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A photo-triggered self-accelerated
nanoplatform for multifunctional image-
guided combination cancer immunotherapy

Xiaoying Kang1,4, Yuan Zhang1,4, Jianwen Song1, Lu Wang2, Wen Li 2 ,
Ji Qi 1 & Ben Zhong Tang 3

Precise and efficient image-guided immunotherapy holds great promise for
cancer treatment. Here, we report a self-accelerated nanoplatform combining
an aggregation-induced emission luminogen (AIEgen) and a hypoxia-
responsive prodrug for multifunctional image-guided combination immu-
notherapy. The near-infrared AIEgen with methoxy substitution simulta-
neously possesses boosted fluorescence and photoacoustic (PA) brightness
for the strong light absorption ability, as well as amplified type I and type II
photodynamic therapy (PDT) properties via enhanced intersystem crossing
process. By formulating the high-performance AIEgen with a hypoxia-
responsive paclitaxel (PTX) prodrug into nanoparticles, and further camou-
flaging with macrophage cell membrane, a tumor-targeting theranostic agent
is built. The integration of fluorescence and PA imaging helps to delineate
tumor site sensitively, providing accurate guidance for tumor treatment. The
light-induced PDT effect could consume the local oxygen and lead to severer
hypoxia, accelerating the release of PTX drug. As a result, the combination of
PDT and PTX chemotherapy induces immunogenic cancer cell death, which
could not only elicit strong antitumor immunity to suppress the primary
tumor, but also inhibit the growth of distant tumor in 4T1 tumor-bearing
female mice. Here, we report a strategy to develop theranostic agents via
rational molecular design for boosting antitumor immunotherapy.

Precision medicine calls for efficient strategies that enable compre-
hensive diagnosis and therapeutics of diseases1,2. However,most of the
currently available techniques face some shortcomings and are hin-
dered by the unsatisfied outcome. Fluorescence imaging possesses
high sensitivity, but the tissue penetration ability is limited3–5. In con-
trast, photoacoustic (PA) imaging has good penetration depth and
spatial resolution, but the sensitivity is relatively low6–9. Therefore, the

integration of fluorescence and PA imaging could provide compre-
hensive information about diseases. However, since the fluorescence
and PA signals are respectively related to the radiative and non-
radiative channels of a chromophore, it is difficult to obtain maximal
brightness of them at the same time10–13. On the other hand, traditional
first-line cancer treatment methods such as surgery, chemotherapy,
and radiotherapy usually have limited antitumor outcomes due to the
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tumor recurrence/metastasis. Recently, immunotherapy has changed
the paradigm of cancer therapy, and shows great potential to cure
malignant tumors14–16. However, the clinical application of immu-
notherapy still faces the problem that a majority of solid tumors have
low immunogenicity, and do not respond to immunotherapy, which
are defined as “cold tumors”17–21.

Immunogenic cell death (ICD) is a promising approach to activate
the immunogenicity of tumor cells for enhanced antitumor immune
responses, during which tumor cells secrete immunostimulatory
damage-associated molecular patterns (DAMPs) including surface-
exposed calreticulin (ecto-CRT), high mobility group protein B1
(HMGB1), heat shock protein 70 (HSP70), and adenosine triphosphate
(ATP) to promote T cells infiltration and transform immunologically
cold tumors to hot22–26. Recently, it has been demonstrated that pho-
todynamic therapy (PDT), a process that a photosensitizer reacts with
oxygen to produce singlet oxygen (1O2) and/or reactiveoxygen species
(ROS) under light irradiation, could not only destroy tumor cells
directly but also elicit immunogenicity by effectively inducing ICD27–31.
However, the PDT-based ICD inducers still face several obstacles. First,
conventional organic dyes including the clinically usedmethylene blue
(MB) and indocyanine green (ICG) suffer from the aggregation-caused
quenching (ACQ) effect, which significantly depresses the fluores-
cence emission and PDT property32,33. Aggregation-induced emission
(AIE) emerges as a new photophysical phenomenon that could solve
the ACQ problem and enable high-performance emitters and
photosensitizers34–37. Nevertheless, some AIE luminogens (AIEgens)
suffer from the issue of relatively weak light absorption ability, in
which strong light irradiation has to be used to trigger efficient
PDT38,39. Second, due to the rapid growth rate and oxygen consump-
tion of tumor cells, hypoxia is a conspicuous feature in the micro-
environment of many malignant solid tumors, which, however,
declines the performance of PDT for treating solid tumor40,41. In addi-
tion, the limited penetration depth of light is also an impact factor of
phototherapy including PDT. Light can hardly penetrate into deep
tumor tissue, which depresses the antitumor effect. Therefore, the
integration of phototherapy with other therapeutic modalities would
be a good choice to boost cancer immunotherapy outcome42,43.

Some chemotherapeutic drugs (e.g., doxorubicin (DOX) and
paclitaxel (PTX)) have been reported to possess immune-regulation
ability44–46. For example, PTX can act as an inducer of endogenous
vaccines through ICD effect. Nevertheless, small molecule drugs
would cause systemic toxicity due to the poor targeting ability to
disease site. The drug delivery system based on nanotechnology can
promote drug accumulation in diseases. Despite the nanodrug deliv-
ery system could improve the accumulation of chemotherapeutic
drug at tumor site via enhanced permeability and retention (EPR)
effect, it would also move to other organs especially the reticu-
loendothelial system (RES) such as liver and spleen and cause burden
and even damage to these organs. A much safer way is to make use of
prodrugs that are safe andwill release free drug upon specific external
trigger or in the disease microenvironment47–49. The hypoxia nature is
a critical marker in the tumor microenvironment (TME), which could
be utilized to design hypoxia-responsive prodrugs that can release
drugs at the tumor site50,51. However, the hypoxic TME is usually not
enough to trigger the prodrug conversion rapidly.

In this work, we develop a kind of organic phototheranostic
platform for self-accelerated multifunctional image-guided combina-
tion immunotherapy (Fig. 1). To obtain a high-performance photo-
theranostic agent, two near-infrared (NIR) AIEgens with different
substitutes aredesigned and synthesized. By systematic comparisonof
the properties, it is found that the introduction of methoxy group is
able to simultaneously increase the fluorescence and PA brightness
for the strong light absorption ability. Noteworthy, both type I and
type II ROS generation properties are amplified through the
more efficient intersystem crossing (ISC) process. By combining the

high-performance AIEgen with PTX-based hypoxia-responsive pro-
drug into nanoparticles (NPs), and further camouflaging with M1
macrophage cell membrane, a tumor-targeting theranostic agent is
designed,which exhibits enhanced accumulation at the tumor site. For
their complementary advantages, in vivo fluorescence and PA imaging
help to delineate tumor regions sensitively, providing accurate gui-
dance for tumor therapy. The light-induced ROS production is capable
of inducing the ICDof tumor cells, which could integratewith hypoxia-
triggered PTX release to improve the antitumor immune responses. It
is noted that the PDT effect could consume the local oxygen and lead
to more severely hypoxic TME, accelerating the release of hypoxia-
responsive prodrug. As a result, the self-synergistic immunotherapy of
PDT and PTX drug could not only elicit strong antitumor immunity to
suppress the primary tumor, but also inhibit the growth of distant
tumor. By combining the high-performance phototheranostic AIEgen
and hypoxia-responsive prodrug, a self-accelerated nanotheranostic
system is constructed for multifunctional image-guided self-synergis-
tic immunotherapy. This work present a strategy to develop robust
theranostic agents for boosting antitumor immunotherapy.

Results
Synthesis and characterization of AIEgens
Two donor-acceptor-donor (D-A-D) type compounds with different
substitutes were first designed and synthesized to obtain low-bandgap
chromophores. Herein, tetraphenyl ethylene (TPE) or methoxy-
substituted TPE (MTPE) and thieno[3,4-c][1,2,5]thiadiazole (TT) were
employed as the D and A moieties, respectively. TPE is a widely used
building block for constructing AIEgens, andMTPE is a derivative with
stronger electron-donating property. TT is an analog of the popularly
used electron acceptor benzothiadiazole, but TT is expected to have
much stronger electron-withdrawing ability for the quinoid resonance
structure and supervalence sulfur atom52,53. The molecules were syn-
thesized via Suzuki cross-coupling reaction between the mono boric
acid ester of TPE or MTPE and 2,5-dibromo-3,4-dinitrothiophene to
produce the dinitro compound, followed by reduction to the diamino
intermediate, and subsequently underwent ring-closing reaction with
N-sulfinylaniline to yield the target molecule (Fig. 2a, Supplementary
Figs. 1 and 2). The intermediates and final compounds have been fully
characterized by nuclear magnetic resonance (NMR) and high-
resolution mass spectra (HRMS) (Supplementary Figs. 3‒22). TPE-TT
and MTPE-TT had good processibility and they could be easily dis-
solved in commonorganic solvents such as toluene, dichloromethane,
and tetrahydrofuran (THF).

Density function theory (DFT) calculation was conducted to gain
in-depth understanding about the molecular structure and electronic
property54. As shown in Fig. 2b, these two molecules possess similar
geometry. The core unit (Ph-TT-Ph) is a relatively planar structure with
very small dihydral angles (<5o) between TT and the neighboring phenyl
rings, in which the excellent conjugation is advantageous for efficient
intramolecular charge transfer (ICT) between D and A units, and strong
absorption ability aswell. Otherphenyl rings inTPEorMTPEhavehighly
twisted conformation with crowded 3D geometry, which would be
favorable for realizing AIE feature. Moreover, the strong intramolecular
motion of phenyl rotors is expected to boost the PA effect55,56. The
electron cloud of the lowest unoccupied molecular orbital (LUMO)
mainly locates in the electron-withdrawing TT group, while the highest
occupied molecular orbital (HOMO) distributes along the whole mole-
cule, which suggests an efficient ICT effect. From TPE to the more
electron-donatingMTPE, the LUMO energy level nearly doesn’t change,
while the HOMO increases from −4.94 eV to −4.79 eV, which results in
decreased energy bandgap and longer response wavelength.

Photophysical property
As presented in Supplementary Fig. 23, the two molecules had similar
absorption profiles in THF, and the maximal absorption wavelength of
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MTPE-TT (624nm) was red-shifted as compared with TPE-TT (609nm)
due to the reduced bandgap from stronger D-A interaction. Note-
worthy, the maximal molar absorption coefficient of MTPE-TT was
2.49 × 104M‒1 cm‒1, muchhigher than that of TPE-TT (1.85 × 104M‒1 cm‒1),
being beneficial for efficient light excitation. To study the fluorescence
property in different aggregate states, the photoluminescence (PL)
spectra in THF/water mixture with various water fractions (fw)
were recorded. As shown in Fig. 2c, d and Supplementary Fig. 24, the
PL intensity of both MTPE-TT and TPE-TT decreased when fw increased
to 60% or 70% for the formation of twisted ICT (TICT) state in high
polarity environment. TPE-TT then underwent slight PL intensity
enhancement when further increasing fw, while MTPE-TT showed very
pronounced PL amplification at higher fw due to the formation of
aggregate. As a consequence,MTPE-TT possessed potent AIE signature,
and TPE-TT only exhibited weak AIE phenomenon. We further investi-
gated the fluorescence property of these molecules in varied viscosity
environments. By increasing the glycerol fraction (fg) in the mixture of
N,N-dimethylformamide (DMF)/glycerol, the fluorescence intensity
decreased at first, and then intensified, which could also be assigned to
the polarity change and AIE signature (Supplementary Fig. 25). The PL
amplitude increase of MTPE-TT at 90% of fg was about 8-fold higher
than that of TPE-TT, agreeing well with the PL change in THF/water

mixture, and further confirming the more obvious AIE characteristic of
MTPE-TT.

In order to obtain biocompatible agents, the hydrophobic com-
pounds were encapsulated into water-soluble NPs with nanoprecipi-
tation method using Pluronic F127 as the surfactant. As shown in
Fig. 2e, f, the NPs showed similar absorption and emission spectra as
that of the THF solution, with a slight bathochromic shift of the
absorption spectra and a redshift of the PL spectrawere observed. The
PL quantum yield (PLQY) of TPE-TT NPs (TNPs) and MTPE-TT NPs
(MNPs) weremeasured to be 4.2% and 7.3%, respectively. According to
the energy gap law, the fluorescence brightness usually decreases as
thewavelength redshifts, which ismorepronounced forNIR emitters57.
In this work, althoughMTPE-TT possessed a smaller bandgap, its PLQY
also intensified thanks to the prominent AIE feature. Then we investi-
gated the ROS generation property. 9,10-Anthracenediyl-bis(methy-
lene)dimalonic acid (ABDA) was used as the indicator of 1O2 and 2’,7’-
dichlorodihydrofluorescein diacetate (DCF-DA) was used to detect
ROS58,59. Uponwhite light irradiation,MNPs showedmuch stronger 1O2

and ROS generation ability than TNPs (Fig. 2g, h), which also revealed
that both type I and type II PDT processes occurred in this NIR lumi-
nogen. To uncover the underlying mechanism of this favorable PDT
effect, the calculation of energy levels was conducted. As shown in

Fig. 1 | Schematic illustration of the photo-triggered self-accelerated nano-
platform for fluorescence and PA imaging-guided combination immunother-
apy. In this work, an AIEgen with bright NIR fluorescence and PA signal and both
type I and type II PDTpropertieswas synthesized. By co-assemblyof the AIEgen and
a hypoxia-responsive PTX prodrug with Pluronic F-127, a theranostic nanoplatform

was built, which was further coated with M1 macrophage cell membrane to endow
tumor targeting ability. The PDT effect could not only induce ICD but also accel-
erate the activation of hypoxia-responsive prodrug by consuming the local oxygen
in tumor site. As a result, the combination of PDT and self-accelerated PTX release
elicited potent immune response and excellent antitumor outcomes.
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Fig. 2i, the lowest energy gap (ΔEST) between the singlet excited state
(S) and triplet excited state (T) of the methoxy-containing MTPE-TT
(0.129 eV)wasmuch smaller than that of TPE-TT (0.261 eV), suggesting
more efficient ISC process and being responsible for the excellent ROS
production capability. We further measured the PA spectra of the NPs
solution, and the PA amplitude ofMNPswas stronger than that of TNPs
(Supplementary Fig. 26). Thepossible reasonwas that thehighermolar
absorption coefficient of MTPE-TT resulted in much stronger light
absorption. As schematically illustrated in Fig. 2j, the TT-basedAIEgens
possessedbrightfluorescence andPA imagingproperty, aswell as type
I and type II PDT effects, being favorable for multifunctional image-
guided therapy applications. More interestingly, as compared with
TPE-TT analog, MTPE-TT exhibited red-shifted absorption/emission
wavelength, increased fluorescence and PA brightness, and boosted
light-triggered ROS generation ability, which suggested that the
methoxy substitution of TPE represented an effective strategy to
construct highly efficient phototheranostic agent.

Characterization and hypoxia-responsive nature of prodrug
To obtain a hypoxia-responsive prodrug, the chemotherapeutic drug
PTX was conjugated with 4-nitrobenzyl chloroformate to afford PTX-
NB60. As displayed in Fig. 3a, PTX-NBwas expected to convert into free
active drug in hypoxic environment following the hypoxic bioreduc-
tion to yield the unstable amine intermediate, which would undergo
spontaneous self-elimination to release PTX. The synthesis and

characterization of PTX-NB prodrug were depicted in Supplementary
information. The 1H NMR spectra of PTX and PTX-NB suggested the
correct chemical structure of the prodrug (Fig. 3b). HRMS indicated a
peak at m/z 1071.3365 (Fig. 3c), which was consistent with “PTX-
NB +K+”, and confirmed the successful conjugation of nitrobenzene
and PTX. In order to investigate the hypoxic responsiveness of the
prodrug, PTX-NB was reacted with different concentrations of sodium
dithionite (Na2S2O4) solution that was used to mimic the hypoxic
condition, and the reaction system was monitored by high-
performance liquid chromatography (HPLC). As displayed in Fig. 3d,
with the increase of Na2S2O4 concentration, the peak of PTX-NB at
10.2min gradually decreased while a new peak representing PTX at
6.4min appeared and increased. When the concentration of Na2S2O4

was 25mM, the peak at 10.2min disappeared and the prodrug was
completely converted to free PTX. In addition, after reacting with
Na2S2O4, the product was measured by HRMS, the peak at m/z
876.3205 was consistent with “PTX +Na+” (Fig. 3e). These results
revealed the hypoxia-triggered degradation nature of PTX-NB and the
controlled release of PTX.

Characterization of M1 macrophage membrane-
camouflaged NPs
After confirming the excellent photophysical and PDT properties of
MTPE-TT and the hypoxia-responsive characteristics of PTX-NB,MTPE-
TT and PTX-NB were co-loaded to self-assemble into MPNPs with the
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Fig. 2 | Photophysical property of molecules and NPs. a Synthetic route to TPE-
TT andMTPE-TT.b The calculatedmolecular geometry, HOMO, LUMO, and energy
levels of TPE-TT and MTPE-TT. c PL spectra of MTPE-TT in THF/water mixture with
various water fractions. d Plots of the PL peak intensity versus water fraction in
THF/water mixture, where I0 and I are the PL intensity in pure THF and THF/water
mixtures with various water fractions, respectively. e, f Absorption and PL spectra
of TNPs andMNPs.g Plot of ln(A0/A) of ABDAversus light irradiation time,whereA0

andA are the absorbanceofABDA (378nm) in thepresenceof TNPs orMNPsbefore

and after light irradiation, respectively. h Plots of I/I0 of DCF-DA versus light irra-
diation time,where I0 and I are the PL intensity of DCF-DA at 525 nm in the presence
of TNPs or MNPs before and after light irradiation, respectively. i Schematic illus-
tration of the energy levels and ISC transition of TPE-TT and MTPE-TT. j Schematic
illustration of the photoexcitation energy transformation processes of MTPE-TT.
For c–h, experiment was repeated three times independently with similar results.
Source data are provided as a Source Data file.
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aid of Pluronic F127. For control, the NPs based on PTX-NB prodrug
alone were also prepared by assembly of PTX-NB with Pluronic F127,
named as PNPs. To endow the NPs with tumor-targeting ability, the
surface of MPNPs was further coated with M1 macrophage membrane
to afford the biomimetic M1-MPNPs. M1 macrophage membrane with
the associated membrane proteins were expected to serve as a con-
cealing cloak against RES clearance and as a tumor-homing navigator
to enhance the NPs accumulation in inflammatory tumor tissue61,62.
The preparation of themembrane-coatedMPNPs is illustrated in Fig. 1.
First, RAW264.7 cells were stimulated for 24 h with lipopolysaccharide
(LPS) (100 ngmL‒1) and type II interferon (IFN-γ) (50 ngmL‒1) to induce
them into M1 phenotype. As presented in Fig. 4a, the change of cell
morphology from round to fusiform ones indicated the M1 polariza-
tion of macrophages. The flow cytometry analysis also indicated that
the RAW264.7 cells stimulated by LPS and IFN-γ showed very high
expression level of CD86 (99.2%) (Fig. 4b), a specific surfacemarker of
M1 macrophages, suggesting the successful transformation to M1
macrophage cells63. Then the membrane-decorated NPs were fabri-
cated by repeated extrusion of MPNPs with the freshly extracted M1
macrophage membrane. For control, the M1 macrophage membrane-
derived empty nanovesicles without NPs cores (M1NPs) were prepared
by membrane extrusion. To confirm whether the M1 macrophage
membranes contained residual LPS and/or IFN-γ that were used to
generate M1 macrophages, ELISA and flow cytometry analyses were
conducted. Compared with the control M0 macrophage membrane,
the M1 macrophage membrane did not show any increased levels of
LPS and IFN-γ (Supplementary Fig. 27). Dynamic light scattering (DLS)
and transmission electron microscopy (TEM) measurements were
used to investigate the size andmorphologyofdifferentNPs.As shown
in Fig. 4c–e and Supplementary Fig. 28, the average diameters of PNPs,
MNPs, M1NPs, MPNPs, and M1-MPNPs were measured to be 83, 106,
121, 111, and 126 nm, respectively. All NPs possessed negative zeta
potential below −10 eV (Fig. 4f). TEM images suggested that they were
uniform sphere structures, and a thin layer of cell membrane was
observed on the surface of M1-MPNPs (Fig. 4c,d). Additionally, the
expression of typical M1 macrophage markers, CD86 and iNOS, on
both M1 macrophage membrane and M1-MPNPs were confirmed by
Western blotting analysis (Fig. 4g, Supplementary Fig. 29), which
revealed the successful encapsulation of M1 macrophage membrane
on the surface of M1-MPNPs. The drug loading content of PTX-NB in

M1-MPNPs was calculated to be about 8.3% by HPLC analysis. The NPs
also possessed good colloidal stability and nearly no diameter changes
were observed after storage in PBS and serum for four days (Supple-
mentary Fig. 30). In addition, considering theweak acidic environment
of tumor (pH around 6.5‒7.0), we also investigated the stability of M1-
MPNPs at pH 6.5, and they also showed good stability in this weak
acidic environment, which was consistent with previous studies64. In
the future, we will conduct in-depth investigations to study the stabi-
lity and integrity of membrane-coated NPs in more complicated phy-
siological conditions. As shown in Fig. 4h, the excitation-emission
mapping of M1-MPNPs indicated that it could be excited by a wide
spectral region of light from 550 to 700 nm, and exhibited bright NIR
fluorescence emission in the range of 750–1000 nm.

In vitro cellular investigation
Considering the excellent light-induced ROS production and che-
motherapy properties of M1-MPNPs under hypoxic conditions, we
then examined its anti-tumor ability in vitro. The uptake of MPNPs and
M1-MPNPs by different cells was first evaluated by a confocal laser
scanningmicroscope (CLSM). As displayed in Fig. 5a, the CLSM images
of 4T1 cancer cells cultured with MPNPs or M1-MPNPs (5 µgmL−1) at
37 °C for 4 h showed that a larger number of M1-MPNPs could be
internalized by 4T1 cancer cells as compared to MPNPs without M1
macrophage membrane modification. Quantitative calculation indi-
cated that the red fluorescence intensity fromM1-MPNPs-treated cells
was nearly two times higher than that of MPNPs-treated cells, which
suggested good tumor cell targeting ability of the M1 membrane
camouflage. However, when these two kinds of NPs were incubated
with RAW264.7 macrophage cells at 37 °C for 4 h, CLSM images
revealed the opposite results as weaker fluorescence signal was
observed in the M1-MPNPs-treated cells (Fig. 5b, c). The uptake of M1-
MPNPs by healthy epithelial cells was also evaluated. As presented in
Supplementary Fig. 31, the humanbreast epithelial cells (MCF-10A) and
renal proximal tubule epithelial cells (HK-2) exhibited obviously
weaker fluorescence signals than 4T1 cancer cells after incubating with
M1-MPNPs, suggesting that M1-MPNPs had better targeting ability
toward cancer cells over healthy epithelial cells. We further tested the
membrane proteins to gain in-depth understanding about this tumor-
targeting phenomenon. According to previous researches, the inher-
ited proteins from macrophage membrane, such as CD47, could
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Fig. 3 | The release of PTX from prodrug PTX-NB. a The proposed hypoxia-
triggered release mechanism of PTX-NB prodrug. After the hypoxic bioreduction,
PTX-NBwas converted into the unstable amine intermediate, whichwould undergo
spontaneous self-elimination to release PTX. b 1H NMR spectra of PTX and PTX-NB
inCDCl3. cHRMSof PTX-NB.dHPLCmeasurements demonstrating the PTX release

from PTX-NB after treating with different concentrations of Na2S2O4 as indicated.
Experiment was repeated three times independently with similar results. e HRMS
analysis of PTX-NB treated with Na2S2O4 indicating the release of PTX. Source data
are provided as a Source Data file.
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prevent undesirable macrophage-mediated phagocytosis by binding
SIRPα expressed on macrophages65. On the other hand, α4 and β1
integrins on macrophage cell membrane could actively bind to the
vascular cell adhesion molecule-1 (VCAM-1) on cancer cells, endowing
them with tumor-targeting ability66. As shown in the western blotting
analysis, we also observed the expression of these related proteins,
including CD47, α4 and β1 integrins on both M1 macrophage mem-
brane and M1-MPNPs (Supplementary Fig. 32). In further, we will
conduct more studies to investigate the mechanism behind the dif-
ferences in cellular uptake.

Wenext usedDCF-DA to evaluate the intracellular ROSgeneration
capability of different NPs. Both MNPs andM1-MPNPs (5 µgmL−1) were
able to generate a high concentration of ROS under white light irra-
diation (10mWcm−2, 3min) as the treated 4T1 cells showed bright
green fluorescence signal from the product of DCF-DA (Fig. 5d), con-
firming the excellent PDT property of MTPE-TT. Then, we investigated
the activation of PTX-NB prodrug in tumor cells using HPLC analysis.
The results indicated thatPDTprocess could accelerate the conversion
of PTX-NB to free PTX in cells (Supplementary Fig. 33). 3-(4,5-Dime-
thylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assays were
then performed to examine the cytotoxicity of various NPs under
different conditions. The 4T1 cells were incubatedwith PBS,MPNPs, or
M1-MPNPs at different concentrations, followed by no treatment or
light exposure. The light irradiation alone showed negligible cyto-
toxicity, while the cellular viabilities in other groups all exhibited
concentration-dependent decreasemanners. In particular, the viability
of the cells treated with M1-MPNPs plus light was demonstrably lower

than that of M1-MPNPs and “MPNPs + L” (Fig. 5e, Supplementary
Fig. 34). The cell death was further evaluated using annexin-V and
Sytox Green co-staining method with flow cytometry analysis.
Annexin-V staining is commonly used for detecting phosphatidylser-
ine exposureon apoptotic cells, andSytoxdye canpermeatedeadcells
to stain them with intense fluorescence by binding to cellular nucleic
acids. As demonstrated in Supplementary Figs. 35 and 36, the extent of
Annexin V+ and Sytox Green+ cells greatly increasedwith the treatment
of “M1-MPNPs + L”, suggesting high level of cell apoptosis and death.
The results were consistent with the MTT assay, revealing potent
tumor cell-killing ability of M1-MPNPs under light irradiation. Fur-
thermore, we studied the types of regulated cell death using different
kinds of cell death inhibitors. For example, Liproxstatin-1 (Lip-1), z-
VAD-fmk, and Necrostatin 1s (Nec1s) were used as the inhibitors of
ferroptosis, apoptosis and necroptosis, respectively67. As shown in
Supplementary Fig. 37, the cell death caused by “M1-MPNPs + L” was
only slightly inhibited by Lip-1 treatment. However, z-VAD-fmk or
Nec1s significantly inhibited the cell death, suggesting that apoptosis
and necroptosis were the twomain forms of cell death involved in the
treatment of this work. In addition, to demonstrate that the PTX-NB
prodrug-based nanoplatforms had reduced side effect on normal cells,
M1-MPNPs were incubated with MCF-10A epithelial cells. For control,
the free PTX-based NPs (M1-MFNPs) were prepared by using free PTX
to replace PTX-NB prodrug. The MTT assay indicated that M1-MPNPs
showedobviously reduced cytotoxicity towardMCF-10A cells thanM1-
MFNPs (Supplementary Fig. 38). Taken together, these results revealed
that M1-MPNPs that combined PDT, chemotherapy, and tumor cell
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targeting were a kind of potent agents for significantly killing cancer
cells under light trigger.

In addition to directly killing tumor cells, we next investigated
whether M1-MPNPs could be used as a potent ICD inducer to
enhance tumor immunogenicity. The immunofluorescence staining
showed that both PNPs and “MNPs + L” could increase the expression

of ecto-CRT on cancer cells, indicating that the single chemodrug or
PDT was able to trigger ICD. For the 4T1 cancer cells treated with M1-
MPNPs plus white light irradiation (10mWcm−2), the ecto-CRT
expression was about 2.77-fold and 1.31-fold higher than that of PNPs
and “MNPs + L” groups (Fig. 5f, Supplementary Fig. 39), respectively.
The calreticulin exposure was also analyzed by flow cytometry, and
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Sytox Green was used as the permeabilization marker to exclude
internal staining. The results indicated that “M1-MPNPs + L” treatment
resulted in the highest level of calreticulin exposure (Fig. 5g, Supple-
mentary Fig. 40). Furthermore, we also demonstrated that the super-
natant of the 4T1 cells treated with “M1-MPNPs + L” contained a larger
number of other DAMPs, including HMGB1 and ATP (Fig. 5h, i). As the
AIEgen-based PDT effect could not only induce ICD but also accelerate
the hypoxia-responsive release of PTX drug by consuming the local
oxygen, thus the combination of PDT and hypoxia-responsive prodrug
was capable of achieving self-accelerated ICD induction with syner-
gistic effect of “1 + 1 > 2”. These results suggested thatM1-MPNPs could
strongly induce ICD of tumor cells, which was essential to enhance the
tumor antigen presentation and T lymphocyte activation.

We further analyzed the maturation of bone-marrow-derived
dendritic cells (BMDCs) to validate the ICD effect induced by M1-
MPNPs. As schematically illustrated in Fig. 5j, BMDCs were isolated
from the tibia and femur of BALB/c female mice (7 weeks old)
according to previous reseach68. Then 4T1 cancer cells were seeded
onto the upper chamber of transwells, and treated with “PBS”, “PNPs”,
“MNPs + L”, “M1-PNPs”, “MPNPs + L”, “M1-MPNPs”, and “M1-MPNPs + L”,
respectively. Afterward, BMDCs were incubated in the lower transwell
compartment. Finally, BMDCs were collected and stained by anti-
CD11c, anti-CD80, and anti-CD86, anddetectedusing aflowcytometer.
Impressively, co-incubation of BMDCswith 4T1 cancer cells pretreated
by “M1-MPNPs + L” caused obviously increased expression of CD80
and CD86 (Fig. 5k, Supplementary Figs. 41 and 42), suggesting strong
DC maturation.

In vivo fluorescence and PA imaging of tumor-bearing mice
The in vivo tumor imaging ability and biological distribution of M1-
MPNPs were then examined. After intravenous injection of MPNPs or
M1-MPNPs into the tail vein of 4T1 tumor-bearing mice, the mice were
imaged under in vivo imaging system (IVIS). Significant NIR fluores-
cence signal from MTPE-TT was observed in the tumor site, and the
fluorescence intensity reached maximum at about 24 h post-injection
(Fig. 6a), which suggested the optimal time point for tumor photo-
imaging and treatment. Interestingly, the fluorescence signal from the
mice treated with M1-MPNPs was about 1.6-fold higher than that of
MPNPs (Fig. 6b), suggesting the better tumor accumulation ability
mediated by M1 macrophage membrane coating. In addition, even at
48 h after administration, a relatively strong NIR fluorescence signal
could still be observed at the tumor site, indicating the long-term
in vivo tumor imaging capability of the NPs. Fluorescence imaging
possesses high sensitivity, but the penetration depth and spatial
resolution are limited. By contrast, PA imaging can provide large
penetration depth beyond the optical diffusion limit meanwhile
maintaining high spatial resolution. As M1-MPNPs showed strong
absorption and PA signal in NIR spectral region, we next conducted

in vivo PA imaging to gainmore detailed information about the tumor.
As displayed in Supplementary Fig. 43, the PA amplitude of tumor
exhibited a similar time-dependent profile as the fluorescence ima-
ging, which also became highest at 24 h after intravenous administra-
tion. The PA image under 680nm excitation helped to delineate the
location and shape of the tumor region in a high-contrast manner
(Fig. 6c). Accordingly, the in vivo fluorescence and PA imaging pro-
vided comprehensive information about the tumor site, which would
be useful to guide the treatment process. The biodistribution of M1-
MPNPswas also studied. After theNPswere intravenously injected into
tumor-bearing mice for 24 h, the main organs and tumors were
resected and imaged under IVIS. The tumors of M1-MPNPs-treated
mice exhibited much higher NIR fluorescence signal than that of
MPNPs, while the liver and spleen possessed decreased NPs accumu-
lation (Fig. 6d, e), probably due to that the M1 macrophage cell
membrane could help NPs to escape RES. This was consistent with
previous cellular experiments that M1-MPNPs showed less uptake in
RAW264.7 cells. To examine the location of NPs within tumor tissue,
tumors from the mice receiving different NPs treatments were sec-
tioned and observed under fluorescence microscope. The tumor sec-
tionswere also stainedwith anti-CD31 antibodies to visualize the blood
vessels. It was interesting to note that the NIR fluorescence signal of
the M1-MPNPs-treated tumor was stronger than that of MPNPs group,
especially in the deep tumor site (≈2.5mm) (Fig. 6f, g). The deep tumor
site of mice injected with M1-MPNPs exhibited about 7-fold higher NIR
fluorescence signal when compared with that of the MPNPs-treated
ones. The excellent tumor penetration ability of M1-MPNPs was
probably due to the enhanced tumor cell targeting mediated by M1
macrophage membrane camouflage.

Photo-triggered self-accelerated M1-MPNPs for synergistic
immunotherapy of tumor
First, the tumor prophylactic vaccination experiment was conducted
to test whether the “M1-MPNPs + L”-induced ICD of tumor cells had
immunogenicity in vivo. As shown in Supplementary Fig. 44, the 4T1
tumor cells pretreated with “M1-MPNPs + L” were subcutaneously
injected into the left flank of mice on day 0 to establish anti-tumor
immunity. The mice injected with PBS were subjected as control. On
day 7, the mice were challenged with tumor cells by subcutaneous
injection of live 4T1 tumor cells into the right flank of mice. The tumor
growth on the right sitewasmonitored every twodays. As presented in
Supplementary Fig. 44, the prophylactic vaccination with 4T1 cells
killed by “M1-MPNPs + L” could protect the mice against the sub-
sequent tumor cell rechallenge, and the tumor growth was greatly
inhibited comparedwith PBSgroup.After confirming the excellent ICD
induction and tumor imaging ability of M1-MPNPs, we next investi-
gated their immunotherapeutic properties in 4T1 tumor-bearing
BALB/c mice. As shown in Fig. 7a, seven days after the tumor

Fig. 5 | In vitro cellular investigation. Representative CLSM images of a 4T1 cells
and b RAW cells upon incubation with MPNPs or M1-MPNPs. Scale bars: 20μm.
cQuantitative data showing themean fluorescence intensity (MFI) based onFig. 5a,
b. Data are presented as mean ± SD (n = 3 independent experiments). Statistical
significance was determined using two-tailed Student’s t test. d Representative
CLSM images showing the ROS generation in 4T1 cancer cells with different
treatments as indicated (DCF-DA was nonfluorescent but switched to fluorescent
DCF with green signal when oxidized by ROS). Scale bars: 20 µm. Experiment was
repeated three times independently with similar results. e Cell viabilities of 4T1
cancer cells treated with various NPs without or with light irradiation in hypoxic
environment. Data are presented as mean ± SD (n = 3 independent experiments).
f Representative CLSM images showing the expression of ecto-CRT (red fluores-
cence) on 4T1 cancer cells surface after different treatments. The cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI; blue fluorescence). Scale bars:
50 µm. Experiment was repeated three times independently with similar results.
g Quantitative analysis of the calreticulin exposure after various treatments using

flow cytometry. The histograms represented the calreticulin detected in non-
permeabilized (Sytox Green−) cells. Data are presented as mean ± SD (n = 3 inde-
pendent experiments). Statistical significance was determined using one-way
ANOVA. h Analysis of HMGB1 concentration in the supernatant of 4T1 tumor cells
after different treatments by ELISA assay. Data are presented as mean± SD (n = 3
independent experiments). Statistical significance was determined using one-way
ANOVA. iQuantitative analysis of the ATP concentration in cell supernatants of 4T1
cancer cells received various treatments as indicated. Data are presented as
mean ± SD (n = 3 independent experiments). Statistical significance was deter-
mined using one-way ANOVA. j Schematic illustration of the measurement of
BMDCs maturation. The illustration was created with BioRender.com.
k Quantitative analysis of the percentage of BMDCs maturation upon incubation
with tumor cells subjected to various treatments. Data are presented as mean ± SD
(n = 3 independent experiments). Statistical significancewas determinedusingone-
way ANOVA. Source data are provided as a Source Data file.
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inoculation (tumor volume≈ 80mm3), the tumor-bearing mice were
randomly divided into seven groups (n = 5 mice per group), including
PBS, PNPs, MNPs + L, M1NPs, MPNPs + L, M1-MPNPs, and M1-MPNPs +
L. At 24h after intravenous injection of different NPs (200μL,
500μgmL−1), the tumor sites of the groups with “L” were irradiated
withwhite light (0.3Wcm−2) for 10min, whichwas conducted twice on
day 0 and day 3. The tumor volumes of the mice receiving various
treatments were monitored every other day. As shown in Fig. 7b,c, the
tumor growth of “M1-MPNPs + L” group was greatly inhibited, and the
mean tumor volume on day 14 was only 7.6mm3, which was much
smaller than that of “MPNPs + L” group (242.7mm3) and PBS group
(1545.6mm3). The ultimate average tumor weight of the mice treated

with “M1-MPNPs + L”was only 53mg (Fig. 7d), whichwas about 22-, 15-,
5-, 20-, 9- and 12-times smaller than that of PBS (1168mg), PNPs
(798mg), MNPs + L (266mg), M1NPs (1053mg), MPNPs + L (477mg),
and M1-MPNPs (629mg) groups, respectively. In addition, there was
negligible difference in the body weight of the mice receiving various
treatments (Fig. 7e), suggesting the good biosafety of all treatments.
The superior antitumor efficacy of M1-MPNPs plus light mainly stem-
med from their potent PDT effect and the self-accelerated activation of
the hypoxia-responsive PTX prodrug, as well as the M1 macrophage
cell membrane-enhanced tumor homing.

The histological hematoxylin and eosin (H&E) staining and term-
inal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick
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Fig. 6 | In vivo fluorescence and PA imaging of tumor-bearing mice.
a, b Representative fluorescence images of 4T1 tumor-bearing mice and corre-
sponding fluorescence intensities in the tumor regions at various time points post
i.v. injection of MPNPs or M1-MPNPs, the tumor-bearing mice with no treatment
were used as control. Data are presented as mean± SD (n = 3 mice). Statistical
significance was determined in comparison with “MPNPs” group via one-way
ANOVA. c Representative in vivo PA images of tumor site at different time points
post i.v. injection of M1-MPNPs. Scale bars: 2mm. Experiment was repeated three
times independently with similar results. d, e Representative ex vivo fluorescence
imaging and corresponding fluorescence intensities of major organs and tumors

isolated from mice at 24h post i.v. injection of MPNPs or M1-MPNPs, the organs
from the tumor-bearingmice without any treatment were used as control. Data are
presented as mean± SD (n = 3 mice). Statistical significance was determined using
one-way ANOVA. f Representative fluorescent images of tumor sections from the
mice injected withMPNPs orM1-MPNPs. Blue: DAPI for staining cell nucleus; green:
CD34 for staining tumor neovasculature; and red: NPs. Scale bars: 50μm.
gQuantitative data showing themean fluorescence intensity (MFI) based on Fig. 6f.
Data are presented as mean± SD (n = 3 mice). Statistical significance was deter-
mined using two-tailed Student’s t test. Source data are provided as a Source
Data file.
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end labeling (TUNEL) staining were performed on tumor tissue sec-
tions to evaluate the apoptosis and necrosis after different treatments.
The results suggested that larger necrotic areas and more serious
tumor cell apoptosis were observed in the “M1-MPNPs + L” group
(Fig. 7f). In addition, the etco-CRT expression on tumor tissues of each
group was evaluated by immunofluorescence staining. As shown in
Fig. 7g, the tumor tissue in “M1-MPNPs + L” group again exhibited the
highest levels of CRT expression, indicating that “M1-MPNPs + L”

treatment could efficiently induce ICD in vivo. The ICD of tumor cells
may greatly promote the maturation of DCs by improving tumor
antigen presentation, and DCs’ maturation is a key step to generate
effective antigen-specific immunity. Thus, we evaluated the presence
of immune cells in tumors and lymph nodes adjacent to tumors. First,
the levels of DCs maturation in lymph were determined by flow cyt-
ometer analysis. The percentage ofmatureDCs (CD80+CD86+ gatedon
CD11c+) in the “M1-MPNPs + L” group was about 43%, which was
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Fig. 7 | Photo-triggered self-accelerated M1-MPNPs for synergistic immu-
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with similar results. g Representative CLSM images showing ecto-CRT expression
(red pseudocolor) on the tumor sections from the mice receiving various treat-
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significantly higher than that of PBS (13.2%), PNPs (19.7%), MNPs + L
(30.5%), M1NPs (23.1%), MPNPs + L (37.5%), and M1-MPNPs (28.1%)
groups (Fig. 7h, Supplementary Figs. 45 and 46). As a result of the
efficient maturation of DCs, CD8+ cytotoxic T lymphocytes could also
be activated, whichwere themost powerful effectors in the anticancer
immune response. As presented in Fig. 7i and Supplementary Fig. 47,
the “M1-MPNPs + L” treatment resulted in 1.38–3.41-folds higher infil-
tration of CD8+ T cells in tumors as compared with other groups,
suggesting that it could lead to more effective antitumor immune
response. Taken together, these results indicated that M1-MPNPs were
able to induce ICD by combining the high ROS generation ability and
self-accelerated hypoxia-triggered PTX release under light trigger,
which thus elicited superior immune response and excellent antitumor
outcomes.

M1-MPNPs for suppressing primary tumor and distant tumor
recurrence
We next investigated whether such strong anti-tumor immune
response induced by M1-MPNPs plus light would exert abscopal inhi-
bition effect against the untreated distant tumors. For this, a bilateral
4T1 tumor model was established as illustrated in Fig. 8a. Specifically,
the left side of each BALB/c mouse was subcutaneously injected with
1 × 106 of 4T1 cells to establish the primary tumor. Six days later, the
right side of each mouse was inoculated with a second tumor as the
distant tumor to simulate themetastatic tumor. Then, seven days after
primary tumor inoculation, the bilateral 4T1 tumor-bearing mice were
also randomly divided into seven groups (n = 5 mice per group) as
follows: PBS, PNPs, MNPs + L, M1NPs, MPNPs + L, M1-MPNPs, and M1-
MPNPs + L. On day 0 and day 3, different NPs (200 µL, 500 µgmL−1)
were injected into themice through tail vein, and only primary tumors
in the groups with “L” were exposed to white light treatment
(0.3W cm−2, 10min) at 24 h post NPs administration, while the distant
tumors were left untreated. As depicted in Fig. 8b–d and Supplemen-
tary Fig. 48, MPNPs with light irradiation and M1-MPNPs without light
irradiation only exhibitedmoderate inhibition on the tumor growth of
both sides, demonstrating that PDT or chemodrug alone could not
efficiently suppress tumors. Nevertheless, both primary and distant
tumors were significantly inhibited by the “M1-MPNPs + L” treatment.
Impressively, the average volumes of distant tumors in “MPNPs + L”,
“M1-MPNPs” and “PBS” groups were in sequence 2.53, 7.61, and 12.18
times larger than that of “M1-MPNPs + L” group on day 14 (Fig. 8c). All
these treatments showed no obvious influence on the body weight of
mice (Fig. 8e). These results confirmed that the combination of potent
PDT effect and PDT-accelerated chemotherapy was beneficial to
strong suppression on both primary and distant tumors.

To elucidate the mechanisms under the superior antitumor
efficacy of M1-MPNPs, immunofluorescent staining and flow cyto-
metry analysis were conducted tomeasure the immune responses on
day 14. Immunofluorescence staining results showed that “MPNPs +
L”, M1-MPNPs and “M1-MPNPs + L” were all able to evoke ICD of
tumor in vivo, among which “M1-MPNPs + L” group showed the
strongest ICD induction effect. This was demonstrated by the
extensive exposure of CRT protein on the surface of tumor cells
(Supplementary Figs. 49 and 50). Then, we investigated the
maturation of DCs in the spleen of mice and the infiltration of rele-
vant immune cells in bilateral tumors. We consistently found thatM1-
MPNPs could greatly increase the proportions of mature DCs
(CD80+CD86+ cells) in lymph nodes under light irradiation (Fig. 8f, g).
The percentages of CD8+ T cells in both primary and distant tumors
of “M1-MPNPs + L” group were also obviously increased (Fig. 8h‒j,
Supplementary Figs. 51 and 52). As depicted in Fig. 8j, the percentage
of CD8+ T cells in the distant tumors of “M1-MPNPs + L” group was
1.45 times and 2.26 times higher than that of “MPNPs + L” group and
“M1-MPNPs” group, respectively, suggesting the strong anti-tumor

immune effect induced by M1-MPNPs. In addition to activating
immune responses, inducing immunological memory is very
important for exerting a long-term protection against tumor
recurrence69,70. Therefore, we evaluated whether immunological
memory was established in the bilateral tumors-bearingmice treated
with “M1-MPNPs + L” by measuring the expression of effector mem-
ory T cells (Tem, CD44+CD62L‒ cells) in the spleens of mice.
Encouragingly, the flow cytometry analyses indicated that the per-
centage of CD8+ Tem cells (CD44+ and CD62L‒) in the spleen of “M1-
MPNPs + L” group (29.3%) was significantly higher than that of PBS-
treated control group (15.9%) (Fig. 8k, l, Supplementary Fig. 53). H&E
and TUNEL staining of distant tumors also suggested larger scales of
necrotic areas and tumor cell apoptosis in the “M1-MPNPs + L” group.
These results manifested that M1-MPNPs was a kind of potent ICD
inducer that could elicit strong anti-tumor immunity.

Finally, the in vivo safety profile of M1-MPNPs was evaluated.
Healthy mice were randomly divided into two groups (n = 3 mice), and
PBS or M1-MPNPs were injected intravenously on day 0 and day 3,
respectively. The major organs of mice, including heart, liver, spleen,
lungs, and kidneys, were harvested on day 10 for pathological analysis.
As shown in Supplementary Fig. 54, the H&E-stained slices of the major
organs from both PBS- and M1-MPNPs-treated mice showed negligible
damage and impairment. The weight of the spleens frommice with the
treatment of PBS and M1-MPNPs was also similar (Supplementary
Fig. 55). Moreover, the blood samples were also collected on day 10 for
biochemical analyses. As depicted in Supplementary Figs. 56 and 57, the
blood routine examination parameters and hepatic/renal function
indicators indicated no noticeable difference between the PBS- andM1-
MPNPs-treated mice. Taken together, these results implied that M1-
MPNPs possessed good biocompatibility.

Discussion
In this work, we have developed a kind of organic phototheranostic
platform by incorporating a NIR AIEgen and hypoxia-responsive
prodrug, which enables fluorescence and PA dual-mode imaging of
tumor, as well as combination immunotherapy mediated by the
potent PDT effect and self-accelerated chemotherapy. It is validated
that methoxy substitution of TPE represents an efficient strategy to
increase the AIE characteristic and molar absorption coefficient,
simultaneously boosting the fluorescence and PA brightness.
Noteworthy, both type I and type II PDT processes are amplified in
MTPE-TT via themore efficient ISC transition. The high-performance
AIEgen and PTX-based hypoxia-responsive prodrug are formulated
into organic NPs, which could be further camouflaged with M1
macrophage cell membrane to increase the tumor-targeting ability.
The complementary merits of fluorescence and PA imaging allow for
sensitive delineation of the tumor site, providing accurate guidance
for phototherapy. The light-generated ROS is capable of inducing
ICD of tumor cells, during which the oxygen consumption leads to
severe hypoxia to trigger the release of PTX to enhance the antitumor
immune responses. Benefitting from the excellent PDT property and
self-accelerated chemotherapeutic prodrug, this nanoplatform is
capable of eliciting strong antitumor immunity to suppress both the
primary tumor and distant tumor. This work puts forward an idea
thatmethoxy substitution represents an effectivemethod to increase
the fluorescence brightness by intensified AIE effect, boost the PA
intensity through amplified light absorption ability, and promote
both type I and type II PDT via enhanced ISC process. The self-
accelerated strategy by integrating PDT agent and hypoxia-
responsive prodrug represents an efficient way to develop robust
immunotherapy agents for boosting ICD-based antitumor treatment.
Therefore, this work will provide insights into the development of
high-performance organic theranostic agents and multifunctional
imaging-guided cancer immunotherapy.
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Fig. 8 | M1-MPNPs for suppressing primary tumor and distant tumor recur-
rence. a Schematic illustration of the procedure for evaluation of the antitumor
effect and immune responses induced by various treatments in bilateral 4T1 tumor-
bearing mice model. The “i.v.” represents “intravenous injection”. The illustration
was createdwith BioRender.com. Plots of b primary tumor volume, c distant tumor
volume,d individual tumorgrowth curveofdistant tumor, and ebodyweightof the
bilateral 4T1 tumor-bearing mice post various treatments. Data are presented as
mean ± SD (n = 5mice). f,gRepresentative flowcytometry analysis and quantitative
data of the populationof DCmaturation (CD11c+CD80+CD86+) in lymphnodes after
various treatments on day 14. Data are presented as mean ± SD (n = 3 mice). Sta-
tistical significance was determined using one-way ANOVA. h Quantitative data of
the percentages of CD8+ T cells in primary tumors collected from bilateral 4T1

tumor-bearing mice after various treatments on day 14. Data are presented as
mean ± SD (n = 3 mice). Statistical significance was determined using one-way
ANOVA. i, j Representative flow cytometry plots and quantitative data of the per-
centages of CD8+ T cells in distant tumors collected from bilateral 4T1 tumor-
bearing mice after various treatments on day 14. Data are presented as mean ± SD
(n = 3 mice). Statistical significance was determined using one-way ANOVA.
Representative flow cytometry data of CD8+ Tem cells (CD44+ and CD62L‒) in
spleen, H&E and TUNEL staining of distant tumors in bilateral 4T1 tumor-bearing
mice from k “PBS” group and l “M1-MPNPs + L” group on day 14 (n = 3 mice). Scale
bars: 50 μm. Experiment was repeated three times independently with similar
results. Source data are provided as a Source Data file.
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Methods
Materials
All chemicals and reagents were provided by commercial sources.
Roswell Park Memorial Institute (RPMI) 1640 culture medium, Dul-
becco’s Modified Eagle’s Medium (DMEM) culture medium, fetal
bovine serum (FBS), and penicillin streptomycin were purchased from
Gibco-BRL (Grand Island, NY, USA). Lipopolysaccharide (LPS) and
interferon-γ (IFN-γ) were obtained from eBioscience. Sytox Green was
obtained from Thermo Fisher Scientific. Cell death inhibitors were
obtained from MedChemExpress. ELISA kits were obtained from
Elabscience or Cusabio. Antibodies used: Western blotting: Anti-CD86
(C-terminal) Polyclonal antibody (1:1000, Proteintech, Rabbit mAb,
#26903-1-AP); Recombinant Anti-iNOS antibody (1:1000, Abcam,
Rabbit mAb, #ab178945); CD47 (D3O7P) Rabbit mAb (1:1000, Cell
Signaling Technology, #63000); Na,K-ATPase Antibody (1:1000, Cell
Signaling Technology, #3010); Integrin alpha 4/CD49D (1:1000,
Abcam, RabbitmAb, #ab81280); Integrin beta 1 (1:1000, Abcam, Rabbit
mAb, #ab52971). Immunofluorescence analysis: Recombinant Anti-
CD34 antibody (1:200, Abcam, Rabbit mAb, #ab81289); Recombinant
Anti-Calreticulin antibody (1:200, Abcam, Rabbit mAb, #ab92516);
Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (1:1000, Abcam,
#ab150077); Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647) (1:1000,
Abcam, #ab150075). Flow cytometry: PE anti-mouse IFN-γ antibody
(1:200, Biolegend, #505807); PE anti-mouse/human CD44 Antibody
(1:200, Biolegend, #103008); PE/Cyanine7 anti-mouse CD62L Anti-
body (1:200, Biolegend, #104418); FITC anti-mouse CD11c Antibody
(1:200, Biolegend, #117306); APC anti-mouse CD86 Antibody (1:200,
Biolegend, #105012); PE anti-mouse CD80Antibody (1:200, Biolegend,
#104708); FITC anti-mouse CD3ε Antibody (1:200, Biolegend,
#100306); Brilliant Violet 421™ anti-mouse CD4 Antibody (1:200, Bio-
legend, #100438); APC anti-mouse CD8a Antibody (1:200, Biolegend,
#100712).

Characterizations
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded
on Bruker-DPX 400 spectrometer. High-resolution mass spectra
(HRMS) were conducted on a Bruker AutoflexIII LRF200-CID mass
spectrometer in matrix assisted laser desorption ionization time of
flight (MALDI-TOF) mode. The absorption spectra were measured
using Shimadzu UV-1800 spectrometer. Horiba Fluorolog-3 spectro-
fluorometer was used to record photoluminescence (PL) spectra.
Transmission electron microscope (TEM) images were captured by a
Transmission electron microscopy (TEM, Talos L120C G2, FEI, Czech).
HPLC analysis was carried out on a LUMTECHHPLC (Germany) system.
Dynamic light scattering (DLS) measurement was performed on a
Malvern Zeta sizer Nano ZS-90. Molecular geometry optimization was
calculated using the DFT method with the Gaussian 09 program
package (revision D. 01) at the level of B3LYP/6-31G*, and the Cartesian
coordinates were presented in Supplementary Tables 1 and 2. PA
imaging was conducted on a commercial small-animal opt-acoustic
tomography system (MOST, iTheraMedical, Germany). In vivo imaging
system (NightOWL II LB983) was employed for fluorescence imaging
of animals and organs.

Separation of M1 macrophage membrane
First, RAW264.7 cells were stimulated for 24 h with LPS (100ngmL‒1)
and IFN-γ (50ngmL‒1) to generate M1-polarized macrophages. After
washing with PBS three times, the cells were then resuspended in PBS
and incubated overnight in a hypotonic lysing buffer (4 °C). Then, a
tight-fitting pestle was used to grind the cells 20 times before cen-
trifugation (20,000g, 25min). The supernatant was collected and
centrifuged at 100,000g for 40min to collect the macrophage
membrane. A BCA protein assay was used to determine the protein
concentration of purified macrophage membranes. To further

investigate whether residual LPS and IFN-γ existed on M1 macrophage
membrane, the cell membrane lysates of 1mgM1 (orM0)macrophage
membranes were analyzed using LPS ELISA kit (#CSB-E13066m,
Cusabio, China) according to themanufacturer’s instructions. For IFN-
γ measurement, the M1 (or M0) macrophages were stained with PE
anti-mouse IFN-γ antibody (1:200, Biolegend, #505807) and then
analyzed by flow cytometry.

Preparation of PNPs, MPNPs, and M1-MPNPs
In total, 1mg of MTPE-TT, 2mg of PTX-NB and 10mg of Pluronic F-127
were fully dissolved in 1mL of tetrahydrofuran (THF), and then poured
into 10mL of deionized water undergoing continuous sonication for
3min. THF in the solution was then removed by stirring at room
temperature overnight in fume hood. The resulting MPNPs were col-
lected via centrifugation using centrifuge filters with a 100-kDa mole-
cular weight cutoff (MWCO). For control, the NPs based on PTX-NB
prodrug alone were also prepared by assembly of PTX-NB prodrug
with Pluronic F127, named as PNPs. To fabricate M1-MPNPs, freshly
prepared MPNPs (100μL, 1mgmL‒1 based on MTPE-TT) were mixed
with 0.5mg of M1 macrophage membrane under ultrasound (100W,
50Hz, 10min), and then extruded with polycarbonate membrane to
generate M1-MPNPs. The prepared M1-MPNPs were stored at 4 °C and
used as soon as possible.

Cells and animals
Themurinemacrophage cell lineRAW264.7, 4T1 breast cancer cell line,
the human breast epithelial cell line MCF10A and the human renal
proximal tubular epithelial cell lineHK-2werepurchased fromChinese
Academy of Sciences Cells Bank (Shanghai, China). All cells were cul-
tivated in a humidified atmosphere at 37 °C with 5% of CO2.

Female BALB/c mice (7 weeks old) were purchased from the
Laboratory Animal Center of the AcademyofMilitaryMedical Sciences
(Beijing, China). The living environment of animals weremaintained at
a temperature of 25 °C with a 12 h light/dark cycle, with free access to
standard food and water. The tumor volume was calculated referring
to the equation: Volume = (Length ×Width ×Width)/2. The humane
endpoints included tumor burden exceeding 10% of normal body
weight, animalweight loss exceeds 20% of normal animal weight, ulcer
at tumor growth point, and sustained self-mutilation in animals. The
humane end-point was approved by Certification and Accreditation
Administration of the People’s Republic of China (CNCA). All proce-
dures involving animal were conducted in accordance with the
guidelines set by the Tianjin Committee of Use and Care of Laboratory
Animals, and approved by the Animal Ethics Committee of Nankai
University.

Cytotoxicity study
Briefly, 4T1 cells were seeded in a 96 well plate, incubated with various
concentrations of MPNPs or M1-MPNPs for 24 h at 37 °C. Then, the
4T1 cells were irradiated under white light (10mWcm‒2) for 5min.
Alternatively, 4T1 cancer cells treated with MPNPs or M1-MPNPs were
kept in the dark without exposure to light. A standard (3-(4,5dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay was
used to measure the relative cell viability at 24h after irradiation. The
cell death was also analyzed using Annexin V-mCherry/Sytox Green
staining assay. The cells after different treatments were stained with
Annexin V-mCherry/Sytox Green kit (#C1070M, Beyotime, China)
according to the experimental procedures provided by the reagent
manufacturer, and then subjected to flow cytometry analysis. For cell
death inhibition experiments, ferroptosis inhibitor Liproxstatin-1
(#HY-12726, MedChemExpress, USA), apoptosis inhibitor z-VAD-fmk
(#HY-16658B, MedChemExpress, USA, 10μM) or necroptosis inhibitor
Necrostatin 1 s (#HY-15760, MedChemExpress, USA, 10μM) were
added into the cell culture media.
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ROS detection in 4T1 cells
The 4T1 cancer cells were pre-seeded on the confocal chambers and
cultured in serum-free DMEMmedium containing M1NPs, PNPs, MNPs
or M1-MPNPs (2μgmL‒1) for 24 h at 37 °C. Afterward, the cells were
washed and stained with 20μM of 2’,7’-dichlorodihydrofluorescein
diacetate (DCF-DA) in DMEM medium without serum. Following this,
the cells were irradiated with white light (10mWcm‒2) for 3min. The
cells cultured with PBS were used as a control. For CLSM imaging, the
excitation of dichlorofluorescein (DCF; yielded by DCF-DA reacting
with ROS) detection was 488nm using emission at 530 ± 20 nm.

Characterization of immunologic cell death
The 4T1 cancer cells were cultivated in confocal chambers, followedby
the incubation of 2μgmL‒1 of M1NPs, PNPs, MNPs or M1-MPNPs for
24 h at 37 °C. Followed by washing with 1 × PBS, the cells were either
kept in darkor exposed towhite light (10mWcm‒2) for 3min. After 12 h
of irradiation, the cells were fixed with 4% paraformaldehyde in ice for
20min, and then incubated with anti-calreticulin antibody (1:200,
Abcam, Rabbit mAb, #ab92516) for 2 h at room temperature.

Then, the cells were further incubated with Donkey Anti-Rabbit
IgG H&L (Alexa Fluor® 647) (1:1000, Abcam, #ab150075) for another
90min at room temperature, and cells nuclei were stained by DAPI.
The cells were imaged under CLSM to detect the ecto-CRT exposure,
and the excitation of Alexa Fluor 647 was 647 nm and emission was at
688 ± 20nm. The calreticulin exposure was further detected by flow
cytometry. After different treatments, 4T1 cancer cells were collected
andwashedwith FACS buffer. Afterward, the cells were stainedwith an
anti-calreticulin specific antibody (1:200, Abcam, Rabbit mAb,
#ab92516) at 4 °C for 30min. Then, theywerewashedwith FACSbuffer
and incubated with secondary donkey anti-rabbit IgG H&L (Alexa
Fluor® 647) (#ab150075, abcam, 1:500) at 4 °C for 30min. Sytox Green
(S7020, ThermoFisher scientific, USA) was used as the permeabiliza-
tion marker. Finally, flow cytometry was used to detect the expression
of calreticulin. Only non-permeabilized cells were gated for the data
analysis. To detect the extracellular HMGB1 and ATP, the 4T1 cancer
cells were seeded in 6-well plate at the density of 1.5 × 105 cells/mL.
Afterwards, the 4T1 cancer cells were cultured with culture medium
containing M1NPs, PNPs, MNPs or M1-MPNPs (2μgmL‒1) at 37 °C for
24 h, followed by irradiationwith white light (10mW/cm2) for 3min. At
12 h after light stimulation, the culture supernatants were centrifuged
at 13,500 g at 4 °C for 10min. HMGB1 release in the supernatant was
measuredusingHMGB1 ELISA assay (E-EL-M0676c, Elabscience, China)
according to themanufacturer’s instructions, and the level of secreted
ATPwere quantified using ATP bioluminescent assay kit in accordance
with the instructions of the product.

In vitro BMDCs maturation study
BMDCs were isolated from the tibia and femur of BALB/c female mice
(7 weeks old) according to the established methods68. RMPI 1640
culture medium supplemented with 10% FBS, 20 ngmL‒1 of GM-CSF
and 10 ngmL‒1 of IL-4 was used to induce BMDCs differentiation. For
in vitroBMDCmaturation study, 4T1 cancer cells were seeded onto the
upper chamber of transwells and cultivated overnight, and then trea-
ted with “PBS”, “PNPs”, “MNPs + L”, “M1-PNPs”, “MPNPs + L”, “M1-
MPNPs” and “M1-MPNPs + L” as described above, respectively. After-
ward, BMDCs (5 × 105 cells per well) were incubated in the lower
transwell compartment for 24 h. Finally, BMDCs were collected and
stained by anti-CD11c (1:200, Biolegend, #117306), anti-CD80 (1:200,
Biolegend, #104708) and anti-CD86 (1:200, Biolegend, #105012), and
detected using flow cytometry.

In vivo tumor tropism study
MPNPs or M1-MPNPs were intravenously injected into 4T1 tumor-
bearing BALB/cmice at an equivalentMTPE-TT dose. The fluorescence
imaging of animals was observed by IVIS (Berthold Technologies,

NightOWL II LB983, Germany) at 2 h, 8 h, 12 h, 24h, 36 h, and 48 h post
NPs injection. The semiquantitative fluorescence intensity of tumor
sites from the in vivo images were also quantified. After 48 h of injec-
tion, organs were excised from the sacrificed mice for imaging.
Immunofluorescence staining was also used to investigate the tumor
accumulation and distribution of MPNPs or M1-MPNPs. The 5 μm
thickness of tumor sections were cut and stained with anti-CD34
antibody (1:200, Abcam, Rabbit mAb, #ab81289) and DAPI, and then
imaged with CLSM.

In vivo prophylactic tumor vaccination study
The BALB/c mice were randomly divided into two groups named as
“PBS” and “M1-MPNPs + L”, respectively. Each group contained five
mice. For “M1-MPNPs + L” group, 4T1 cells were incubated with
2.5 µgmL‒1 of M1-MPNPs at 37 °C for 24 h. Then, the 4T1 cells were
irradiated under white light (10mWcm‒2) for 5min. The mice were
then immunized on day 0 by subcutaneous injection of 2 × 106 of “M1-
MPNPs + L”-pretreated cells (in 100 µL sterile PBS) into the left flank of
mice. 100 µL of sterile PBS was injected into mice in the PBS group.
After seven days, the animals were challengedwith live 4T1 cancer cells
by subcutaneous injectionof 1 × 106 of 4T1 cells into the rightflank. The
tumor growth and survival rates of mice in the two groups were
monitored.

In vivo anti-tumor study
To set up the 4T1 tumor model, 1 × 106 of 4T1 murine breast cancer
cells were injected subcutaneously into the left back of each BALB/c
mouse, and treatment experiments were performed on day 7 after
tumor inoculation. The 4T1 tumor-bearing mice (≈80mm3) were ran-
domized into seven groups (n = 5 mice per group), named “PBS”,
“PNPs”, “MNPs + L”, “M1NPs”, “MPNPs + L”, “M1-MPNPs”, and “M1-
MPNPs + L”, which were intravenously injected with 200μL of PBS,
PNPs, MNPs, M1NPs, MPNPs and M1-MPNPs (0.5mgmL‒1 based on
MTPE-TT or 1mgmL‒1 based on PTX-NB) twice on day 0 and day 2,
respectively. At 24 h post each injection, the 4T1 tumor-bearing mice
of “MNPs + L”, “MPNPs + L”, and “M1-MPNPs + L” groups were irra-
diated with white light (0.3Wcm‒2, 10min). For in vivo study, the light
needs to penetrate the skin tissue and large solid tumor to reach the
tumor cells, thus the light with higher power density than in vitro
experiments was used. The tumor volumes of the mice receiving var-
ious treatments were monitored every other day.

The bilateral 4T1 tumor model was established to evaluate the
abscopal effect, wherein 4T1 cells (1 × 106 per mouse) were inoculated
in the leftflankof theBALB/cmice subcutaneously to establishprimary
tumors for different therapy treatments. Six days later, 4T1 cells
(5 × 105 per mouse) were inoculated in the right flank of the mice
subcutaneously to establish the distant tumor without any treatment
for imitating cancer metastasis. Subsequently, the mice with bilateral
4T1 tumors were randomized into 7 groups (n = 5 mice per group) as
follows: “PBS”, “PNPs”, “MNPs + L”, “M1NPs”, “MPNPs + L”, “M1-MPNPs”,
and “M1-MPNPs + L”, respectively. Onday0 andday2, only theprimary
tumorwas exposed to light irradiation (0.3W/cm2, 10min) at 24 h post
each intravenous administration of different NPs (200μL, 0.5mgmL‒1

based on MTPE-TT or 1mgmL‒1 based on PTX-NB). Then, the volumes
of primary tumors and distant tumors were monitored.

Analysis of immune cells
Mechanical grinding was used to prepare single cell suspensions from
the lymph nodes and tumors of 4T1 tumor-bearing mice on day 14 for
flow cytometric analysis. Subsequently, a centrifuge was used to col-
lect the mixed cell suspension, followed by the removal of red blood
cells (RBCs) using modified RBC lysis buffer for 5min at room tem-
perature, followed by two washes of 1 × PBS. To investigate the pro-
portions of mature DCs, the cell suspensions from lymph nodes of
various groups were co-stained with anti-CD86-PE (1:200, Biolegend,
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#105012), anti-CD80-APC (1:200, Biolegend, #104708), and anti-CD11c-
FITC (1:200, Biolegend, #117306) at room temperature in the dark for
15min, followed by flow cytometric analysis after washing three times
with 1 × PBS. The single cell suspensions collected from tumors with
various treatments were co-incubated with anti-CD3-FITC (1:200, Bio-
legend, #100306) and anti-CD8-APC (1:200, Biolegend, #100712) for
the analysis of the level of tumor-infiltrating CD8+ T cells at room
temperature for 15min, respectively, followed by flow cytometric
analysis after washing three times with 1 × PBS. For studying the
immune memory effect, single cell suspensions from lymph nodes of
4T1 tumor-bearing mice were co-stained with anti-CD44-PE antibodies
(1:200, Biolegend, #103008), anti-CD8-APC, anti-CD3-FITC, and anti-
CD62L-PE/Cyanine7 (1:200, Biolegend, #104418) for 15min in dark at
room temperature to investigate the effector memory T cells (Tem
cells, CD3+CD8+CD44+CD62L‒), and final analyses were conducted by
flow cytometry after washing three times with 1 × PBS.

In addition to flow cytometry analysis, on day 14, the tumors of
4T1-tumor-bearing mice received various treatments were excised for
immunofluorescence staining analysis. In brief, these harvested tumor
tissues were fixed using 4% of paraformaldehyde solution at 4 °C for
24 h. After that, the fixed tissues were conducted by programmed
dehydration using 20%, 30% and 40% of sucrose solutions for three
days, respectively (each sucrose solution for one day). Then, the
samples were embedded with optimum cutting temperature (OCT)
compound and cut to a thickness of 7 µm with a freezing microtome
(Leica CM1950) for further immunofluorescence staining by relevant
antibodies as follows. For detecting ecto-CRT, the tumor tissue slices
were incubatedwith the primary antibody (1:200, Abcam, RabbitmAb,
#ab92516) overnight at 4 °C, followed by incubation with Alexa Fluor
647-conjugated secondary antibody at room temperature for another
2 h. The obtained slices were then sealed with DAPI, and visualized
using CLSM.

In vivo biocompatibility evaluation
In vivo toxicity of M1-MPNPs was assessed in healthy BALB/c mice.
Briefly, on day 0 and day 3, M1-MPNPs (200μL, 0.5mgmL‒1 based on
MTPE-TT) were intravenously injected into the healthy mice, respec-
tively (n = 3 mice). The PBS-treated healthy mice were used as control
(n = 3 mice). On day 10, all the mice were sacrificed and the blood was
collected for blood chemistry analyses including red/white blood cell
counts and liver/spleen function. In addition, the main organs (heart,
liver, spleen, lung and kidney) of PBS- and M1-MPNPs-injected mice
were harvested, sliced for hematoxylin and eosin (H&E) staining
on day 10.

Statistical analysis
Quantitative data were presented as mean ± standard deviation (SD).
Statistical comparisonsweremadeusing one-wayANOVA (formultiple
comparisons) or two-tailed Student’s t test (between two groups). All
statistical analysis was performedusingGraphPadPrism8.0.2. P <0.05
was considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available within the Article, Supplementary Information or
Source Data file. Source data are provided with this paper.
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