidazole core. The platform can actively target the lung metastasis sites of triple

negative breast cancer (TNBC), and release the escorted drugs upon being triggered by the hypoxia

microenvironment. During the responsiveness, the differentiating agent could promote transferring

BCSCs into non-BCSCs, and simultaneously the nitroimidazole moieties conjugated on the polymer

and prodrugs could modulate the tumor microenvironment by depleting nicotinamide adenine dinucleo-

tide phosphate hydrogen (NADPH) and amplifying intracellular oxidative stress to prevent tumor cells

retro-differentiation into BCSCs. In combination, the BCSCs differentiation and tumor microenvironment
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modulation synergistically could enhance the chemotherapeutic cytotoxicity, and remarkably suppress tu-

mor growth and lung metastasis. Hopefully, this work can provide a new insight in to comprehensively

treat TNBC and lung metastasis using a versatile platform.

ª 2023 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

Metastasis accounts for 90% of breast cancer deaths1. TNBC is
the most aggressive and metastatic subtype of breast cancer and
has become a serious clinical conundrum due to its frequent
recurrence and distal metastasis2. Approximately 60% of breast
cancer patients suffer from lung metastasis3. Despite recent ad-
vances in surgery and radiotherapy, chemotherapy remains the
preferred treatment for metastatic TNBC patients4. Unfortunately,
these strategies do not effectively increase the survival rate of
patients due to the poor drug accumulation at the metastatic loci
and tumor tolerance to chemotherapy5e7. Hence, developing an
effective strategy with improving drug concentration in metastatic
lesion and chemosensetivity of tumor cells is of utmost impor-
tance for enhancing anti-metastasis therapy of TNBC.

To elevate the drug accumulation at tumor sites, several
nanosystems have been designed to deliver chemotherapeutic re-
agents into the tumor relying on the size effects of tumor8.
However, it should be clearly noted that the size effect is primarily
confined to vascularized solid tumors with diameters larger than
w4.6 mm9. Nevertheless, the metastatic foci are small clusters of
cancer cells with poor vasculature and angiogenic dormancy,
which severely hinders the access of nanosystems delivery10.
Hence, the active chemotactic delivery systems need to be
developed urgently to enhance the drug capacity of targeting and
enrichment in metastatic lesion.

In the progression of TNBC metastasis, inflammatory cells,
represented by neutrophils, play crucial roles11. Prior to cancer
metastasis, neutrophils are preferentially recruited to the pre-
metastatic niche to produce leukotriene B4 (LTB4) and matrix
metalloproteinase 9 (MMP9), which can create an inflammatory
environment to provide a suitable “soil” for tumor cells12. The
inflammatory microenvironment, correspondingly, would further
amplify more neutrophil recruitment. Simultaneously, these
recruited neutrophils can release neutrophil extracellular traps
(NETs) to facilitate the colonization of cancer cells at metastasis
sites13. During the formation of metastasis foci, tumor cells and
the surrounding microenvironment continue to produce signals,
including chemokines (such as CXCR2), cytokines (such as TNF-
a, IL-17) and hydrogen peroxide, to actively recruit neutro-
phils12,14. Hence, neutrophils remain in active phase during the
overall progression of the tumor metastasis and possess naturally
targeting chemotaxis tendency to metastasis foci. Neutrophils and
their derivates could thus serve as drug vehicles for tumoral
metastasis delivery15,16.

Breast cancer stem cells (BCSCs) and special redox micro-
environment are believed to be significant contribution to the
chemotherapy resistance of metastatic TNBC17,18. BCSCs are
innately resistant to cytotoxic agents, and remain dormant at
metastatic sites until conditions that are conducive to their pro-
liferation and differentiation19e21. It has been found that dynamic
maintenance of redox homeostasis promotes tumor cells to retro-
differentiate into stem-like state in response to cytotoxic chemo-
therapy22,23. Currently, differentiation therapy is a conventional
treatment approach against cancer stem cells (CSCs), among
which, differentiating reagents (such as all-trans retinoic acid,
ATRA) can coax malignant cells to differentiate into less stem-
like undifferentiated phenotypes24e28. However, single differen-
tiation therapy suffers from non-shrinking solid tumor size and
even carries the risk that induces dormant BCSCs in metastatic
sites to enter a proliferative state, which attributes to that adaptive
antioxidant systems of tumor cells in redox microenvironment can
promote them to turn into CSCs constantly29. Our previous study
found that disturbing the intratumoral glutathione (GSH)-reactive
oxygen species (ROS) balance can promote tumor cell
apoptosis30. Therefore, it might be a more reliable strategy for
increasing the chemotherapy sensitivity by promoting BCSCs
differentiation and simultaneously modulating the redox micro-
environment for preventing non-BCSCs retro-differentiation.

The nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) is a key component to maintain the intracellular redox
balance, which donates electrons and aids the reduction of
oxidized glutathione (GSSG) to GSH by glutathione reductase
(GR). Numerous studies elucidated that in hypoxic tumor micro-
environment, the overexpressed nitroreductase and NAD(P)H
quinone dehydrogenase 1 (NQO1) act as a substrate for some
hypoxia-activated moieties, such as nitroaromatics, which provide
a potential opportunity for selectively depleting NADPH31,32.
Therefore, drug delivery system based on the nitroreductase
exhibit great potential in breaking intracellular redox balance to
prevent tumor cells retro-differentiation into CSCs.

To overcome the obstacles to metastatic breast cancer therapy,
in this work, we developed a specifically-designed biomimic
platform employing neutrophil membrane as shell to inherit a
neutrophil-like tumor-targeting capability and anchored chemo-
therapeutic doxorubicin (DOX) and BCSCs-differentiating ATRA
with nitroimidazole to yield two hypoxia-responsive prodrugs,
which could be encapsulated into a polymeric nitroimidazole core
assembled from a nitroaromatics-derived block polymer (Scheme
1). It was postulated that neutrophil-motivated platforms can
actively target the lung macrometastasis and micrometastasis of
TNBC, and release the escorted drugs upon being triggered by the
hypoxia microenvironment at metastatic sites. During the
responsiveness, ATRA could differentiate BCSCs into non-
BCSCs, and simultaneously the nitroimidazole moieties on the
polymer and prodrugs could modulate the tumor microenviron-
ment by depleting NADPH to break intracellular redox balance
and further prevent tumor cells retro-differentiation into BCSCs.
In combination, the BCSCs differentiation and tumor microenvi-
ronment modulation synergistically could enhanced chemothera-
peutic cytotoxicity and eventually satisfies the demand for
facilitating a maximized synergistic anti-metastasis efficacy.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic illustration of neutrophil-biomimic platform for eradicating metastatic breast cancer stem-like cells by redox microen-

vironment modulation and hypoxia-triggered differentiation therapy.
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2. Materials and methods

2.1. Materials, cell lines and animals

Methoxypolyethylene glycol amine (mPEG-NH2, Mw Z 5000)
were purchased from Jenkem technology Co., Ltd. (Beijing,
China). DOX, ATRA, Did, coumarin-6 and TUNEL Apoptosis
Assay Kit were supplied by Meilune Biological technology Co.,
Ltd. (Dalian, China). Dulbecco’s modified Eagle’s medium
(DMEM, high glucose) and FBS were supplied by Gibco BRL
(Carlsbad, CA, USA). Hoechst 33,342 were purchased from
Thermo Fisher Scientific Co., Ltd. (Shanghai, China). Anti-
CD11b (ab133357), Anti-CD44 antibody (ab189524), Goat
Anti-Rabbit IgG H&L Alexa Fluor 594 (ab150080) and Goat
Anti-Mouse IgG H&L Alexa Fluor 488 (ab150117) were pur-
chased from Abcam Inc. (Cambridge, MA, UK). Mouse Pin 1
antibody was purchased from R&D systems, Inc. (Minneapolis,
Minnesota, USA). Anti-ALDH1A1 antibody (A01392) was pur-
chased from Boster Biological Technology Co., Ltd. (Wuhan,
China). CXCR4 rabbit pAb (A1303) was purchased from
ABclonal Technology Co., Ltd. (Wuhan, China). A phosphatase
and protease inhibitor cocktail (P1050), Enhanced BCA Protein
Assay Kit (P0010), NADPþ/NADPH Assay Kit with WST-8
(S0179), Cell lysis buffer for western and Coomassie blue fast
staining solution were purchased from Beyotime Biotechnology
Co., Ltd. (Shanghai, China). GSH assay kit was purchased from
Jiancheng Bioengineering Institute (Nanjing, China). All other
chemicals were provided by Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China) unless mentioned otherwise.

4T1, luciferase-expressing 4T1 (4T1-Luc) cells and ERFP-
expressing 4T1 (4T1-ERFP) cells were purchased from Stem Cell
Bank, Chinese Academy of Sciences (Shanghai, China). 4T1 cells
were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum and 1% antibiotics (penicillin and streptomycin) at
37 �C under the air atmosphere of 5% CO2. All experiments were
performed on cells in the logarithmic growth phase.

4T1 BCSCs were obtained from ordinary 4T1 cells with the
ALDEFLUOR assay according to the manufacturer’s instruction
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(STEMCELL Technologies, Vancouver, Canada) and were
cultured in a DMEM/F12 medium supplemented with 10 ng/mL
bFGF, 20 ng/mL EGF, 1 ng/mL insulin, 2% B-27 and 1% anti-
biotics at 37 �C under the air atmosphere of 5% CO2.

ICR and BALB/c female mice (6e8 weeks, 18e22 g, SPF)
were purchased from Slac Laboratory Animal Co., Ltd. (Shanghai,
China). All of our animal experiments were managed in confor-
mity with guidelines evaluated and approved by Fudan University
Institutional Animal Care and Use Committee (IACUC).
2.2. Isolation of the neutrophil membrane

The neutrophils were isolated from the femur and humerus of ICR
mouse by a percoll gradient method as previously described33.
The obtained neutrophils were activated after incubation in serum-
free RPMI 1640 medium with recombinant mouse tumor necrosis
factor-a (TNF-a) for 2 h at 37 �C. To isolate activated neutrophils
membrane, the collected neutrophils were suspended in the hy-
potonic lysing buffer-1 containing 30 mmol/L Tris-HCl (pH 7.2),
225 mmol/L D-mannitol, 75 mmol/L sucrose, 0.2 mmol/L EDTA
and a phosphatase and protease inhibitor cocktail. Thereafter, they
were homogenized and centrifuged at 3500 rpm for 10 min at 4 �C
to remove the intact cells and nuclei. The supernatant was then
centrifuged at 14,000 rpm (Thermo Sorvall ST16R, Thermo
Fisher Scientific, Waltham, MA, USA) at 4 �C to eliminate the
mitochondria. The supernatant was centrifuged for a second time
at 100,000�g (HITACHI CP100NK, Tokyo, Japan) for 1 h to
extract neutrophils membrane. Membrane content was quantified
by BCA Protein Assay Kit.
2.3. Preparation and characterizations of NM-N-NI

Preparation of the NI-modified nanocore (N-NI): The nanocore
encapsulated with NI-DOX and NI-ATRA (NI-D/A@N-NI) was
prepared by a film hydration method34. Briefly, 40 mg of NI-
modified polyethylene glycol-polylysine (PEG-pLys-NI) dis-
solved in 2 mL of N,N-dimethylformamide (DMF), was mixed
with NI-modified ATRA (NI-ATRA) and NI-modified DOX (NI-
DOX). The DMF was removed under rotary evaporation by oil
pump and the obtained thid film was hydrated by 50 mL of
phosphate buffer saline (PBS) for 2 h with light protection.
Finally, N-NI was obtained after filtration through a 0.45 mm
membrane to remove the non-encapsulated drugs. The quantifi-
cation of NI-ATRA and NI-DOX was detected by high perfor-
mance liquid chromatography (HPLC) system (Shimadzu LC-
20AD, Kyoto, Japan). For the in vitro and in vivo experiments,
pyrene, coumarin-6 and Did were encapsulated in the nanocore
with the same procedure, respectively. The critical micelle con-
centration (CMC) of PEG-pLys-NI were estimated using pyrene
as the fluorescent probe.

Preparation of N-NI coated with NM (NM-N-NI): NM-N-NI
was fabricated with a neutrophil membrane by a direct extrusion
method. Briefly, the 0.2 mg/mL of neutrophil membrane was
mixed with the nanocore N-NI with a PEG-pLys-NI concentration
of 1.0 mg/mL and sequentially extruded through a 400 and
200 nm porous polycarbonate membrane to form NM-N-NI. The
particles diameter and surface charge were determined by the
dynamic light scattering (DLS) technique using (Zetasizer Nano
ZS, Malvern, UK). The morphological analysis was carried out
using transmission electron microscope (TEM), (HITACHI
HT7700, Tokyo, Japan). The NI-ATRA and NI-DOX loadings in
NM-N-NI (NI-D/A@NM-N-NI) were analyzed by the HPLC and
fluorescence spectrophotometers method, respectively.

Protein detection in NM-N-NI: The membrane-associated
protein on prehomogenated neutrophils, neutrophil membrane
vesicles (NMV), and NM-N-NI were characterized by Coomassie
blue staining. The protein components were extracted with a RIPA
lysis buffer containing protease inhibitor, and the protein con-
centration of samples was quantified by enhanced BCA kit. Then,
20 mg of protein from each sample was separated by 10% Tris/
glycine SDS-polyacrylamide gelatin. For the total imaging, the
protein blots were stained with Coomassie blue fast staining so-
lution, and analyzed by Image Lab software (Bio-Rad, Hercules,
CA, USA).

Furthermore, after electrophoresis, the proteins were trans-
ferred onto polyvinylidene fluoride (PVDF) membrane, which
then blocked with non-fat skimmed milk (5%) and incubated with
anti-CXCR4 (1:1000), anti-CD11b (1:1000) and anti-Tublin
(1:2000) overnight at 4 �C. Next, the membrane was incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:1000) for 2 h, and followed by detection with electro-
chemiluminescent HRP substrate and analyzed with Image Lab
software (Bio-Rad).

2.4. In vitro drug release evaluation

To characterize the structural conversion from the NI to AI
(aminoimidazole) group under the hypoxic condition, NI-D/
A@N-NI was dispersed in PBS and incubated in a shake at 37 �C
under normoxic conditions or simulated hypoxic conditions with
Na2S2O4 (20 mmol/L). The absorbance spectra of NI-DOX, NI-
ATRA and PEG-pLys-NI were scanned using an ultraviolet
spectrophotometer (EU-2600 A, Onlab, Shanghai, China).

To evaluate the drug release of NM-N-NI, the fluorescent
pyrene was used as the probe and a simulated hypoxic condition
was established with 100 mmol/L NADPH and 2 mg/mL liver
microsomes that were added into the degassed PBS at 37 �C. The
hypoxic environment was maintained by degassing oxygen with
nitrogen. The quantities of pyrene in the release medium were
determined using fluorospectro photometer (RF-5301PC, SHI-
MADZU, Kyoto, Japan).

2.5. Cellular uptake and internalization mechanism

Cellular uptake: 4T1 cells were separately seeded into 24-well
plate at a density of 1.0 � 104 cells per well. Upon achieving a
70% cell density, the cells were maintained under hypoxic con-
dition for 6 h. Then the medium was replaced with coumarin 6-
labeled N-NI (Coumarin-6@N-NI) or coumarin 6-labeled NM-N-
NI (Coumarin-6@NM-N-NI) at a concentration of 50 ng/mL
coumarin-6. After different time incubation, cells were washed
with PBS and then visualized under the inverted fluorescence
microscope (710 META, Zeiss, Jena, Germany). Further, flow
cytometry analysis was used to evaluate the cellular uptake of
different formulations.

Internalization mechanism: To analyze the possible internali-
zation mechanism, 4T1 cells were seeded in 24-well culture
plates. Upon achieving a 70% cell density, the cells were main-
tained under hypoxic condition for 6 h. Then the cells were
incubated with coumarin-6@N-NI or coumarin-6@NM-N-NI
(coumarin-6 concentration: 30 ng/mL) for another 30 min. Other
groups were incubated with the same coumarin-6-encapsulated
formulations as well as different inhibitors including filipin
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(0.5mg/mL), chlorpromazine (0.4mg/mL), andwortmannin (1mg/mL).
After incubation for 30 min, the cells were digested by
trypsineEDTA, collected by centrifugation and resuspended in PBS.
Then the cellular fluorescence was detected by flow cytometer (cyto-
FLEX, Beckman Coulter, Brea, CA, USA).

4T1 cells were seeded in a glass bottom dish, allowed to adhere
for 24 h under standard conditions and then maintained under
hypoxic condition for 6 h. Upon reaching a 70% cell density, the
cells were maintained under hypoxic condition for 6 h. After in-
cubation with coumarin-6@NM-N-NI for 0.5 and 2 h, lysotracker
red (Thermo Fisher Scientific, Waltham, MA, USA) was added
and dyed for 20 min. Afterwards, cells were washed with PBS,
stained with DAPI, and visualized by the confocal laser scanning
microscopy (CLSM, 710 META, Zeiss, Jena, Germany).

2.6. Cell apoptosis assays and cellular toxicity

Cell apoptosis assays: To further explore the cell death mechanism
induced by various treatments, cell apoptosis assays were carried
out. To be specific, 4T1 cells after respective treatments (PBS, free
NI-D/A, NI-D/A@N, NI-D/A@N-NI, NI-D/A@NM-N-NI) for
24 h under hypoxic condition. Then cells were collected, washed 3
times with PBS, treated with annexin V-PE/7-AAD apoptosis
detection kit (Meilunbio, Dalian, China), and finally detected by
the flow cytometer.

Cellular toxicity: The cytotoxicity of different formulation was
measured by the standard CCK-8 assay. Briefly, 4T1 cells were
inoculated to 96-well plates at a density of 5 � 103/well. After
24 h under standard conditions, the cells were treated with five
formulations individually, including free NI-ATRA, free NI-DOX,
free NI-D/A, NI-D/A@N-NI, NI-D/A@NM-N-NI, and followed
by an additional incubation for 24 h under standard or hypoxic
conditions. Finally, the cytotoxicity was accessed by CCK-8 assay.
The combination index (CI) of NI-DOX and NI-ATRA combined
in NM-N-NI was quantified according to the following Eq. (1):

CI Z D1/Dm1þD2/Dm2 (1)

where D1 and D2 are the IC50 values of NI-DOX and NI-ATRA in
dual drug formulations, and Dm1 and Dm2 are IC50 values of NI-
DOX and NI-ATRA in single drug formulations, respectively.
The CI lower than one indicates synergism, CI equal to one in-
dicates additive effects, and CI values higher than one indicates
antagonism.

2.7. NADPH depletion and redox imbalance

4T1 cells were inoculated into 12-well plates at a density of
7 � 104 cells/well and cultured for 24 h. Then the cells were
incubated with PBS, free NI-D/A, NI-D/A@N, NI-D/A@N-NI
and NI-D/A@NM-N-NI and followed by additional incubation for
4 h under the standard and hypoxia conditions, respectively. The
cells subjected to no treatment were defined as “0 h”. Afterward,
the cells were washed with PBS and collected by centrifugation at
1500 rpm for 5 min. NADPþ/NADPH ratio was determined using
the NADPþ/NADPH assay kit and the GSH quantification was
analysed using the GSH assay kit. The total proteins were quan-
tified using the BCA protein assay kit. Moreover, intracellular
ROS level was detected using 20,70-dichlorofluorescein diacetate
(DCFH-DA), which could be oxidized to produce fluorescent
compound of dichlorofluorescein (DCF) in the presence of ROS.
2.8. In vivo metastasis targeting and biodistribution

The lung metastatic cancer mice model received an injection of
4 � 105/mL 4T1-luci cells via the tail vein. 7 days post of injection,
different formulation (free Did, Did-labeled nanocore assembled
with PEG-pLys-NCA (Did@N), Did-labeled N-NI (Did@N-NI),
Did-labeled NM-N-NI (Did@NM-N-NI)) were respectively given
to the lung metastasis mice at 1 mg/kg of Did by tail vein in-
jections. The signal of Did were monitored by the IVIS Spectrum
imaging system (PerkinElmer, Waltham, MA, USA) at 1, 4, 8 and
24 h after administration. The mice were autopsied, and major
organs were carefully collected and were homogenized in 1 mL
methanol and centrifugated. The supernatant was collected to test
the Did concentration by microplate reader (Multiskan MK3,
Thermo Scientific, Waltham, MA, USA). Moreover, the orthotopic
tumor model was generated by subcutaneous injection of 4T1 cells
(2 � 105/mL), 14 days post of injection, different formulations
were respectively given to mice and detected by IVIS according to
the above method.

The 4T1-ERFP cells were injected into mice at 4 � 105 cells/
mouse via tail vein to prepare a lung metastasis cancer model. The
mice were imaged under the IVIS Spectrum imaging system
(PerkinElmer) to determine the formation of lung metastases.
Seven days post of the injection, different formulation (free
coumarin-6, coumarin-6@N, coumarin-6@N-NI, coumarin-
6@NM-N-NI) were respectively given to the lung metastasis
model at 1 mg/kg of Did via the tail vein injection. Mice were
sacrificed after 24 h, and lung were excised and fixed in 4%
paraformaldehyde. The tissue sections embedded in optimal cut-
ting temperature (OCT) compound and were visualized under the
confocal fluorescence microscope (CLSM, 710 META, Zeiss,
Jena, Germany).

2.9. In vivo antitumor efficacy

The orthotopic tumor model was generated by subcutaneous in-
jection of 4T1 cells (2 � 105) diluted in Hank’s into the mammary
fat pads of BALB/c female mice. At the 14th day after tumor
model construction, TNBC bearing mice were divided into nine
groups (n Z 10 per group) randomly according to the tumor size.
Different formulations (saline, free D/A, N-NI, free NI-D/A, NI-
D/A@N, NI-D@N-NI, NI-A@N-NI, NI-D/A@N-NI, NI-D/
A@NM-N-NI) were administered on Days 13, 16, 19, 22, 25,
28 and 31 with NI-ATRA and NI-DOX at concentrations of 3.0
and 1.0 mg/kg, respectively. Tumor sizes and body weight were
recorded by caliper every other day from Day 14 to Day 32. The
tumor volume was calculated as length � width2/2.

The mice were sacrificed on Day 35 and the major organs and
tumor of mice were excised. The proportion of BCSCs in tumor
was assayed by flow cytometry assay. Histological changes in lung
and tumor were visualized via hematoxylin and eosin (HE)
staining. One part of tumors were stored in a refrigerator at
�80 �C for frozen sectioning, immunofluorescence analysis,
Western blot, and transferase-mediated deoxyuridine triphosphate-
biotin nick end labeling (TUNEL) assay (Meilunbio, Dalian,
China).

2.10. Analysis of the proportion of BCSCs

The tumors were collected from orthotopic tumor mice model and
cut into small pieces, which were digested with 1 mg/mL colla-
genase Type I solution (Invitrogen, Carlsbad, CA, USA) and
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incubated at 37 �C for 2 h. Afterwards, tumor cells were filtered
by a 70 mm membrane filter and collected by centrifugation at
1500 rpm for 5 min, and then stained with the ALDEFLUOR
assay (STEMCELL Technologies) for flow cytometer analyses.
2.11. Western blot

Immunoblotting was selected to assess the expression of Pin1 and
ALDH1 proteins. 4T1 cells were seeded in a 6-well plate and
incubated with different formulations (PBS, free NI-D/A, NI-D/
A@N, NI-D/A@N-NI, NI-D/A@NM-N-NI) for 24 h. The protein
was harvested from cells using lysis buffer for western and the
protein concentration was quantified with BCA kit.

To measure the expression of Pin 1 and ALDH1 in the tumor,
the tumor tissues were lysed with lysis buffer for western. 20 mg of
proteins of each sample were separated by 10% Tris/glycine SDS-
polyacrylamide gelatin for the detection of Pin1 and ALDH1
related proteins. The proteins were transferred onto poly-
vinylidene fluoride (PVDF) membrane, which then blocked with
non-fat skimmed milk (5%) and incubated with anti-Pin1
(1:1000), anti-ALDH1A1 (1:1000) and anti-GADPH (1:2000)
overnight at 4 �C. Next, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated secondary antibody
(1:1000) for 2 h, and followed by detection with electro-
chemiluminescent HRP substrate and analyzed with Image Lab
software (Bio-Rad).
2.12. In vivo anti-metastatic efficacy

The in vivo anti-metastatic efficacy of NI-D/A@NM-N-NI was
evaluated in lung metastatic breast cancer models. The animals
were randomly divided into five groups (nZ 10), and respectively
injected with 2 � 105 of 4T1-luci cells via tail vein to induce the
lung metastatic model. Different formulations (saline, free D/A,
N-NI, free NI-D/A, NI-D/A@N, NI-D@N-NI, NI-A@N-NI, NI-
D/A@N-NI, NI-D/A@NM-N-NI) were administered on Days 7,
9, 11 and 13 with NI-ATRA and NI-DOX at concentrations of 3.0
and 1.0 mg/kg, respectively. The mice weight and survival data
were respectively recorded.

Half of the mice were sacrificed on Day 14 and the lung tissues
were carefully removed, photographed and stained with India ink
to count the surface metastatic nodules, and further evaluate the
inhibition rate of lung metastasis, which was defined as the mean
number of lung metastasis from each group compared to that of
the saline group. Moreover, the lung tissues from each group were
assessed by histological examinations and then stored in a
refrigerator at �80 �C for frozen sectioning, immunofluorescence
analysis and western blot. The apoptotic cells in lung nodules
were assessed by the TUNEL assay (Meilunbio, Dalian, China)
according to the commercial instructions.
2.13. Safety evaluation

For the safety evaluation, lung metastatic mice were sacrificed
after being treated for 14 days. The blood was obtained to evaluate
the level of alanine transaminase (ALT), aspartate transaminase
(AST), blood urea nitrogen (BUN) and creatinine (CRE) and the
hematoxylin and eosin staining was performed on the main organs
sections and visualized with a light microscope.
2.14. Statistical analysis

Results were analyzed by GraphPad Prism 2.0 software (Graph-
Pad Software, San Diego, CA, USA) and presented as
means � standard deviation (SD). The statistical significance was
evaluated by Student’s t-test and one-way ANOVA. P
value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Synthesis and characterizations

The synthetic routes of NI-ATRA, NI-DOX and PEG-pLys-NI are
shown in Supporting Information Fig. S1 and all 1H NMR and
mass spectral are depicted in the Supporting Information
Figs. S2‒S10. The CMC value of PEG-pLys-NI was measured to
be 5.33 mg/mL (Supporting Information Fig. S11A) and the
weight average Mw of copolymers was up to 7485 Da
(Fig. S11B). Approximate eighteen NI are covalently linked to
single polymer.

3.2. Preparation and characterizations of NM-N-NI

The PEG-pLys-NI copolymers could spontaneously self-assemble
into nanocore in the aqueous solutions and are used for co-
encapsulating the hypoxia-activated therapeutic prodrugs, NI-
DOX and NI-ATRA. During the preparation procedure, imid-
azole rings of copolymers and the loaded prodrugs would tend to
form relatively strong intramolecular pep stacking interactions
via the similarity-intermiscibility theory. In this way, the hydro-
phobic moiety linking with imidazole rings and the prodrugs
would self-assemble into the core, while the PEG segment would
surround outside to interact with the water molecules to decrease
the potential energy. The formed N-NI showed a solid spherical
form under the TEM (Fig. 1E). The particle sizes of N-NI were
78.40 � 1.83 nm and had uniform particle size distribution tested
by DLS, and its surface presented negatively charged due to a
substantial number of amino groups were covalently linked to NI
(Fig. 1B and C). Neutrophils were isolated from bone marrow by
Percoll density gradient centrifugation and then stimulated with
recombinant tumor necrosis factor-a (TNF-a)35. Supporting In-
formation Fig. S15 showed that the expression of CXCR4 and
CD11b is elevated with TNF-a, which suggested that neutrophils
were activated successfully. The plasma membrane of the stimu-
lated neutrophils was extracted and translocated onto the surface
of N-NI as well. When the nanocore was wrapped with the
neutrophil membrane (NM), a cell membrane layer with the
coreeshell structure was observed by TEM. The ratio of cell
membranes was optimized by monitoring the changes of particle
size and zeta potential values (Supporting Information Figs. S12C
and D). Owing to the membrane cloaking, the zeta potential of
diameter NM-N-NI was closer to the zeta potential value of NMV
compared with N-NI, and the average size of NM-N-NI elevated
about 14 nm in as detected by DLS, which confirmed the suc-
cessful formation neutrophil-coating platforms. N-NI and NM-N-
NI exhibited an average particle size distribution (Fig. S12A).
Furthermore, the particle sizes and zeta potential changes in PBS
for three days demonstrated the stability of NM-N-NI under
physiological conditions (Supporting Information Fig. S13). Af-
terwards, the classic Coomassie blue assay showed that the protein



Figure 1 Preparation and characterization of NM-N-NI. (A) Schematic illustration of NM-N-NI preparation; (B) Average diameter of N-NI,

NMVand NM-N-NI before and after Na2S2O4 treatment; (C) Zeta potentials of N-NI, NMVand NM-N-NI; (D) SDS-PAGE protein tracking of the

NM, NM-N-NI and neutrophils, respectively. (E) The TEM images of N-NI, NM-N-NI and NMV; (F) The UV absorption spectra of NI-DOX,

NI-ATRA and PEG-pLys-NI; Release from N-NI (G) and NM-N-NI (H) under normoxia mimicked hypoxia conditions. Data are presented as

mean � SD (n Z 3).
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profile of tracked on NM-N-NI was analogous to that of the iso-
lated neutrophils membrane and the whole neutrophils sample,
which suggested that most of the membrane protein of the neu-
trophils could be translocated to the surface of NM-N-NI system
via our method (Fig. 1D).

In the hypoxic solid tumors, NI was found reduced to hydro-
philic aminoimidazole (AI). This important natural has been
applied in several prodrug-design (metronidazole, tirapazamine,
ornidazole) that has been approved by US Food and Drug
Administration (FDA) and used in clinic, with the aim of
activation upon being in hypoxia microenvironment in vivo36,37.
Na2S2O4 was reported able to mimic the hypoxia condition
in vitro, which could quickly reduce the oxygen concentration to
zero and served as an electron donor for the reduction of the NI
derivative38,39. After incubation with Na2S2O4 (20 mmol/L) for
10 min, NM-N-NI was found gradually swelled and the particle
size increased from 91.95 � 1.56 to 366.30 � 2.55 nm (Fig. 1B).
Moreover, the retention time of PEG-pLys-NI after reduction
delayed by 0.8 min determined by gel permeation chromatography
(GPC), likely attributable to the fact that NI was reduced and
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detached from PEG-pLys-NI (Fig. S12B). Moreover, the broken
membrane structure was found in TEM image after incubation
with Na2S2O (Supporting Information Fig. S14). The ultra violet
(UV) was used to further test the hypoxiaeresponsive properties
of NI-DOX, NI-ATRA and PEG-pLys-NI. As shown in Fig. 1F,
the UV maximum absorption peaks of NI-DOX, NI-ATRA and
NM-N-NI apparently decreased and exhibited a blue shift upon
being incubated with Na2S2O4 under the mimic hypoxic condi-
tion. This was possibly due to the successful reduction of NI to
aminimidazole (AI). Furthermore, since the fluorescence of NI-
DOX could be quenched by Na2S2O4, so a more stable fluo-
rophore pyrene was chosen as an analogue to investigate the drug
release kinetics under different conditions (Fig. 1G and H).
Approximately 40% of pyrene in N-NI group was rapidly released
within 1 h under the mimicked hypoxic condition (100 mmol/L
NADPH, 2 mg/mL liver microsomes). In comparison with nor-
moxic conditions, the release of pyrene was significantly
enhanced. The release behavior of NM-N-NI exhibited the similar
results with N-NI. These results suggested that under hypoxic
conditions, the hydrophobic nitroimidazole moieties would
convert into hydrophilic aminoimidazole, meanwhile, the imbal-
anced amphipathy leads to the destruction of the aggregation to
release the encapsulated drugs. The generated aminoimidazole, as
a typical proton sponge, would recruit more proton exteriorly to
increase the osmotic pressure. Subsequently, water molecules
would enter the neutrophils membrane-wrapping nanocore to
destabilize the structure.

The concentration of NI-DOX and NI-ATRA was analyzed by
the fluorescence spectrophotometers and HPLC, respectively
(Supporting Information Fig. S16). The encapsulation efficiency
(EE) of NI-DOX and NI-ATRA were 83.37% and 46.65% (Sup-
porting Information Table S1), respectively and the drug loading
rate (DL) of NI-DOX and NI-ATRA were 3.37% and 1.65%,
respectively. Compared to DOX and ATRA, EE of both NI-
modified prodrug was enhanced by 21.65% and 80.60%, respec-
tively. This is attributed to the strong intramolecular pep stacking
interactions between the aromatic rings after modification of
nitroimidazole groups.

3.3. Cellular uptake and the internalization mechanism

The internalizing capability of the platforms into tumour cells has a
direct impact on its antitumor efficiency. Hence, coumarin-6 probe
was replaced with drugs for better monitoring the cellular uptake
behaviors of N-NI and NM-N-NI. Supporting Information
Fig. S17A‒S17B shown that Coumarin-6@NM-N-NI was taken
up into tumor cells in a time- and concentration-dependent manner.
Moreover, fluorescence microscope image and flow cytometry
showed that the intracellular fluorescence intensity of 4T1 cells
incubated with Coumarin-6@NM-N-NI is relatively higher than
that of Coumarin-6@N-NI group (Supporting Information Figs.
S17C and S18). To further explore the endocytosis mechanism of
Coumarin-6@NM-N-NI, the cellular uptake efficiency was per-
formed in the presence of varieties of inhibitors (filipin, chlor-
promazine and wortmannin). Flow cytometry analysis illustrated
that the cellular internalization of Coumarin-6@N-NI in 4T1 cells
was effectively inhibited by filipin, which suggested that
Coumarin-6@N-NI could be ingested by 4T1 cells via a caveolin-
mediated and energy-dependent endocytic pathway (Fig. 2B). In
contrast, in the Coumarin-6@NM-N-NI group, filipin and wort-
mannin inhibit the cellular uptake effectively (Fig. 2C), indicating
a caveolae and macro-pinocytosis-mediated endocytosis pathway
of Coumarin-6@NM-N-NI and the involvement of lysosome
therein. This might be due to the membrane attachment inducing a
differential endocytic modality for Coumarin-6@NM-N-NI.
Furthermore, the platforms were labeled with coumarin-6 and
intracellular behavior of Coumarin-6@NM-N-NI was also
observed by confocal laser scanning microscopy (CLSM). A
fraction of the green coumarin-6 and red lysotracker (lysosomal
probes) displayed orange and yellow colocalization to each other in
the first 0.5 h, whereas after 2 h, most of the green fluorescence
dots were found isolated from the red ones. It was inferred that
Coumarin-6@NM-N-NI probably entered 4T1 cells via the cav-
eolae and macro-pinocytosis-mediated endocytosis pathway upon
interacting with the tumor cell membrane. Then, due to the over-
expression of nitroreductase and NADPH quinone dehydrogenase
1 (NQO1) in the cytoplasm, nitroimidazole groups on the side
chain of polylysine were reduced to aminoimidazole and rapidly
shed. Subsequently, the newly exposed amino created the extra
positive charge, inducing Coumarin-6@N-NI to escape from ly-
sosomes after neutrophil membrane fused with the lysosomal
membrane. When NI-DOX and NI-ATRAwere co-encapsulated by
NM-N-NI, once NI-D/A@NM-N-NI finished the escape behavior,
it would synchronously release the loaded prodrugs, which could
be further reduced to release DOX and ATRA respectively under
the same hypoxic condition. As shown in Fig. 2F, the tumor cells
cultured with NI-D/A@NM-N-NI exhibited a notably augment in
apoptosis rate (the early and late apoptosis rate was about 24.45%
and 46.69%, respectively), which could be attributed to the
elevated internalization efficiency and fast intracellular drug
release.

The cell counting kit-8 (CCK-8) assay was employed to further
assess the cytotoxicity of NI-D/A@NM-N-NI on 4T1 cells. As
shown in Supporting Information Fig. S19, and Tables S2 and S3,
the obtained IC50 values of the NI-D/A@NM-N-NI group at
hypoxic conditions were 1.22 mmol/L NI-DOX and 0.49 mmol/L
NI-ATRA, respectively, which were lower than other groups.
Moreover, CI values lower than 1 in NI-D/A@NM-N-NI indicated
synergistic effect of the combination of that DOX and ATRA.
Similar trends were also found in normoxic conditions.

3.4. Redox imbalance and inhibition of stemness-related
properties

Tumor cells redox adaptation is emerging as a crucial factor in
tumorigenesis, cancer invasion, metabolism, and drug resistance.
By the way, this is also one of the important triggers in designing
stimuli-responsive drug delivery system, most of which, however,
could favorably accomplish the passive commandedriven activity
instructed by one the redox couples, while few systems could
reversely and simultaneously adjust the intracellular redox bal-
ance. This is due to the dynamic redox microenvironment main-
tained by the continuous formation of the redox species from
mitochondria, cytoplasm and other organelles, which requires the
tailoring species with high oxidation or reduction state (for
instance, from nitro (þ3 valence) to amine (�3 valence)). The
NADPþ/NADPH redox couples are crucial in the maintenance of
intracellular redox homeostasis and modulation of multiple bio-
logical processes. During the bio-reduction process of single NI,
three NADPH is consumed with six electrons being transferred,
and single polymer would exhaust 54 NADPH, which drastically
impacted the redox balance. Hence, oxidative stress induced by
nitroimidazole can be amplified by down-regulating GSH and up-
regulating ROS at the same time, which could be an effective



Figure 2 Cellular uptake and the internalization mechanism of neutrophil-like hypoxia-responsive platforms. (A) Illustration of cellular uptake

of NM-N-NI; flow cytometry analysis of (B) N-NI and (C) NM-N-NI endocytosis pathway blocked by different inhibitors; CLSM image of the

intracellular behavior of NM-N-NI in (D) 0.5 h and (E) 2 h. Scale bar Z 20 mm. (F) Tumor cells apoptosis incubated with PBS, free NI-DOX and

NI-ATRA (Free NI-D/A), NI-DOX and NI-ATRA co-encapsulated nanoparticles assembled with PEG-pLys-NCA (NI-D/A@N), N-NI nanocore

co-encapsulated with NI-DOX and NI-ATRA (NI-D/A@N-NI), and NI-D/A@N-NI coated with NM (NI-D/A@NM-N-NI).
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strategy to prevent tumor cells retro-differentiation into BCSCs
and enhance tumor sensitivity to chemotherapy.

The NADPþ/NADPH ratio can be used as the indicator to
evaluate the potency of electron-accepting nanosystem in
consuming NADPH under hypoxia conditions. As illustrated in
Fig. 3B, under normoxia, both NI-D/A@N-NI and NI-D/A@NM-
N-NI would not cause the obvious alteration of NADPþ/NADPH
ratio compared to free NI-D/A in the 4T1 cells. Nevertheless, such
a ratio remarkably elevated for NI-D/A@NM-N-NI under hypoxia
due to NADPH depletion (Fig. 3C). NI-D/A@NM-N-NI was su-
perior over NI-D/A@N-NI with regard to transient NADPH
consumption in hypoxic cells. Similarly, NI-D/A@NM-N-NI did
not diminish the intracellular GSH level of under normoxia
(Fig. 3D). However, under hypoxia conditions, a tendency to
decrease was were observed for GSH upon NI-D/A@NM-N-NI
supplementing to 4T1 cells and the decline extent was greater
as compared to NI-D/A@N-NI group (Fig. 3E). This suggested
that the tumor cell uptake was enhanced after N-NI was coated
with neutrophil membrane and more nitro groups were rapidly
reduced to amino groups to regulate the interplay between GSH/
GSSG and NADPH/NADPþ in the intracellular levels.

The cell-permeable singlet oxygen sensor DCFH-DAwas used
to further evaluated the mechanism of action, which can be
oxidized by singlet oxygen to generate fluorescent DCF. 4T1 cells
incubated with PBS or free NI-D/A displayed weak green fluo-
rescence under normoxia and hypoxia conditions, suggesting that
the intracellular level of ROS is lowering (Fig. 3F and G).
Nevertheless, 4T1 cells incubated with NI-D/A@N-NI exhibited
relatively stronger fluorescence signals under hypoxia in result of
the reduction of GSH. NI-D/A@NM-N-NI was more potent than
the NI-D/A@N-NI in reducing GSH and enhancing ROS level,
which could be attributed to the elevated internalization efficiency
of the neutrophil-like platforms. Therefore, NI-D/A@NM-N-NI
was regarded capable to significantly amplify the oxidative



Figure 3 Redox imbalance and inhibition of stemness-related properties of neutrophil-like hypoxia-responsive platforms. (A) Cellular

mechanism illustration of NM-N-NI; Relative intracellular NADPþ/NADPH ratio in 4T1 cells under normoxic (B) or hypoxic (C) conditions.

Data are presented as mean � SD (n Z 3). **P < 0.01, ***P < 0.001. ns, not significant; Glutathione (GSH) level in 4T1 cells under normoxic

(D) or hypoxic (E) conditions, Data are presented as mean � SD (n Z 3). **P < 0.01. ns, not significant; Fluorescent imaging of reactive oxygen

species (ROS) in 4T1 cells under normoxic (F) or hypoxic (G) conditions. Scale bar Z 50 mm; (H) Expression of ALDH1 and Pin1 in 4T1 cells

determined by Western blot assay.

A neutrophil-biomimic platform for eradicating cancer stem-like cells 307
stress by depleting NADPH, down-regulating GSH and up-
regulating ROS at the same time under hypoxia conditions. It
has been reported that the extremely high level of intracellular
GSH in the hypoxic tumor cell can sweep some ROS and induce
chemoresistance. Hence, the disruption of redox balance induced
by nitroimidazole was an effective strategy to enhance chemo-
therapeutic sensitivity of tumor cells.

Then, the combination effects of the differentiation therapy and
hypoxia-activated chemotherapy on eliminating BCSCs in vitro
was evaluated. Breast cancer cells with ALDH1þ phenotypes have
been demonstrated to have stem cell-like tumor-initiating and
invasive features40,41. Firstly, we enriched 4T1 BCSCs with
ALDH1þ phenotypes by ALDEFLUOR™ Kit and the proportion
of BCSCs was 15.07%, and then culture them to form mammo-
sphere in the serum-free medium (Supporting Information Figs.
S21A and B). The formed tumor spheres contribute to maintain-
ing the stemness of BCSCs in specific micro-environment (such as
hypoxia and starvation), which models the status of solid tumor
tissues in vivo. The population of ALDH þ cells was measured
using ALDEFLUOR after mammospheres were treated with PBS,
free NI-D/A, NI-D/A@N, NI-D/A@N-NI, NI-D/A@NM-N-NI.
Fig. S21D showed that the proportion of BCSCs in free NI-D/A
group (13.69%) was moderately lower than that in the PBS
group (17.49%). The ALDH þ cells level was reduced after NI-D/
A@N-NI treatment, which decreased by 48.3% compared with
NI-D/A@N treatment. This is because hypoxia-activated carrier
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materials result in a burst drug release. The NI-D/A@NM-N-NI
treatment of 4T1 cells remarkably reduced the percentage of
ALDHþ cells as compared with NI-D/A@N group, which was
only 1.78%.

Prolyl-isomerase Pin 1 plays a prominent role in induction and
maintenance of BCSCs self-renewal and ALDH1 activity is a
common marker of the stemness of breast cancer cells20,42,43.
Therefore, in order to further investigate the mechanism of
eliminating BCSCs, the expression level changes of Pin1 and
ALDH1 proteins were evaluated by immunohistochemistry assay
and Western blot analysis. The Western blot analysis demonstrated
that the higher expression of Pin1 and ALDH1 was observed in
PBS group and free NI-D/A group, while their significantly down-
regulated expression was observed in NI-D/A@NM-N-NI group
(Fig. 3H and Supporting Information Fig. S20). In Fig. S21C, the
colocalization of Pin1 with ALDH1 protein was found in mam-
mospheres. The higher expression of green Pin1 and red ALDH1
was observed in PBS group and free NI-D/A group, and almost no
signal was observed in NI-D/A@NM-N-NI group, which indi-
cated that NI-D/A@NM-N-NI could inhibit the expression of Pin1
and further eliminate BCSCs.

Based on the above results, when the neutrophil-biomimic
hypoxia-activated platform reach the hypoxia region, both pro-
drugs of ATRA and DOX were released rapidly. ATRA-induced
Pin1 ablation can promote the differentiation of BCSCs into non-
BCSCs, reducing their self-renewal capacity and simultaneously
substantial reduction of nitroimidazole consumed the NADPH and
disrupted the redox equilibrium in tumor cell. The oxidative stress
was amplified by down-regulating GSH and up-regulating ROS,
which prevent retro-differentiation process from non-BCSCs to
BCSCs and enhanced the sensitivity of tumor cells towards DOX.
These results suggested that the BCSCs differentiation and tumor
microenvironment modulation synergistically could enhanced
chemotherapeutic cytotoxicity and concurrently eliminate the non-
BCSCs and BCSCs.

3.5. In vivo metastasis targeting and biodistribution in the
breast cancer model

In order to assess the lung metastasis-targeting characteristics of
the designed platforms, we constructed 4T1-luciferase lung
metastasis mice models and used Did NIR probe as an analogue
for better monitoring the drug distribution by visual techniques.
As shown in Fig. 4D, Did fluorescent signals were detected using
IVIS imaging system in the metastatic lung administered with free
Did and Did-labeled platforms 1-24 h post injection. The weak
Did signal was observed in the lung in free Did group and
Did@NM-N-NI group exhibited much stronger fluorescent in-
tensity in the lung than free Did, Did@N and Did@N-NI group.
At 24 h after intravenous administration, the fluorescence images
of ex vivo organ showed that the fluorescence signal chiefly
distributed in the liver and lung in Did@NM-N-NI group and
distributed in the liver in other groups (Fig. 4A). The quantifica-
tion analysis of neutrophil-like hypoxia-responsive platforms was
further evaluated by comparing the biodistribution of Did in the
lung metastatic models. As shown in Supporting Information
Fig. S22, Did in the lung displayed a high drug accumulation of
89.43 (mg/g) 4 h after injection of Did@NM-N-NI, which was 2.1-
and 1.7-fold higher than those of free Did and Did@N-NI groups,
respectively. At 24 h post administration, Did@NM-N-NI group
elevated the Did concentration to be 3.6- and 2.4-fold than free
Did and Did@N-NI groups, respectively (Fig. 4B). In order to
further verify drug accumulation at lung metastatic lesion,
coumarin-6 labeled platforms was visualized in 4T1-ERFP met-
astatic lung section by CLSM (Fig. 4C). Almost no green
coumarin-6 fluorescence was observed at the red ERFP-labeled
metastatic sites in the free coumarin-6 group and coumarin-6
fluorescence intensity were enhanced in coumarin-6@N-NI
group due to size effect at tumor sites. In the coumarin-6@NM-N-
NI group, the increased green fluorescence was observed in the
peripheral region, outer side, and inner side of the red metastatic
nodules, indicating that upon being coated with neutrophils
membrane to N-NI, the neutrophil-like platforms inherited the
neutrophil capacity of actively targeting metastatic cancer cells
and accumulated in the lung metastasis sites.

In order to assess the primary tumor-targeting characteristics of
the designed platforms, we constructed 4T1-luciferase primary
mice models. As shown in Supporting Information Fig. S23, a
small amount of Did fluorescence was observed in the tumor in
free Did group and Did@NM-N-NI group exhibited much stron-
ger fluorescent intensity in the tumor than free Did and Did@N-NI
group. At 24 h after intravenous administration, the fluorescence
images of ex vivo tumor showed that an intense fluorescence
signal of tumor was exhibited in Did@NM-N-NI group (Sup-
porting Information Fig. S24).

3.6. In vivo anti-metastatic efficacy in lung metastasis model

To evaluate whether the platforms can control the outgrowth of
already formed lung metastases of TNBC, luciferase signals from
the 4T1-luci cells were monitored using IVIS Spectrum to
represent the regions of lung metastasis after treatments. As
illustrated in Fig. 7B and C, the higher metastatic lung signals
were exhibited in the saline, free D/A, free NI-D/A and blank N-
NI group, while NI-D/A@N-NI displayed less luciferase signals.
Further, in neutrophil-like NI-D/A@NM-N-NI group, extremely
faint signal was observed in comparison with the NI-D/A@N-NI
group. The lung metastatic nodules analysis was similar to these
results. The lungs of the mice were rinsed with saline, and blank
N-NI and free drug group were thickly dotted with metastatic
nodules and the 4T1 tumor burdens of H&E-stained lung section
images covered most area (Fig. 5F). The NI-D/A@N-NI and NI-
D/A@NM-N-NI groups exhibited less metastasis foci, with
average metastatic nodule numbers decreased by 45.4% and
74.2% compared with the saline group, respectively, which
increased the inhibition rate on lung metastasis to 63.2% and
83.2%, respectively (Fig. 5D‒E and Supporting Information
Fig. S25B). Lung metastasis mice showed the longest survival
time upon receiving the NI-D/A@NM-N-NI treatment, compared
with the mice in other groups (Fig. S25C).

During the treatment, multi-round chemotherapy results in
the augment of the BCSCs fraction in the tumor, and these
drug-resistant cells are more likely to survive and potential to
spread to distant sites. The disseminated BCSCs will immedi-
ately proliferate and colonize into new environment, but some
BCSCs will enter a dormant state and form dormant micro-
cluster. They would maintain tumor cell stemness, remain
resistant to cytotoxic drugs, and eventually form lethal macro-
metastasis. Therefore, we further explored the capability and
mechanism of neutrophil-like hypoxia-responsive platforms to
eradicate BCSCs in lung metastasis site. As illustrated in
Supporting Information Fig. S26, the higher expression of
green Pin1 and red stemness markers (ALDH1) was observed
in saline group and exhibited co-localization. Weaker



Figure 4 In vivo metastasis targeting and biodistribution of different formulations in lung metastasis model. (A) In vivo Did biofluorescence

images of different organs following injection of free Did, Did-labeled nanoparticles assembled with PEG-pLys-NCA (Did@N), Did-labeled N-NI

(Did@N-NI) and Did-labeled NM-N-NI (Did @NM-N-NI); (B) Quantified distribution of different Did-labeled formulations in major organs at

24 h post-injection. Data are presented as mean � SD (n Z 3), **P < 0.01; (C) CLSM images of different formulations in metastatic lung tissues

following injection of free coumarin-6, coumarin 6-labeled nanoparticles assembled with PEG-pLys-NCA (coumarin 6@N), coumarin 6-labeled

N-NI (coumarin 6@N-NI) and coumarin 6-labeled NM-N-NI (coumarin 6@NM-N-NI). Scale bar Z 100 mm. (D) In vivo fluorescence images of

lung metastasis mice at different times after intravenous injections of free Did, Did@N, Did@N-NI, Did@NM-N-NI.
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expression of Pin1 and ALDH1 was observed in NI-D/A@N-NI
group as compared to NI-D@N-NI and NI-A@N-NI group and
almost none was found in NI-D/A@NM-N-NI group, which
indicated that NI-D/A@NM-N-NI could inhibit the expression
of Pin1 and further suppress aggressive phenotypes through
BCSCs exhaustion. Pin1 is a bona fide stem cell factor and high
Pin1 levels are crucial in maintaining the self-renewal and
replicative potential of BCSCs of the mammary gland. It sug-
gested that NI-D/A@NM-N-NI could actively accumulated in
the lung metastasis lesion relying on the targeting capacity of
neutrophils, rapidly reduced and released ATRA and DOX
under hypoxic condition. Subsequently, high concentration of
ATRA induced the ablation of Pin1 to promote BCSCs differ-
entiation and simultaneously prevent non-BCSCs retro-differ-
entiation to elicit sensitivity to DOX. TUNEL assay was further
used to evaluate the apoptotic 4T1 cells in the metastatic foci
(Fig. 5F). The intense red apoptosis signals were observed in
NI-D/A@N-NI group, which induced more tumor cell death as
compared to either NI-D@N-NI or NI-A@N-NI group. The
highest apoptosis signal was found in NI-D/A@NM-N-NI
group, which suggested better inhibition effect of metastasis
by combining differentiation therapy and tumor microenvi-
ronment modulation.
3.7. In vivo antitumor efficacy in primary tumor model

To further verify whether the neutrophil-like hypoxia-responsive
platforms (NI-D/A@NM-N-NI) could effectively inhibit primary
tumor growth on the BCSCs-enriched tumor model, we treated
4T1 orthotropic tumor mice with NI-D/A@NM-N-NI or various
formulations through intravenous injection every two days from
Day 14 of postimplantation of tumor cells. As shown in Fig. 6B, C
and E, free D/A and free NI-D/A could slightly inhibit the tumor
growth, while the NI-D/A@N treatment could just slightly in-
crease the inhibition at the same doses. Encouragingly, NI-D/
A@NM-N-NI group exhibited the highest inhibition capacity on
tumor growth compared with other formulation. Moreover, the
H&E staining images and TUNEL assay showed that treatment
with NI-D/A@NM-N-NI led to extensive cell necrosis in most
tumor area (Fig. 6G). Subsequently, to further investigate the
therapeutic potential mechanisms of the combined differentiation
therapy and hypoxia-activated chemotherapy on cancer stem cells
in vivo, relative NADPþ/NADPH ratio and the proportion of
BCSCs (ALDHþ) recovered from the tumors was examined at the
end of the treatments. The NI-D/A@NM-N-NI treatment
enhanced NADPþ/NADPH ratio (Supporting Information
Fig. S27) and evidently reduced the proportion of ALDHþ cells in



Figure 5 Therapeutic effects on lung metastases of breast cancer. (A) Timeline for lung metastasis models establishment and treatment

schedule; (B) Real-time bioluminescence images; (C) semi-quantitative results of bioluminescence signals of lung metastases; (D) The inhibition

rate on lung metastasis of various groups compared to the saline control; (E) The average number of lung metastatic nodules from each group. (F)

Typical images of lung tissues, HE staining images of metastatic foci in lungs from each group and TUNEL assay (Scale bar: 100 mm). The

metastatic nodules were denoted as white spots in lungs. Data are presented as mean � SD (n Z 3). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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solid tumors (Fig. 6D and Supporting Information Fig. S29A). We
further probed the potential mechanisms of anti-tumor in vivo by
the immunofluorescence and Western blot. The higher expression
of Pin 1, ALDH1 and CD44 was observed in saline group.
However, the NI-D/A@NM-N-NI could significantly decrease the
expression of Pin1 and further reduce the expression of stemness
marker ALDH1 and CD44 (Fig. 6F, Figs. S29B and S30). In
addition to the cytotoxic therapy on primary tumors, loss of the
BCSCs populations would retard the formation of micro-
metastasis. As illustrated in H&E images of lung (Fig. 6G), the
blue-colored micrometastasis of lung was not found in NI-D/
A@NM-N-NI group, but appeared in other groups. These data
confirmed that NI-D/A@NM-N-NI could carry high concentration
of nitroimidazole group to consume the NADPH under hypoxic
tumor region, further disrupt the redox equilibrium and amplify
oxidative stress to enhance the sensitivity of tumor cell towards



Figure 6 Therapeutic effects on breast primary tumor. (A) Timeline for primary tumor models establishment and treatment schedule; (B)

Tumor growth curves of various groups. (C) Tumor mass of various groups. (D) The ALDHþ cells proportion within solid tumors after the tumor

suppression study. (E) The tumor images of various groups. (F) Expression of ALDH1 and Pin 1 in tumor determined by Western blot assay; (G)

Representative HE staining images of tumor and lung, and TUNEL assay of tumor (Green: TUNEL for staining apoptotic cells and blue: DAPI for

staining cell nucleus, Scale bar Z 100 mm). Data are presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

A neutrophil-biomimic platform for eradicating cancer stem-like cells 311
DOX. Moreover, the released ATRA induced Pin1 ablation in
BCSCs, promote the differentiation of BCSCs into non-BCSCs,
and increasing their sensitivity to chemotherapeutic drugs. Inhi-
bition of Pin1 in non-BCSCs prevents the retro-differentiation
process from non-BCSCs to BCSCs. In a word, the new combi-
nations of differentiation therapy and tumor microenvironment
modulation synergistically amplify tumor cellular sensitivity to
DOX, concurrently eliminate the non-BCSCs and BCSCs and
eventually satisfies the demand for promoting a maximized syn-
ergistic anti-tumor efficacy.
3.8. In vivo safety evaluation

To evaluate the initial biosafety of the NM-N-NI platforms, main
organs including heart, liver, spleen, lung, and kidney were stained
with H&E. No apparent histological damage or inflammation were
found in platform-treated groups (Fig. 7E), indicating favorable
compatibility of the platforms. Moreover, biochemical analysis
was also performed on the blood samples to further investigate the
potential side effects of the platforms. The parameters related with
liver function markers (AST, aspartate transaminase; ALT, alanine



Figure 7 The biosafety assessments. (AeD) Biochemical analysis results of alanine transaminase (ALT), aspartate transaminase (AST),

creatinine (CRE) and blood urea nitrogen (BUN) in the blood from different mice. Data are presented as mean � SD (n Z 3). (E) Representative

hematoxylin and eosin (HE) images of main organ sections from different mice treated with different formulations. Scale bars Z 200 mm.
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transaminase), or kidney function markers (BUN, blood urea ni-
trogen; CRE, creatinine) were monitored. As illustrated in Fig. 7
A‒D, the blood chemistry analysis of the NM-N-NI group was
within the safe range. Moreover, the NI-D/A@NM-N-NI treat-
ments didn’t to lead to significant body weight loss (Fig. S25A
and Supporting Information Fig. S28) and obvious hemolysis
(Supporting Information Fig. S30), suggesting that the neutrophil-
like hypoxia-responsive platforms would be potentially safe for
breast cancer therapy. These results collectively demonstrated that
the neutrophil-biomimic hypoxia-responsive platforms have
excellent biologically safe, which is important for their safe
medical applications.
4. Conclusions

Under present insufficient surgery, chemotherapy and radio-
therapy for metastatic TNBC, many functionalized delivery plat-
forms have been development to target breast cancer metastatic
cells to yield effective inhibition of tumor growth. Among them,
bionic platforms have been proved to be of great value44e48. In
this study, we established a neutrophil-like targeting platform with
a hypoxia-responsive drug-release characteristic to achieve high
degree of enrichment of drug in lung metastasis foci of TNBC.
When the multifunctional platforms reach to metastasis sites
relying on the naturally targeting capability of neutrophil to

https://www.sciencedirect.com/science/article/pii/S0142961214010655?via%3Dihub
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metastatic tumor cells, the modified NI groups are rapidly reduced
to amino-imidazole and both differentiation agents (ATRA) and
chemotherapy drug (DOX) were explosively released. During the
responsiveness, ATRA could differentiate BCSCs into non-
BCSCs, and simultaneously the nitroimidazole moieties on the
polymer and prodrugs could modulate the tumor microenviron-
ment by depleting NADPH and amplifying intracellular oxidative
stress to prevent tumor cells retro-differentiation into BCSCs. This
new combination of differentiation therapy and tumor microen-
vironment modulation synergistically amplify tumor cellular
sensitivity to DOX, concurrently eliminate the non-BCSCs and
BCSCs and eventually satisfies the demand for promoting a
maximized synergistic anti-tumor efficacy.
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