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Abstract Amplifying “eat me signal” during tumor immunogenic cell death (ICD) cascade is crucial

for tumor immunotherapy. Inspired by the indispensable role of adenosine triphosphate (ATP, a necessary

“eat me signal” for ICD), a versatile ICD amplifier was developed for chemotherapy-sensitized immuno-

therapy. Doxorubicin (DOX), ATP and ferrous ions (Fe2þ) were co-assembled into nanosized amplifier

(ADO-Fe) through p‒p stacking and coordination effect. Meanwhile, phenylboric acid-polyethylene gly-

col-phenylboric acid (PBA-PEG-PBA) was modified on the surface of ADO-Fe (denoted as PADO-Fe) by

the virtue of D-ribose unit of ATP. PADO-Fe could display active targetability against tumor cells via

sialic acid/PBA interaction. In acidic microenvironment, PBA-PEG-PBAwould dissociate from amplifier.

Moreover, high H2O2 concentration would induce hydroxyl radical ($OH) and oxygen (O2) generation

through Fenton reaction by Fe2þ. DOX and ATP would be released from the amplifier, which could

induce ICD effect and “ICD adjuvant” to amplify this process. Together with programmed death ligands

1 (PD-L1) checkpoint blockade immunotherapy, PADO-Fe could not only activate immune response

against primary tumor, but also strong abscopal effect against distant tumor. Our simple and multifunc-

tional ICD amplifier opens a new window for enhancing ICD effect and immune checkpoint blockade

therapy.
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1. Introduction

In developing and developed countries, cancer is a main cause of
death for human beings1e3. Compared with traditional chemo-
therapy, immunotherapy has emerged as a hot spot in current
field4e7. Immune checkpoint blockade therapy (programmed
death 1 or programmed death ligand 1, abbreviated as PD-1 and
PD-L1) received increasing concern for its capability of T cell
regulation to activate antitumor immune response8e10. It has
been demonstrated that such approach could sufficiently inhibit
tumor growth against high tumor-specific T cells infiltration
tumor (named as hot tumor)11,12. However, its clinical outcomes
are insufficient for repressed T cells infiltration tumor (named as
cold tumor) due to its tumor immunosuppressive microenvi-
ronment (TIM) together with low immunogenicity13,14. There-
fore, increasing tumor immunogenicity together with reversing
TIM is considered as a promising approach for tumor
immunotherapy.

Recent reports prove that some anthracyclines molecules such
as doxorubicin (DOX) serve not only as chemodrug for directly
inducing DNA damage, but also a potential immunogenic cell
death (ICD) inducer15,16. Dying tumor cells with DOX adminis-
tration can induce endoplasmic reticulum (ER) stress response and
autography. ER stress can induce calreticulin protein (CRT)
translocation on cell surface and thereby generating “eat me
signal” for dendritic cells (DCs) recognition17e19. Autography can
increase adenosine triphosphate (ATP) release from dying cells,
which serves as ‘find me signal’ for DCs recruitment. Moreover,
high mobility group box 1 (HMGB1) can also be released into
extracellular space to bind Toll-like receptor 4 (TLR4) on DCs and
amplify its antigen presenting capability20,21. Above three steps
are indispensable for ICD, which subsequently increase DCs
maturation and T cells infiltration. ATP, serves as ‘find me signal’
for DCs recruitment, is the initial process for DCs activation and
its concentration correlates positively to DCs recruitment efficacy.
We hypothesized that increasing ATP accumulation in tumor re-
gions would facilitate ICD efficacy. However, ATP, act as a source
of energy, is ubiquitous. How to target delivery of ATP to tumor
region is challenging.

Despite promising DOX-based ICD strategy, which could
efficiently modulate tumor innate immunity for PD-1/PD-L1
therapy, T cell infiltration is severely restricted by TIM as tumor
has many immune escape mechanisms22e26. Therefore, remodel-
ing TIM can further activate antitumor immune response. Tumor-
associated macrophage (TAM), as one of the most important cell
subpopulations in solid tumor, plays a crucial role in TIM, which
is also positively correlated to tumor metastasis and invasion27,28.
TAM is divided into two phenotypes, anti-tumor M1-TAM and
pro-tumor M2-TAM. Furthermore, most TAM in solid tumor is
M2 phenotype, leading to tumor proliferation29,30. Meanwhile,
hypoxia tumor microenvironment also facilitate M2 phenotype
polarization of TAM31. Therefore, an ideal strategy for cancer
immunotherapy should not only induce tumor ICD effect, but also
polarize TAM from M2 to M1 and relieve hypoxia microenvi-
ronment to reverse TIM.
Despite many clinical outcomes for DOX with antitumor im-
mune response activation, highly effective administration of DOX
is restricted by its poor tumor biodistribution and severe cardiac
toxicity. Many DOX-based drug delivery systems are reported to
have more advantages such as biocompatibility, tumor target-
ability and stimuli-responsive drug release capability32. Never-
theless, they were always confronted with some difficult problems
such as complex design, low drug-loading efficacy as well as high
cost. Therefore, it is urgent to discover novel drug delivery system
with facile synthesis procedure, high loading capability and multi-
physiological functions. To the best of our knowledge, multi-
functional drug delivery system, which could induce ICD cascade,
polarize M1 TAM and relieve hypoxia tumor microenvironment,
is urgently needed but rarely reported.

To solve the aforementioned problems, a “multi-in-one” ICD
amplifier (named as PADO-Fe) was prepared for cancer
chemotherapy-sensitized immunotherapy. As illustrated in
Scheme 1A, this ICD amplifier was constructed by self-assembly
of DOX, ATP and ferrous ions (Fe2þ) through p‒p stacking and
coordination effect. Owing to ‘find me signal’ of ATP during ICD
cascade, we hypothesized that intertumoral delivery of ATP could
amplify ICD process through increasing ATP release from dying
tumor cells, which could elevate DCs recruitment and maturation.
Fe2þ, served as an essential trace metal element, is relatively safe
for intravenous administration. Fe2þ could coordinate with
carbonyl/amine or phosphate groups of DOX and ATP to form
metaleorganic complex (MOC). Furthermore, Fe2þ could also
catalyze H2O2 to highly toxic $OH and oxygen, known as Fenton
reaction33, which would both relieve tumor hypoxia and possess
tumor chemodynamic therapy (CDT)34. Moreover, Fe2þ could
reverse TAM phenotype from M2 to M1 to reverse TIM and
activate antitumor immune response35,36. In order to enhance
in vivo circulation time and tumor targetability, PBA-PEG-PBA
was modified on the surface of ADO-Fe through simple mixing
process, which could interact with ADO-Fe through vicinal diols
structure of versatile ATP molecule. After i. v. injection of PADO-
Fe, this amplifier was accumulated into tumor sites via EPR effect.
Subsequently, PADO-Fe could be internalized into tumor cells
through sialic acid residues-mediated endocytosis and response to
intracellular pH/H2O2 microenvironment. PBA-PEG-PBA would
dissociate from PADO-Fe due to reversible binding of PBA and
vicinal diols structure from ATP. Meanwhile, Fe2þ would catalyze
H2O2 to toxic $OH and O2 via Fenton reaction. Of special note,
endogenous O2 microbubbles would facilitate dissociation of
nanoparticle, thereby reach stimuli-responsive DOX/ATP release.
Not only free DOX in cytoplasm could directly kill tumor cells,
dying cells could also release damage-associated molecular pat-
terns (DAMPs) to induce ICD cascade. Furthermore, intracellular
high concentration ATP from PADO-Fe would also amplify this
process. ATP secretion, CRT expression and HMGB1 release
would recruit immature DCs to mature DCs for antigen present-
ing. PD-L1 antibody-mediated immune checkpoint blockade and
Fe2þ-mediated TAM phenotype transition (M2 to M1) would both
reverse TIM, contributing to activating effector T cells prolifera-
tion and infiltration for immunotherapy against primary and

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


Scheme 1 Schematic illustration of immunogenic cell death amplifier for sensitizing PD-L1 checkpoint blockade immunotherapy and its

potential mechanism. (A) Co-assembly process of PADO-Fe was presented through p‒p stacking and coordination effect; (B) the potential

mechanism of PADO-Fe for tumor-targeted delivery, intracellular drug release and ICD induction in combination with immune checkpoint

blockade for tumor chemotherapy-sensitized immunotherapy.
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distant tumors. Overall, this ICD amplifier proposes a unique
platform for combination immune checkpoint blockade therapy
and a new insight for ATP as an ‘ICD adjuvant’ in cancer
chemotherapy-sensitized immunotherapy.

2. Materials and methods

2.1. Reagents

PBA-PEG-PBA was synthesized by our lab. Doxorubicin hydro-
chloride (DOX$HCl), ferrous chloride tetrahydrate (FeCl2$4H2O),
adenosine triphosphate disodium (ATP) and benzoic acid (BA)
were purchased from Aladdin (Shanghai, China). 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) was supplied
from SigmaeAldrich (USA). CD3-PerCP Cy5.5 (clone: 145-
2C11), CD4-FITC (clone: GK1.5), CD8-PE (clone: 53e6.7),
CD11c-FITC (clone: N418), CD80-PE (clone: 16-10A1), CD86-
APC (clone: GL-1), CD11b-FITC (clone M1/70), CD206-PE
(clone C068C2), F4/80-APC (clone BM8.1) were all purchased
from Biolegend (USA). CRT primary antibody (ab92516),
HMGB1 primary antibody (ab18256), HIF-1a primary antibody
(ab279654) and ki-67 primary antibody (ab15580) were all pur-
chased from Abcam (USA). IL-6, TNF-a, IFN-g ELISA kit were
purchased from Abcam (USA).

2.2. Studies in cells and animals

4T1 murine breast cancer cell line was cultured in RPMI-1640
medium supplemented with 10% FBS at 37 �C in 5% CO2
atmosphere. Bone marrow of BALB/c mice was used to obtain
immature DCs according to the literature37. Briefly, bone marrow
of femurs and tibias was collected and washed, followed by GM-
CSF stimulation and IL-4 polarization.

BALB/c mice (female, 16e18 g) were purchased from Hua-
fukang Biotechnology Co., Ltd. (Beijing, China) For the con-
struction of 4T1 tumor-bearing mice, 4T1 tumor cells (106 4T1
cells in 0.2 mL of PBS) were subcutaneously injected in the leg
regions. When the tumor volume reached approximately
100 mm3, they were randomly divided into several groups for
further study. All animal work was approved by Institution Animal
Care and Use Committee of Shenyang Pharmaceutical University.

2.3. Preparation and characterization of different nanoparticles

To prepare PADO-Fe, ADO-Fe core was first constructed. Briefly,
10.8 mg of DOX and 5.1 mg of ATP were dispersed in 2 mL of
pure water, then a gradient concentration of FeCl2 solution (dis-
solved in pure water) was added droplet into the system with
constant stirring for 2 h. Thereafter, the mixture was centrifuged at
10,000 rpm (Beckman Coulter, Allegra X-30, Kraemer Boulevard
Brea, CA, USA) for 30 min to collect nanoparticles. Precipitation
was washed with pure water to obtain ADO-Fe. To prepare
PADO-Fe, ADO-Fe was suspended in pure water and 2% (w/w)
PBA-PEG-PBAwas added into the system and stirred for 1 h. The
mixture was centrifuged to collect nanoparticles and unreacted
PBA-PEG-PBA was removed. Cy3-labeled nanoparticles were
prepared using the same way except 1% DOX was replaced by
Cy3-diNHS ester. The content of DOX and ATP was measured by
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high performance liquid chromatography (HPLC) and Fe2þ was
measured using inductively coupled plasma mass spectrometry
(ICP-MS).

2.4. Drug release

To investigate drug release behavior of different nanoparticles,
1 mL of different samples were placed into a dialysis bag (MWCO
1.0 kDa). The bags were placed into 100 mL of different release
medium (PBS pH 7.4, PBS pH 6.8 and PBS pH 6.8 þ 1% H2O2)
with constant stirring at 37 �C. At interval time, 1 mL of release
medium was taken for content analysis and equal volume of fresh
medium was added. The accumulative drug release profile was
calculated according to the equation as references reported38.

2.5. Detection of O2 generation

Dissolved oxygen meter was used to detect oxygen generation of
different nanoparticles. Briefly, 5 mL of different samples were
prepared and H2O2 (1%) was added into each sample. Subse-
quently, samples were placed in a water bath at 37 �C. At interval
time pint, oxygen concentration was measured.

Meanwhile, [Ru(dpp)3]Cl2 was used for observing oxygen
generation in cellular level. Briefly, 4T1 cells were seeded into 6-
well plate for 12 h to allow attachment. Subsequently, the cells
were cultured in hypoxia condition and different nanoparticles
were added into each well for 6 h. [Ru(dpp)3]Cl2 (10 mg/mL) was
added into the medium and cultured for another 12 h. The cells
were washed with PBS and finally observed using confocal laser
scanning microscopy (CLSM).

2.6. Detection of $OH generation

BA, which could react with $OH to form highly fluorescent
product, was used to measure the generation of $OH39. Briefly,
H2O2 (1%) was added into different samples and incubated at
37 �C. At interval time point, samples were collected, and BA
solution (0.5 mmol/L) was added into the samples. Finally, the
samples were centrifuged at 10,000 rpm (Beckman Coulter,
Allegra X-30, Kraemer Boulevard Brea, CA, USA) for 30 min and
the absorbance of supernatant was measured at 435 nm.

2.7. Cellular uptake assay

Flow cytometry and confocal laser scanning microscopy (CLSM)
were both used for investing cellular uptake capability of different
formulations. In a typical procedure, for flow cytometry assay,
4T1 cells were seeded into 6-well plate for 12 h to allow attach-
ment. Different nanoparticles (DOX: 10 mg/mL) were added into
each well and incubated for 4 h. Thereafter, cells were collected
using trypsin, washed with cold PBS for 3 times and finally
measured using flow cytometry. For CLSM assay, cells were
seeded into glass-covered 6-well plate to allow attachment.
Different nanoparticles were added into each well and incubated
for 4 h. Subsequently, cells were washed with PBS, fixed with 4%
paraformaldehyde and stained with Hoechst 33258. Cellular
fluorescence of different samples was observed by CLSM.

2.8. Cell cytotoxicity assay

MTT assay was used to evaluate cell cytotoxicity of different
nanoparticles in the absence/presence of H2O2. 4T1 cells were
seeded into 96-well plate overnight. Then the medium was
removed, and gradient concentration nanoparticle-dispersed cul-
ture medium was added into each well and allowed to incubate for
24 h. Thereafter, 20 mL of MTT solution (5 mg/mL) was added
into each well and incubated for another 4 h. Finally, all medium
was removed and 100 mL of DMSO was added for measuring the
optical density (OD) at 580 nm. Cell viability was calculated
according to Eq. (1):

Cell viability (%) Z (ODsample‒ODblank)
� 100/ (ODcontrol‒ODblank) (1)

Annexin V-FITC/PI apoptosis kit was applied to measure
apoptosis-inducing capability of different nanoparticles in both
physiological and H2O2 environment. Briefly, 4T1 cells were
seeded into 6-well plate and incubated overnight. Different
nanoparticles (10 mg/mL of DOX) were added into each well and
incubated for 24 h. Subsequently, cells were collected, washed
with PBS, stained with annexin V-FITC/PI and finally measured
by flow cytometry.

2.9. In vitro ICD induction assay

2.9.1. DCs maturation assay
Conventional Transwell model was established to investigate DCs
maturation. Briefly, 4T1 tumor cells were seeded into 6-well plate
and incubated with different nanoparticles for 4 h. Thereafter, the
cells were washed with PBS three times and collected. Mean-
while, immature DCs were cultured in the lower chamber while
drug-treated 4T1 tumor cells were seeded in upper chamber. The
cells were co-cultured for 12 h and cells of lower chamber were
collected and washed with PBS three times. The cells were re-
suspended in flow cytometry staining buffer (FCSB) and cocktail
antibodies were added into each sample. The samples were
measured using flow cytometry and matured DCs were gated as
CD11cþCD80þCD86þ.

2.9.2. ATP content assay
ATP content was measured using commercially available ATP-
measuring kit. Briefly, 4T1 cells were seeded into 12-well plate.
Different nanoparticles were added into each well and incubated
for 12 h (10 mg/mL of DOX). Subsequently, the medium was
removed, and the cells were collected and washed. The
following operations were according to the manufacturer of the
kit.

2.9.3. HMGB1 and CRT expression
HMGB1 and CRT immunofluorescence was investigated to
observe their biodistribution level. In a typical procedure, 4T1
cells were seeded into glass-covered 6-well plate to allow
attachment. Different nanoparticles were added into each well
and incubated for 12 h. Subsequently, cells were washed with
PBS, fixed with 4% PFA and visualized nuclei with Hoechst
33258. For HMGB1 and CRT immunofluorescence, cells were
permeabilized with 0.1% Triton X-100, washed with PBS and
blocked with goat serum. Then anti-CRT and anti-HMGB1
primary antibodies were separately incubated with cells over-
night at 4 �C. Cells were finally stained with goat anti-rabbit IgG
H&L (Alexa Fluor� 488, ab150077) for another 1 h and
observed by CLSM.
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2.10. In vitro detection of ROS generation

DCFH-DAwas used as a fluorescence probe to detect intracellular
ROS generation when the cells were treated with different nano-
particles. Briefly, cells were seeded in 6-well plate overnight and
treated with different nanoparticles (10 mg/mL DOX) for 12 h.
After washing with PBS, DCFH-DA (10 mmol/L) was added and
incubated for another 1 h. Cells were washed with PBS, fixed with
4% PFA, stained with Hoechst 33258 and finally visualized by
CLSM.

2.11. In vivo biodistribution assay

IVIS system was used to observe the biodistribution behavior of
different nanoparticles and Cy3 DiNHS ester was used as fluo-
rescence probe. Tumor-bearing mice were intravenously admin-
istrated with different Cy3-labeled nanoparticles and at interval
time point, biodistribution behavior of nanoparticles was visual-
ized through IVIS system.

2.12. In vivo antitumor activity

4T1 tumor-bearing mice were randomly divided into several
groups including control, free DOX, DO-Fe, ADO-Fe, PADO-Fe
and PADO-Fe plus aPD-L1, and the concentrations of DOX and
aPD-L1 were 2 and 1 mg/kg, respectively. Different nanoparticles/
aPD-L1 were intravenous administrated for 4 times every other
day. The tumor volume and body weight of mice were both
measured, and tumor volume was calculated using Eq. (2):

Volume Z Wildth2 � Length/2 (2)

On Day 16, mice were sacrificed and tumor tissues were
collected, weighted. For histological analysis, tumors were har-
vested, fixed, embedded in paraffin, sliced for H&E staining and
TUNEL immunofluorescence with commercially available kits.
For CRT and HMGB1 expression, slides of tumor tissues were
dewaxed, antigen-repaired, permeabilized, and incubated with
primary antibody, secondary antibody, counter stained with
Hoechst 33258 and visualized using CLSM.

2.13. $OH generation in vivo

In vivo $OH generation was measured using the similar method as
in vitro $OH generation assay. Briefly, tumor tissues were ho-
mogenized in ice bath and centrifuged at 5000 rpm (Beckman
Coulter, Allegra X-30, Kraemer Boulevard Brea, CA, USA) to
collect supernatant. Then BA solution (0.5 mmol/L) was added
into each sample and incubated for 30 min at room temperature.
Finally, the samples were filtered and the absorbance of super-
natant was measured at 435 nm.

2.14. Immune cells and cytokines analysis

Tumor tissues from 2.12 were collected and cut into small pieces
for immune cell analysis. Tumor tissues were digested with tissue
lysis buffer (2 mg/mL of collagenase IV and 1 mg/mL of DNase I)
for 1 h at 37 �C. Subsequently, samples were filtered using cell
strainer (200 mesh) and washed with PBS three times. The ob-
tained cells were re-suspended in FCSB and cocktail antibodies
were added into each sample and detected using flow cytometry
(CD3, CD4 and CD8 for CD4þ and CD8þ T cells; CD11b, F4/80
and CD206 for M1 and M2 TAM; CD11c, CD80 and CD86 for
matured DCs in tumor-draining lymph nodes). Tumor TNF-a,
IFN-g and IL-6 level were measured using different ELISA kits.
Detailed procedure was according to the manufacturer of the kits.

2.15. Safety evaluation

In order to investigate in vivo toxicity of different nanoparticles,
healthy BALB/c mice were randomly divided into several groups
including control, DO-Fe, ADO-Fe, PADO-Fe and PADO-Fe plus
aPD-L1, and the concentrations of DOX and aPD-L1 were 2 and
1 mg/kg, respectively. The administration route of nanoparticles
and antibody was in the same strategy as in vivo antitumor activity
assay. During this period, body weight was measured every other
day. On Day 16, the mice were sacrificed, and major organs were
collected for H&E staining.

2.16. Statistical analysis

Statistical analysis between two groups was performed using one
way ANOVA and P < 0.05 indicated significant difference.

3. Results and discussion

3.1. Preparation and characterization of PADO-Fe

The ICD amplifier PADO-Fe was prepared through two simple
steps including ADO-Fe formation and PEG modification. For
preparation of ADO-Fe, DOX, ATP and Fe2þ were co-assembled
via p‒p stacking and coordination force. The lone pair electrons
of DOX and ATP make it possible to interact with metal ions and
form uniform nanoparticles40. Furthermore, drug loading and
loading ratio of drugs could be tailored easily through adjusting
feeding ratios of drugs and ions. Many DOX-metal ions-based
coordination polymer nanoparticles were prepared41,42, while
mono-ATP-based coordination polymer nanoparticles has been
rarely reported. Inspired by traditional calcium phosphate nano-
particles (CPNs), which phosphate groups were coordinated with
calcium ions for precipitation, we hypothesized whether ATP
could serve as a substrate of coordination polymer nanoparticles.
As shown in Fig. 1A, different ADO-Fe nanoparticles were pre-
pared with different feeding ratios, with an increase of metal ions
from 1:0.5:1 to 1:0.5:5, particle size gradually increased, indi-
cating stronger drug-metal ions interaction was formed and this
result fitted the classical nucleation and growth profile of nano-
crystalline42. When the ratio reached 1:0.5:5, no significant par-
ticle size change could be observed, therefore we selected 1:0.5:5
as an optimized feeding ratio and prepared the nanoparticles in the
following study. A strange phenomenon was found that during this
process mono-ATP/Fe2þ could not be easily self-assembled to
form cluster aggregation. Although there are many binding sites
for metal ions in ATP (including phosphate groups, nitrogen and
oxygen atoms of nucleobases), the difficulty of ATP/Fe2þ for-
mation is perhaps due to phosphate groups (triphosphate group)
bring more negative charges, which form strong electrostatic
barrier to interact with metal ions. In the present study, a DOX/
ATP co-assembly system ADO-Fe was designed and prepared,
besides coordination effect, p‒p stacking force also plays a vital
role in the formation of this system, which could significantly
increase loading capability of ATP. Due to the presence of



Figure 1 Synthesis and characterization of PADO-Fe. (A) Particle size of various nanoparticles with different feeding ratio; (B) UVeVis

spectra of free DOX, ATP, FeCl2, DO-Fe, ADO-Fe and PADO-Fe in distilled water; (C) particle size distribution of DO-Fe, ADO-Fe and

PADO-Fe with feeding ratio of 1:0.5:5; TEM images of PADO-Fe in neutral environment (D), acidic pH (E) and acidic pH plus H2O2 (F), scale

bars represented 100 nm; (G) fluorescence spectrum of PADO-Fe in different conditions; (H and I) accumulative ATP and DOX release behavior

from PADO-Fe in H2O2 and H2O2 plus pH 6.8; (J) possible mechanism for pH/H2O2 dual-responsive drug release behavior of PADO-Fe. Data

were presented as mean � SD and ***P < 0.001 were considered as statistical difference.
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nucleotide residues in ATP, it could also form p‒p stacking force
with DOX and was conducive to cluster aggregation and nano-
particles formation.

PADO-Fe was prepared using simple mixing method. Thanks
to the vicinal diols structure in D-ribose unit of ATP, which could
reversibly bind with phenylboric acid (PBA)43. Therefore, PBA-
PEG-PBA was synthesized and modified on the surface of
ADO-Fe. This PEG shell could not only increase stability and
in vivo circulation time, but also possess pH-responsive dissoci-
ation property and tumor-targeting capability. As displayed in
Supporting Information Table S1, the encapsulation efficiency
(EE) and full name (LC) of different nanoparticles were measured
and EE of three nanoparticles was all over 90% with high LC. In
addition, UVeVis absorbance spectrum was also measured to
understand the structure and the formulation of nanoparticles. As
shown in Fig. 1B, compared with free DOX, significant red-shift
could be observed for three nanoparticles, indicating successful
nanoparticle fabrication.

Particle size distribution of three different nanoparticles was
measured. As reflected in Fig. 1C, particle size of DO-Fe and
ADO-Fe was w110 nm and a slight increase of particle size could
be observed for PADO-Fe (w120 nm) with narrow size
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distribution, suggesting all nanoparticles were uniform. Stability
assay of different nanoparticles was also performed in PBS at 4 �C
(Supporting Information Fig. S1). No obvious particle size change
for three nanoparticles during 24 h indicates they are stable for at
least 1 day. TEM images of DO-Fe, ADO-Fe and PADO-Fe are
displayed in Fig. 1D and Supporting Information Fig. S2, three
nanoparticles were solid spheroid or spheroid-like shape with
uniform size distribution. The particle sizes of three nanoparticles
were consistent with DLS data. To further investigating the veri-
fication of PADO-Fe in different conditions, PADO-Fe was placed
in pH 6.8 PBS and pH 6.8 PBS þ H2O2, respectively, and
observed using TEM. From Fig. 1E and F, PEG coating of PADO-
Fe was removed in acidic pH compared with the physiological
environment, indicating PBA-PEG-PBA possessed pH-responsive
dissociation capability. Furthermore, no integrated nanoparticle
could be observed in both pH and H2O2 environment.

In order to investigate the potential mechanism of the disap-
pearance of PADO-Fe, DOX fluorescence was measured in
different conditions. As shown in Fig. 1G, characteristic peak of
DOX could be observed in both pH and H2O2 environment,
demonstrating DOX was released from PADO-Fe in these con-
ditions. Moreover, drug release of PADO-Fe was monitored in
different stimulations. As illustrated in Fig. 1H and I, under
neutral system, negligible DOX/ATP release could be observed
during 24 h, which demonstrated its superior stability in physio-
logical condition. By contrast, elevated release profile could be
observed for both ATP (42.5%) and DOX (54.8%) in H2O2

environment. It is interesting that in H2O2þpH 6.8, release pro-
files of both drugs (70.6% for DOX and 57.7% for ATP) were
slightly higher than in neutral pH. This pH-responsive release
behavior was attributed to acidic-triggered leakage of borate ester
bond from PBA-PEG-PBA and ADO-Fe, which facilitate drug
release efficacy.

From the aforementioned results, we proposed possible drug
release mechanism of PADO-Fe in different conditions. As given
in Fig. 1J, in acidic pH, borate ester bond would break and induce
PEG coating de-shielded from ADO-Fe. With the assistance of
H2O2, Fe

2þ of ADO-Fe would catalyze H2O2 to highly toxic $OH
and O2 through Fenton reaction. The appearance of microbubbles
during Fenton reaction in the interior of nanoparticle would trigger
dissociation of PADO-Fe between chemodrugs and Fe2þ. These
results indicated that PADO-Fe could remain its structure in blood
circulation with minor drug leakage, while rapidly release drugs
once targeting tumor cells and internalized into cytoplasm of
tumor cells. To further investigate our hypothesis, O2 and $OH
generation assay was investigated, as reflected in Fig. 2A and B,
with an increase of incubation time, enhanced generation of O2

and $OH could be observed for all nanoparticles, further proving
the existence of Fenton reaction. Meanwhile, O2 generation was
also observed using CLSM. As shown in Supporting Information
Fig. S5, the decrease of red fluorescence indicated oxygen gen-
eration, PADO-Fe possessed the strongest oxygen generation
capability with rarely red fluorescence, indicating sufficient
PADO-Fe internalization into tumor cells and sufficient Fenton
reaction. Of special concern, efficient $OH generation could
possess chemodynamic therapy (CDT) and amplify ICD cascade-
based cancer immunotherapy44.

3.2. In vitro cellular level assay of PADO-Fe

To access the cellular uptake capability of PADO-Fe, CLSM and
flow cytometry assay were both investigated. For CLSM assay, 4T1
tumor cells were incubated with PADO-Fe, visualized nuclei with
Hoechst 33258 and observed using CLSM. Free DOX, DO-Fe and
ADO-Fe were served as control. As displayed in Fig. 2C and D,
rarely red fluorescence could be observed for DOX group, implying
insufficient DOX accumulation into cytoplasm of tumor cells. In
contrast, elevated DOX accumulation could be observed for DO-Fe
and ADO-Fe, which verifying the enhanced tumor internalization
capability of nanoparticles. PADO-Fe possessed the strongest red
fluorescence among all reference groups, which was mainly
attributed to high affinity between PBA and sialic acid residues.
Flow cytometry analysis was also investigated to evaluate cellular
uptake level quantitatively. As reflected by Fig. 2E, similar DOX
internalization trends were obtained, indicating superior cellular
internalization capability of ICD amplifier (PADO-Fe).

After verifying the excellent performance of ICD amplifier, we
are aiming to investigate its therapeutical effect in vitro. As shown
in Fig. 4 and Supporting Information Fig. S3, cell cytotoxicity of
blank ATP and FeCl2 was first accessed and no significant cell
cytotoxicity could be observed. As displayed in Fig. 2FeH, cell
cytotoxicity of ICD amplifier was investigated without/with H2O2.
IC50 of free DOX was approximately 25 mg/mL in both conditions,
implying H2O2 had no effect in cell proliferation. It is noted that
for all Fe-based nanoparticles, IC50 with H2O2 was lower than
without H2O2, indicating Fe2þ- driven $OH generation in H2O2

environment could also possess cell-killing capability against
tumor cells. IC50 of both DO-Fe and ADO-Fe was significantly
lower than that of free DOX, which was consistent with cellular
uptake assay. As expected, PADO-Fe exhibited the highest cell
cytotoxicity, demonstrating PADO-Fe could efficiently accumu-
late into cytoplasm of tumor cells and possess chemotherapy-CDT
synergistic therapy, which could achieve enhanced therapeutical
outcomes. It is noteworthy that no significant difference could be
observed in cell cytotoxicity between DO-Fe and ADO-Fe,
demonstrating that ATP could not induce direct cell-killing
capability for tumor cells.

Subsequently, anti-proliferation property of ICD amplifier was
investigated using annexin V-FITC/PI method. As shown in
Fig. 2I and J, w15.0% apoptosis positive cells could be observed
for both DOX groups, implying moderate apoptosis-inducing ef-
fect of free DOX. Notably, elevated apoptosis cells could be
observed for DO-Fe and ADO-Fe and this percentage was higher
in the presence of H2O2. This result might be attributed to higher
cellular internalization of nanoparticles and improved therapeutic
efficacy of DOX. Furthermore, the generation of highly toxic $OH
would also induce cell apoptosis and possess tumor CDT. As
expected, PADO-Fe still exhibited the best apoptosis-inducing
effect compared with all other groups, which attributed to the
synergistic effect of PBA-mediated active targetability, DOX-
induced cell apoptosis and $OH-induced tumor CDT. These re-
sults highlighted the potential therapeutic outcomes of this
ICD amplifier for combinational tumor chemotherapy and
immunotherapy.

3.3. ATP-amplified ICD cascade of PADO-Fe

To explore the potential mechanism of PADO-Fe for ICD amplifi-
cation, a series of studies were carried out. DCs maturation was first
investigated to evaluate immunogenicity of tumor cells after treat-
ment of different nanoparticles. As displayed in Fig. 3A, immature
DCs were seeded into the lower chamber while drug-treated 4T1
cells were seeded into the upper chamber. The cells were co-
cultured for 12 h and cells of lower chamber were collected and



Figure 2 Oxygen (A) and hydroxyl radical (B) generation of different Fe-based nanoparticles in H2O2; (C) cellular uptake behavior of different

nanoparticles observed by CLSM, red and blue fluorescence represented DOX and nuclei, respectively. Scale bars represented 100 mm; (D) semi-

quantitative analysis of the cellular uptake of different nanoparticles; (E) flow cytometry images and histogram analysis of cellular uptake be-

haviors, concentration of DOX was 10 mg/mL; in vitro cell cytotoxicity study of different nanoparticles in the absence (F) and presence (G) of

H2O2 against 4T1 tumor cell line; (H) IC50 value of different nanoparticles with or without H2O2; flow cytometry (I) and histogram analysis of the

apoptosis cells (J) of 4T1 tumor cells after treatment with DOX, DO-Fe, ADO-Fe and PADO-Fe with or without H2O2. Data were presented as

mean � SD and *P < 0.05; **P < 0.01; were considered as statistical difference.
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analyzed by flow cytometry. As described in Fig. 3B, matured DCs
percentage was analyzed with flow cytometry (gated as CD11cþ

CD80þCD86þ for matured DCs). Negligible positive cells
(w10.5%) were found for blank group, while higher matured DCs
percentage for DOX group (w17.0%) implied DOX could increase
immunogenicity of tumor cells and induce DCs maturation.
Furthermore, no significant influence for DOX group with
(w17.8%) or without H2O2 implied negligible influence on DCs
maturation for H2O2 itself. However, for all Fe-based nanoparticles,
higher DCs maturation percentage was found in H2O2 compared
with the absence of H2O2, suggesting Fe
2þ could produce hydroxyl

radical in the presence of H2O2 through Fenton reaction and induce
cancer CDT, which could also induce ICD cascade. Particularly,
DO-Fe possessed stronger DCs maturation capability (w20.3%)
compared with DOX group, demonstrating higher cellular inter-
nalization of DO-Fe. Interestingly, higher matured DCs percentage
of ADO-Fe (w31.3%) was found and this result was mainly
attributed to the elevated ATP release during the apoptosis process
of tumor cells, which played a vital role for DCs recruitment and
maturation. As expected, PADO-Fe owned the strongest capability



Figure 3 (A) Schematic illustration of Transwell model for DCs maturation analysis; (B) flow cytometry analysis of DCs maturation per-

centage when tumor cells were treated with DOX, DO-Fe, ADO-Fe and PADO-Fe with or without H2O2; (C) extracellular ATP content when

tumor cells were treated with different nanoparticles with or without H2O2; (D) HMGB1 immunofluorescence after administrated with DOX, DO-

Fe, ADO-Fe and PADO-Fe in the presence/absence of H2O2, green and blue fluorescence indicated HMGB1 and nuclei, respectively, and scale

bars represented 50 mm; (E) CRT immunofluorescence of different groups, green and blue fluorescence indicated CRT and nuclei, scale bars

represented 20 mm; (F) hydroxyl radical generation of tumor cells after treatment of different nanoparticles, scale bars represented 20 mm. Data

were presented as mean � SD and *P < 0.05 were considered as statistical difference.
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for DCs maturation (w51.3% with H2O2) due to the synergistic
effect of PBA-medicated cellular internalization, Fe-based tumor
CDT and rapid DOX release.

To further demonstrate whether this ICD amplifier would
enhance ICD cascade, ATP content, CRT and HMGB1 expression
were all investigated. As an important ‘find me signal’, ATP
content was measured first. As illustrated in Fig. 3C, negligible
ATP concentration was found for control group while it is higher
for DOX groups. DO-Fe possessed higher ATP concentration,
indicating efficient ICD-inducing effect. Interestingly, ADO-Fe
displayed significantly higher ATP content, implying successful
ATP delivery and release into cytoplasm of tumor cells, which
could facilitate extracellular ATP secretion of dying tumor cells to
amplify ICD cascade. Highest ATP concentration was found for
PADO-Fe, implying the synergistic effect of ICD-inducing effect.

CRT and HMGB1 expression were also observed by CLSM. As
illustrated in Fig. 3D, after treatment of PADO-Fe, significantly
higher CRT expression could be observed, indicating successful
transportation of CRT to surface after endoplasmic reticulum (ER)
stress. In addition, decreased HMGB1 expression was found
(Fig. 3E), suggesting effective HMGB1 release. Meanwhile, this
effect could be amplified in H2O2 environment, indicating the
therapeutic outcomes of CDT during ICD cascade. In order to
investigate the intracellular hydroxyl radical level, DCFH-DAwas
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used as a fluorescence probe, which could react with hydroxyl
radical and produce green fluorescence. As shown in Fig. 3F, similar
to control groups, rarely green fluorescence was found in cytoplasm
treated with DOX, implying a negligible impact on hydroxyl radical
production. Despite DOX could induce ER stress and increaseH2O2

production, it could not catalyze H2O2 into hydroxyl radical.
Notably, cells treated with Fe-based nanoparticles exhibited stron-
ger fluorescence, implying successful decomposition of H2O2 into
hydroxyl radical via Fenton reaction of Fe2þ. More importantly,
PADO-Fe maximized the intracellular hydroxyl radical level owing
to the combined effect of high cell internalization and efficient
catalysis capability. Aforementioned results indicated the prepon-
derance of ICD amplifier PADO-Fe for amplifying ICD response
and following immune activation and achieving better therapeutic
outcomes for cancer chemo-immunotherapy.

3.4. In vivo antitumor activity

In order to investigate the in vivo antitumor effect of ICD
amplifier, tumor-bearing BALB/c mice model was established.
In vivo biodistribution assay was first carried out and Cy3 DiNHS
ester (1%) was added into PADO-Fe through coordination effect
and p‒p stacking. After intravenous administration of different
Cy3-labeled nanoparticles for 24 h, rarely fluorescence intensity
was found for Cy3 group, while relatively higher accumulation in
tumor and liver could be observed for DO-Fe and ADO-Fe,
indicating these coordination polymer nanoparticles could target
tumor tissues via EPR effect and ATP had no effect on circulation
time. Strongest fluorescence in tumor was found for PADO-Fe,
suggesting superior tumor targetability and circulation time of
this ICD amplifier. This result was attributed to PBA-PEG-PBA
modification on ADO-Fe enhance its in vivo stability and tumor
cell targetability (Fig. 4A).

The efficient tumor targeting capability of ICD amplifier
encouraged us to further investigate its antitumor efficacy in vivo.
As illustrated in Fig. 4B, tumor-bearing mice were randomly
divided into several groups and intravenous administration of
different nanoparticles was performed every other day for 4 times.
Meanwhile, tumor volume change of mice was monitored and
recorded to draw tumor volume change curves. The mean tumor
volume changes were calculated and displayed in Fig. 4C, mod-
erate antitumor activity was found in DOX group, indicating free
DOX was difficult to accumulate into tumor cells for tumor
killing. However, compared with DOX group, DO-Fe displayed
much better antitumor effect, indicating DO-Fe could efficiently
accumulate into tumor tissues, the combination effect of DOX and
Fe2þ-based tumor CDT could reach higher tumor-killing capa-
bility and activate immune response for cancer immunotherapy.
Interestingly, significant higher tumor volume decrease of ADO-
Fe could be observed compared with DO-Fe, which strongly
highlighted the therapeutic outcomes of ATP during the ICD
cascade. Much more ATP release of dying tumor cells when
administrated with AOD-Fe, which acted as ‘find me signal’ and
amplified DCs recruitment and maturation, eventually enhance
ICD cascade for better therapeutic outcomes. Particularly, PADO-
Fe could more efficiently inhibit tumor growth, owing to its
advantage for tumor tissue accumulation and tumor cell target-
ability. Strikingly, strongest tumor growth inhibition was found for
PADO-Fe þ aPD-L1, which strongly demonstrated the advantage
of ICD amplifier in combination with immune checkpoint inhib-
itor. In addition, tumors from mice were harvested, weighted
(Fig. 4D), and PADO-Fe þ aPD-L1 could strongly restrain tumor
proliferation with minimal tumor volume and weight. Body
weight was also measured and calculated (Fig. 4E) and no obvious
fluctuations could be observed except DOX group. TUNEL and
ki-67 immunofluorescence were both investigated to evaluate the
proliferation level of different nanoparticles. As illustrated in
Fig. 4F, PADO-Fe þ aPD-L1 displayed the strongest apoptosis-
inducing capability and proliferation-inhibition, validating the
synergistic antitumor immune response of this approach.

3.5. Immune activation of PADO-Fe in vivo

Although PADO-Fe could amplify ICD cascade for cancer
immunotherapy, hypoxia TIM would lead to insufficient thera-
peutic outcome. Elevated expression of H2O2 and HIF-1a in
hypoxia tumor microenvironment would prevent T cell infiltra-
tion, cause recruitment/polarization of M2 macrophage and
multidrug resistance45e47. Therefore, we are interested to seek
whether this ICD amplifier could modulate tumor hypoxia. As
shown in Fig. 4F and G, HIF-1a expression was measured using
Western blotting. Surprisingly, all Fe-based nanoparticles dis-
played decreased HIF-1a expression, indicating all these nano-
particles could relieve tumor hypoxia. PADO-Fe and PADO-
Fe þ aPD-L1 displayed the strongest hypoxia relief capability,
which was mainly attributed to precise tumor delivery capability
of ICD amplifier. We hypothesized that the potential mechanism
was because Fenton reaction of Fe2þ, which could decompose
H2O2 into $OH and O2. Therefore, we investigated $OH genera-
tion of different nanoparticles. Similarly, significant increase of
$OH generation was found for both PADO-Fe and PADO-
Fe þ aPD-L1 groups. All these results demonstrated the ICD
amplifier PADO-Fe could efficiently relieve tumor hypoxia, which
is crucial for TIM reversal and activating antitumor immune
response.

To further demonstrate the potential mechanism for antitumor
immune response, a series of studies were carried out. CRT and
HMGB1 expression were both investigated by CLSM. As shown in
Fig. 5A, elevated CRT and decreased HMGB1 expression were
found for PADO-Fe, which are important “eat me signal” for ICD
cascade. Meanwhile, significantly higher ATP concentration was
measured for ADO-Fe compared with DO-Fe (Fig. 5B), suggesting
ADO-Fe could efficiently increase ATP release for DCs recruit-
ment. As expected, PADO-Feþ aPD-L1 displayed the highest ATP
concentration due to sufficient tumor-targeting delivery and strong
antitumor immune response. DCs maturation capability was also
measured by flow cytometry. As shown in Fig. 5C and F, significant
increase of matured DCs (CD80þCD86þ, gated from CD11cþ) was
found for ADO-Fe compared with DO-Fe, implying intratumoral
delivery of ATP was sufficient for DCs maturation due to higher
‘find me signal’ release of dying tumor cells.

M2 macrophages is a key biomarker for TIM, which induces
tumor hypoxia, insufficient T cell infiltration, multidrug resistance
and eventually causes tumor immune tolerance27,29,31. As dis-
played in Fig. 5D and G, strong reduction of M2 macrophage
percentage (CD11bþF4/80þCD206þ) for Fe-based nanoparticles
(DO-Fe, ADO-Fe and PADO-Fe) implied Fe could induce TAM
polarization from M2 to M1, which was consistent with references
reported48,49. PADO-Fe þ aPD-L1 displayed the highest M1
macrophage subpopulation, suggesting synergistic effect of
phenotype polarization and hypoxia relief from Fe and immune
checkpoint blockade of aPD-L1. M2 macrophages immunofluo-
rescence was also carried out and illustrated in Fig. 5I. Green, blue
and red fluorescence indicated M2 macrophages, vessels and



Figure 4 (A) In vivo biodistribution study of different Cy3-labeled nanoparticles after intravenous administration for 24 h; individual tumor

volume curves (B), mean tumor volume changes (C), tumor weight (D) and body weight changes (E) of mice after treatment with DOX, DO-Fe,

ADO-Fe, PADO-Fe and PADO-Fe plus aPD-L1 (2 and 1 mg/kg for DOX and aPD-L1, respectively); (F) TUNEL and ki-67 immunofluorescence

of tumor tissues from different drug-treated groups, scale bars represented 100 mm; (G) Western blotting and (H) semi-quantitative analysis of

HIF-1a expression from tumor tissues after treatment of various nanoparticles; (I) in vivo hydroxyl radical generation after treatment of different

nanoparticles. Data were presented as mean � SD and *P < 0.05; **P < 0.01; ***P < 0.001 were considered as statistical difference.
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nuclei, respectively. As expected, significant decrease of green
pixel dots was found after treatment with PADO-Fe þ aPD-L1,
which was consistent with flow cytometry data, implying this
strategy could efficiently reverse TIM and activate antitumor
immune response. Of special concern, we found most M2 mac-
rophages preferentially located in well-perfused regions of tumor.

CD4þ and CD8þ (CTL, gated from CD3) T cells infiltration
was both measured. As reflected on Fig. 5E and H, significantly
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elevated CTL and CD4þ T cells could be observed for PADO-Fe
compared with control group. Meanwhile, after i. v. injection of
aPD-L1, this effect could be amplified. Key cytokines (TNF-a,
IFN-g, IL-6) were measured using ELISA kits and the results
were illustrated in Supporting Information Figs. S6eS8.
Compared with other groups, significant increase of three cyto-
kines was found in mice treated with PADO-Fe þ aPD-L1, veri-
fying this ICD amplifier in combination with immune checkpoint
blockade could induce robust pro-inflammatory response. All
these results validated successful antitumor immune response of
this ICD amplifier.

Based on aforementioned results, we proposed the possible
mechanism for synergistic ICD amplifier and immune checkpoint
Figure 5 (A) CRT and HMGB1 expression of tumor tissues after treatm

content of solid tumors after treatment of different formulations; (C and

percentage of tumor-draining lymph node; (D and G) flow cytometry and

after various treatments; (E and H) flow cytometry and quantitative analysi

treatments; (I) immunofluorescence analysis of M2 macrophage percentag

ADO-Fe, PADO-Fe and PADO-Fe plus aPD-L1, green, red and blue

respectively, scale bars represented 100 mm. Data were presented as mean

statistical difference.
blockade as follows (Fig. 6). PADO-Fe was accumulated into
tumor tissues via EPR effect and target tumor cells through PBA/
sialic acid residues interaction. When PADO-Fe was internalized
into cytoplasm, PBA-PEG-PBA shell would dissociate from
ADO-Fe via breakage of borate ester bonds. In combination with
high H2O2 concentration, Fe2þ would catalyze H2O2 to highly
toxic $OH and O2 through Fenton reaction, which could induce
tumor CDT and relieve tumor hypoxia. Furthermore, oxygen
microbubbles played a vital role for DOX and ATP release for cell
killing and increasing immunogenicity of tumor cells. Signifi-
cantly higher ATP level would bring stronger ‘find me signal’ for
DCs recruitment, accomplished by multi-components tumor-
associated antigens (TAAs)-stimulated DCs maturation and
ent of various nanoparticles; scale bars represented 100 mm; (B) ATP

F) flow cytometry and quantitative analysis of in vivo matured DCs

quantitative analysis of M2 macrophages percentage of tumor tissues

s of CD4þ and CD8þ T cells infiltration of tumor tissues after various

e and distribution of tumor tissues after treatment with DOX, DO-Fe,

fluorescence indicated M2 macrophages, tumor vessels and nuclei,

� SD and *P < 0.05; **P < 0.01; ***P < 0.001 were considered as



Figure 6 Possible mechanism for ICD induction in combination with PD-L1 immune checkpoint blockade for ICD amplifier PADO-Fe.
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antigen presenting. On the other hand, Fe2þ would also induce
polarization of TAM from M2 to M1 and reverse TIM. The syn-
ergistic effect of PADO-Fe can strongly activate T cell infiltration.
By the virtue of aPD-L1 for immune checkpoint blockade, PADO-
Fe could efficiently activate antitumor immune response for can-
cer chemotherapy-sensitized immunotherapy.

3.6. Primary and distant tumor inhibition

To further explore whether PADO-Fe could activate immune
response, a bilateral model of 4T1 tumors was established as
described in Fig. 7A. Different nanoparticles were intertumorally
injected into the primary tumor every other day for 4 times and
allow recovery. Tumor volume of both primary tumor and distant
tumor were calculated. As shown in Fig. 7BeD, significant
regression for primary tumor could be observed for PADO-
Fe þ aPD-L1 group, indicating favorable antitumor activity of this
nanoparticle. Of special note, the antitumor activity against pri-
mary tumor was slightly higher than intravenous administration
and this phenomenon was mainly attributed to insufficient tumor
accumulation by intravenous administration. To investigate the
immune activation capability of ICD amplifier, volume and weight
of distant tumor were also accessed. As reflected in Fig. 7EeG,
PADO-Fe displayed satisfied antitumor activity against distant
tumor and this effect could be elevated after administration of
aPD-L1. This encouraging result demonstrated that PADO-Fe
could efficiently activate antitumor immune response for cancer
immunotherapy.
We hypothesized the reduction of distant tumor volume
was mainly attributed to the activation of antitumor immunity.
Therefore, a series of studies were investigated against distant
tumor. As shown in Fig. 7H, H&E staining of distant tumor was
accessed. Most voids and decrease of nuclei were found for
PADO-Fe þ aPD-L1 group, implying sufficient tumor cell killing
and proliferation inhibition. DCs maturation of distant tumor was
also accessed. As displayed in Supporting Information Fig. S9,
elevated matured DCs percentage of PADO-Fe þ aPD-L1 group
validated the successful activation of antitumor immune response.
CD8þ T cell was stained by immunofluorescence and observed
using CLSM. Increased green fluorescence further confirmed
sufficient T cell infiltration and antitumor immune response. As
reflected on Fig. 7I and J, T cell infiltration of distant tumor was
also evaluated by flow cytometry and similar results could be
obtained. Key cytokines of distant tumor were also measured
using ELISA kit. As shown in Supporting Information Figs.
S10eS12, elevated TNF-a, IFN-g, IL-6 level in distant tumor
tissues further implied the antitumor immune response activation
of this ICD amplifier.

3.7. Safety evaluation

Safety evaluation was investigated using healthy mice and multi-
intravenous administration with various nanoparticles. As shown
in Supporting Information Fig. S13 and S14, no obvious weight
loss for all groups indicated the tolerable side effect for all
nanoparticles. Meanwhile, no obvious histological verification of



Figure 7 (A) Time schedule of PADO-Fe for primary and distant tumor inhibition; primary tumor volume changes (B), tumor weight changes

(C) and tumor photograph (D) of mice after treatment with DOX, DO-Fe, ADO-Fe, PADO-Fe and PADO-Fe plus aPD-L1; distant tumor volume

changes (E), tumor weight changes (F) and tumor photograph (G) of mice after treatment with various nanoparticles; (H) H&E and CD8þ T cells

infiltration analysis from distant tumors by CLSM, scale bars represented 100 mm; (I and J) flow cytometry and quantitative analysis of CD4þ and

CD8þ T cells infiltration of distant tumor tissues after various treatments. Data were presented as mean � SD and *P < 0.05; **P < 0.01 were

considered as statistical difference.
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major organs further verified this ICD amplifier is safe nanoplat-
form for cancer management.
4. Conclusions

In summary, a pH/H2O2-responsive ICD amplifier, PADO-Fe, was
successfully fabricated, which could amplify ICD cascade to
enhance immune response to PD-L1 immune checkpoint blockade
immunotherapy. By the virtue of p‒p stacking and coordination
effect between DOX, ATP and Fe2þ, the self-assemblied ADO-Fe
owed uniform size distribution and preferable stability. Thanks to
the smart molecule structure of ATP, PBA-PEG-PBA could
modify on the surface of ADO-Fe via borate ester bonds to form
PADO-Fe, which could not only increase blood circulation time,
but also possess tumor-targeting capability. Besides, PADO-Fe
owned favorable tumor targeting, cellular uptake and pH/H2O2

dual-responsive drug release behavior, which could efficiently kill
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tumor cells and induce ICD response. Of special note, ATP would
serve as an ICD “adjuvant”, which could amplify “find me signal”
to increase DCs recruitment and maturation and amplify ICD
cascade. Fe2þ of PADO-Fe could not only induce phenotype
transition of TAM from M2 to M1, the occurrence of Fenton re-
action would also generate O2 and hydroxyl radical, which could
reverse TIM and induce tumor CDT, which eventually induce T
cells activation and infiltration in both primary tumor and distant
tumor. Collectively, our ICD amplifier may provide a potential
approach for enhancing tumor ICD therapy and open a new
window for chemotherapy-sensitized immunotherapy.
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