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% Check for updates Reactive oxygen species (ROS) is promising in cancer therapy by accelerating
tumor cell death, whose therapeutic efficacy, however, is greatly limited by the
hypoxia in the tumor microenvironment (TME) and the antioxidant defense.
Amplification of oxidative stress has been successfully employed for tumor
therapy, but the interactions between cancer cells and the other factors of TME
usually lead to inadequate tumor treatments. To tackle this issue, we develop a
pH/redox dual-responsive nanomedicine based on the remodeling of cancer-
associated fibroblasts (CAFs) for multi-pronged amplification of ROS
(ZnPP@FQOS). It is demonstrated that ROS generated by ZnPP@FQOS is
endogenously/exogenously multiply amplified owing to the CAFs remodeling
and down-regulation of anti-oxidative stress in cancer cells, ultimately
achieving the efficient photodynamic therapy in a female tumor-bearing
mouse model. More importantly, ZnPP@FQOS is verified to enable the sti-
mulation of enhanced immune responses and systemic immunity. This strat-
egy remarkably potentiates the efficacy of photodynamic-immunotherapy,
thus providing a promising enlightenment for tumor therapy.

Reactive oxygen species (ROS) is regarded as one of the main factors including photodynamic therapy (PDT), sonodynamic therapy (SDT),
for tumor therapy, which maintains redox balance in tumor tissues'. chemodynamic therapy (CDT), etc. However, many cancer cells exhibit
Dynamic ROS-based cancer therapies are therapeutic modalities for enhanced endogenous antioxidant capacity, allowing them to survive
endogenous/exogenous responsive ROS generation within tumors, under the condition of sustained high levels of oxidative stress”.
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Specifically, intracellular antioxidant systems including antioxidant
enzymes and antioxidants, such as glutathione (GSH)?, heme oxyge-
nase 1 (HO-1)*, etc., consume large amounts of ROS, protect cellular
active components from oxidation, and ultimately reduce ROS-
mediated cellular damage’®. Therefore, the therapeutic efficacy of
general ROS-based cancer therapies would be significantly hindered.
To address this issue, various nanomedicines capable of amplifying
ROS from endogenous and exogenous perspectives have been
developed®”’. Nevertheless, these nanomedicines are usually con-
strained by the interference among multiple ROS amplification path-
ways targeting only cancer cells as well as hypoxia condition,
ultimately leading to unsatisfactory therapeutic effects. Therefore, a
strategy of ROS amplification taking into account the synergistic
interaction among different specific components in tumor micro-
environment (TME) is intriguing and essential to be developed.
Cancer-associated fibroblasts (CAFs) are the predominant stromal
cells, representing the major source of extra cellular matrix (ECM)
components. They could promote tumor growth and mediate tumor
chemoresistance as well as immune tolerance™. Since CAFs are peri-
vascularly localized and the direct-action sites of tumor therapeutics
after vascular extravasation, they are attractive targets for tumor
treatment". It is reported that activated CAFs and the ECM generated
from CAFs are the key factors to lead high solid stress in the tumor
during cancer progression, which compresses the tumor vessels,
decreases blood perfusion, and thus reduces external oxygen
supply™. Also, activated CAFs generate enormous contractile forces
that constrict the ECM components'®. Besides, CAFs secrete exces-
sive amounts of ECM proteins, including collagen I and Collagen IV,
which increase tissue volume and displace existing viscoelastic struc-
tures of the tumor tissue”. It is believed that modulation of CAFs would
reduce the solid stress in tumors, improve the external oxygen delivery
and feed ROS-based therapies, thereby substantially enhancing their
therapeutic efficacy’®”. Currently, there are two main strategies to
modulate CAFs: eliminating them and inducing them to be quiescent.
It is worth noting that both strategies have their merits and demerits.
Direct CAFs depletion has the potential to reduce the stromal barrier,
limit tumor growth, and facilitate a second wave of therapy, but several
studies have shown that indiscriminate killing of CAFs increases the
risk of losing key stromal elements required for tissue homeostasis and
instead accelerates tumor progression’’ %, The heterogeneity of CAFs
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encompasses both cancer-supportive and cancer-inhibitory pheno-
types, making CAFs depletion a double-edged sword*. Meanwhile,
since quiescent fibroblasts can transdifferentiate into CAFs to drive the
pro-fibro-proliferative response and tumor progression, reversing
activated CAFs back to a quiescent phenotype would be a more pro-
mising approach to regulate ECM. Theoretically, the potential risk of
this strategy is much lower than that of CAFs depletion. However, small
molecules with the ability to induce quiescence of CAFs tend to have
certain cytotoxicity, e.g., calcipotriol®, JQ-1%, all-trans retinoic
acid”°, quercetin®. Meanwhile, the lack of controlled and specific
drug release mode could cause systemic toxicity. Hence, it is impera-
tive to develop a CAFs modulation-based strategy to circumvent the
demerits of the above mentioned two strategies for tumor therapy.
Herein, we report a hybrid organosilica-based nanomedicine
(ZnPP@FQOS) to remodel CAFs for achieving the multi-pronged ROS
amplification therapeutic efficacy (Fig. 1a) by constructing TME
responsive nanoparticle loaded with hydrophilic quercetin (Que) and
hydrophobic photosensitizer zinc protoporphyrin (ZnPP), simulta-
neously. With the nanomedicine enriching at the tumor site, Que,
transited from hydrophilic into hydrophobic feature owing to the
weak acidity of TME, exudes firstly and would remodel CAFs by down-
regulating various fibrosis-related factors, such as Wnt16, FAP-a, to
bring them into quiescent state, thereby relieving hypoxia of TME and
consequently amplifying the generated ROS (Fig. 1b). Then, Que
entering tumor cells would generate ROS by inducing apoptosis. In the
meantime, ZnPP encapsulated in the hydrophobic core is released
triggered by the excess GSH in the tumor cells, so that PDT effect is
activated with 660 nm laser irradiation and a large amount of '0, is
produced. Besides, ZnPP is able to down-regulate HO-1 marker,
weakening the cellular anti-oxidative stress capacity. Consequently,
the generated ROS is further amplified, ultimately realizing endogen-
ous/exogenous multi-pronged ROS amplification (Fig. 1c). Benefiting
from the CAFs remodeling and the administration of PDT,
ZnPP@FQOS could induce systemic anti-tumor immune response and
significantly inhibit tumor growth. More interestingly, by combining
PDT with PD-L1 checkpoint blockade immunotherapy, the systemic
immune response is thus enhanced, resulting in effective inhibition of
primary and distant tumor growth in Pan02 tumor-bearing mice. This
CAFs remodeling-based ROS amplification strategy pioneers an ave-
nue for the development of enhanced PDT and PDT-immunotherapy.
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Fig. 2 | Characterizations of FOS and ZnPP@FQOS. a TEM image of FOS. (n=3,
independent samples) (scale bar: 50 nm) b Diameter distribution curves of F127
micelles and FOS. (n =3 independent samples) ¢ FT-IR spectra of F127 and FOS.
d TEM image of ZnPP@FQOS. (n =3 independent samples) (scale bar: 50 nm)

(e) Stability of FOS and ZnPP@FQOS in PBS and DMEM for 7 days. (n=3 inde-
pendent samples) (f) UV-vis spectra of FOS, Free ZnPP and ZnPP@FOS.

g Cumulative drug release curves of ZnPP@FQOS in PBS with different pH values.
(n=3 independent samples) h Cumulative drug release curves of ZnPP@FQOS in
PBS (pH=7.4) containing different concentrations of GSH. (n =3 independent
samples) i ESR spectra of pure TEMP, ZnPP@FOS and ZnPP@FQOS under 660 nm
laser irradiation (300 mW cm™). Data are presented as means + SD. Source data are
provided as a Source Data file.

Results

Characterizations of FOS and ZnPP@FQOS

The organosilica-based hybrid micelle (FOS) with uniform particle size
was synthesized by a method similar to that reported in the previous
studies®>*. As shown in Fig. 2a, FOS presents spherical morphology
based on the transmission electron microscopy (TEM) images, and a
narrow polydisperse size of 14.09 + 0.86 nm according to the dynamic
light scattering (DLS) analysis results (Fig. 2b). The introduction of -SH
groups on the surface of the cross-linked network formed by MPTMS
resulted in an electronegativity of -8.15+1.40 mV for FOS (Supple-
mentary Fig. 1). The appearance of peaks at 800 cm™ and 1110 cm™ in
the Fourier transform infrared (FT-IR) spectra (Fig. 2c), corresponding
to the Si-O-Si bond stretching vibration, indicates the successful for-
mation of a cross-linked silica network between the PEO and PPO
segments of the micelles during the preparation of FOS*>*. Further-
more, the peak at 510 cm™ in the Raman spectra attributed to the S-S
group, along with the peak at 2550 cm™ in both the FT-IR and Raman
spectra, corresponding to the -SH bond, confirms the conversion of
sulfhydryl groups to disulfide bonds in the silica-based shell through
an oxidation reaction. (Fig. 2c and Supplementary Fig. 2). The redox

behavior of FOS was investigated through co-incubating it with PBS
buffer containing different concentrations of GSH. TEM images reveal
the complete degradation of FOS after 5 days of incubation, indicating
the strong responsiveness of FOS to GSH (Supplementary Fig. 3).
After loading with ZnPP and Que, ZnPP@FQOS maintains the
narrow polydispersity and the spherical morphology (Fig. 2d). DLS
analysis results reveal no significant change in the particle size of the
nanomedicine after loading ZnPP and Que, respectively, and a slight
increase of the particle size to 24.86 + 0.78 nm (Supplementary Fig. 4)
is observed after co-loading, with no distinct difference in the Zeta
potential profile (Supplementary Fig. 5). Both FOS and ZnPP@FQOS
demonstrate favorable stability in various media, owing to the orga-
nosilica hybrid networks (Fig. 2e). Compared to free ZnPP, absorption
peaks at 545 nm and 585 nm in UV-vis absorption spectra are detected
for ZnPP@FOS (Fig. 2f). Similarly, FQOS exhibits an absorption peak at
315 nm compared to free Que (Supplementary Fig. 6). These confirm
the successful loading of ZnPP and Que into ZnPP@FQOS. Further-
more, according to the standard curves of free ZnPP and Que in UV-vis
spectra, the drug encapsulation efficiency (EE) of ZnPP and Que, cal-
culated by Eq. (1), is found to be 50.10% and 64.84%, respectively, and
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the drug loading capacity (LC) of ZnPP and Que, calculated by Eq. (2), is
0.91% and 1.17%, respectively (Supplementary Figs. 7, 8). In order to
investigate the in vitro drug release profiles of the nanomedicine,
ZnPP@FQOS was incubated in PBS buffer with varied pH values and
GSH concentrations. The release of Que in PBS at pH=6.5 and pH=5.7
reach 79.41% and 86.43%, respectively, after 24 h, substantially higher
than the release observed in PBS at pH=7.4 (Fig. 2g). Meanwhile, the
release of ZnPP in PBS containing 10 mM GSH reaches 87.07% after
48 h, which is considerably higher than the release observed in PBS
without GSH (Fig. 2h). These results suggest that ZnPP@FQOS holds
great potential for selectively releasing ZnPP and Que in response to
the mildly acidic pH and elevated GSH levels commonly found in the
TME. To further clarify the release profiles of ZnPP and Que in the TME,
we conducted comprehensively evaluations of the release behavior of
the two drugs at different pH and GSH concentrations. The results
show that the cumulative release rates of ZnPP and Que are 73.65% and
91.25%, respectively, at GSH=10mM and pH=5.7 (Supplementary
Fig. 9a). At GSH =10 mM and pH = 6.5, the cumulative release rates of
ZnPP and Que are 73.54% and 85.06%, respectively (Supplementary
Fig. 9b). Overall, the release behavior of ZnPP is slower than that of Que
over the 24-hour period, which ensures the sustained photodynamic
therapeutic effect of the nanomedicine. Moreover, the pH value has a
relatively minor effect on the release of Que (Supplementary
Fig. 9a-c), which is mainly due to the destructive effect of GSH to the
silica-based shell layer. The release profile of ZnPP is dependent on the
intracellular GSH concentration. To investigate this, we measured the
GSH levels in different cell types and found that the GSH concentration
in cancer cells is considerably higher than that in fibroblasts (Supple-
mentary Fig. 10). Hence, when ZnPP@FQOS is internalized by CAFs,
the release of ZnPP is considered to be slower, resulting in a weaker
PDT effect upon laser irradiation, with less impact on the cell viability
of CAFs. Then, the capability of ZnPP@FQOS to generate '0, under
660 nm laser irradiation was evaluated via an electron spin resonance
(ESR) spectrometer (Fig. 2i). By using TEMP as a trapping agent for '0,,
the nanomedicine displays 1:1:1 signal pattern upon laser irradiation,
with the signal intensity increasing as the ZnPP concentration is raised.
This confirms that ZnPP@FQOS possesses the satisfactory capability
to produce 'O, in vitro. Additionally, it was further validated by the UV-
vis absorption changes before and after the reaction of DPBF with 0,
(Supplementary Fig. 11).

EE = Wdrug in samples x100% (1)
Wdrug feeded
IC= Wdrug in samples x100% (2)
WF oS

In vitro cellular uptake and tumor penetration ability of
ZnPP@FQOS

The cellular uptake behavior was investigated by confocal laser scan-
ning microscopy (CLSM) by incubating ZnPP@FQOS with Pan02 cells
and TGF-f activated 3T3 cells for different periods. The red fluores-
cence of ZnPP@FQOS around the Pan02 cells became brighter as the
incubation time is prolonged, indicates its continuous cellular uptake
process. In addition, there is no significant difference in the fluores-
cence intensity between 8 and 12 h, suggesting that the uptake of
ZnPP@FQOS by Pan02 cells reaches saturation at 8 h (Fig. 3a and
Supplementary Fig. 12). Since fibroblasts in the TME are mostly acti-
vated, the cellular uptake behavior of TGF-B-activated 3T3 cells was
also evaluated. The results show a similar cellular uptake ability as
Pan02 cells, and cellular uptake reach saturation at 8 h, demonstrating
that nanomedicines could also be uptaken by CAFs in the TME (Fig. 3b
and Supplementary Fig. 13). Besides, flow cytometry was used as a

further quantitative assessment of ZnPP@FQOS tumor cellular uptake
capacity (Supplementary Fig. 14), and the results demonstrate a similar
trend to the mean fluorescence intensity. In order to explore the cel-
lular uptake properties of nanomedicines more comprehensively, the
cellular uptake capacity of different nanomedicines was also evaluated
by CLSM after co-incubating Pan02 or TGF-f3 activated 3T3 cells with
Free ZnPP; ZnPP@FOS; ZnPP@FOS+Free Que and ZnPP@FQOS for
4 h, respectively (Supplementary Figs. 15, 16), and also quantified the
mean fluorescence intensity (Supplementary Figs. 17, 18). It is showed
that the fluorescence intensity of the free ZnPP group is slightly higher
than that of the other three groups, and no significant difference is
observed between the fluorescence intensities of the three groups of
nanomedicines, which is probably due to the fact that free drugs tend
to be uptaken more quickly by cells in vitro.

In addition, due to the presence of a large number of CAFs in the
tumors, multicellular tumor spheroids (MCTS) were generated as a
model by co-mixing KP cells and TGF-B-activated 3T3 cells to better
mimic the complex composition in the TME. According to the CLSM
images of different treatment groups (Fig. 3c and Supplementary Figs. 19,
20), ZnPP@FQOS easily diffuses from the surface to the inner core of the
MCTS in the range of 70 pum with pH=6.5. In contrast, the fluorescence of
the group without Que is distributed only superficially, and the depth of
the fluorescence signal is also shallow in the mixed Que group as well as
in the ZnPP@FQOS (pH=7.4) group, which further emphasizes the
importance of the pH-responsive release property of Que loaded in the
organosilica cross-linking shell layer for the remodeling of CAFs in the
TME and the efficient drug delivery to the deep tumor tissues.

In vitro potency of ZnPP@FQOS to multi-pronged ROS
amplification

Firstly, the capability of ZnPP@FQOS to trigger the remodeling of
CAFs in vitro was evaluated in a weakly acidic environment at pH=6.5. It
is reported that Wntl6 plays an important role in stroma restructuring
and CAFs quiescence, and Que is capable to regulate the Wntl6
expression®®, and some fibrotic markers are also affected, including
FAP-a, a-SMA and Collagen. As shown in Fig. 4a, the FQOS,
ZnPP@FQOS, and ZnPP@FQOS+Laser groups significantly reduce the
expression of Wntl6, FAP-a, Collagen I, Collagen IV, and a-SMA in TGF-
B-activated 3T3 cells, and the expression levels are close to those of the
negative control group. However, the ZnPP@FOS group hardly down-
regulates the expression of related markers. A similar phenomenon is
observed in the immunofluorescence analysis (Fig. 4b and Supple-
mentary Fig. 21), where ZnPP@FQOS and ZnPP@FQOS+Laser group
considerably reduce the expression of a-SMA. Therefore, ZnPP@FQOS
is effective in reducing CAF phenotype and ECM assembly, suggesting
its potential to remodel the immunosuppressive microenvironment
in vivo. In addition, Que has been reported to downregulate the
apoptosis-related markers such as Bcl-xL by causing apoptosis path-
ways and thus generating ROS”. As shown in Supplementary Fig. 23,
Bcl-xL expression in KP cells is significantly reduced by Que-containing
FQOS, ZnPP@FQOS and ZnPP@FQOS+Laser groups, demonstrating
that ZnPP@FQOS could generate ROS via the apoptosis pathway. HO-1
is an antioxidant enzyme that plays a pivotal role in ROS scavenging.
ZnPP has been reported to be a potent HO-1 inhibitor, which is owing
to ZnPP is a heme derivative and can more competitively bind to the
active site of HO-1 enzyme than heme®*™*.. As shown in Fig. 4a, HO-1
protein expression is remarkably reduced in the ZnPP@FOS,
ZnPP@FQOS, and ZnPP@FQOS+Laser groups compared to the ROS-
positive group. Meanwhile, immunofluorescence analysis further
confirms that ZnPP@FQOS could reduce HO-1 expression (Fig. 4c and
Supplementary Fig. 22). Intracellular 'O, was observed with SOSG, and
green fluorescence of SOSG is observed in ZnPP@FOS and
ZnPP@FQOS cultured KP and 3T3 mixed cells after 660 nm laser
irradiation (Fig. 4d), which indicates that ZnPP promoted 'O, produc-
tion under laser irradiation though a PDT effect. In order to evaluate
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Fig. 3 | Cellular uptake and tumor penetration ability of ZnPP@FQOS. CLSM
images of (a) Pan02 cells and (b) TGF-B-activated 3T3 cells incubated with
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the total amount of intracellular ROS more intuitively, we used DCFH-
DA to monitor the ROS level in KP and 3T3 mixed cells. As shown in
Fig. 4e, ZnPP@FOS+Laser group shows a certain intensity of fluores-
cence due to the photodynamic as well as HO-1 down-regulation effect
triggered by ZnPP. Since the monolayer cells could not mimic the state
of the TME well, FQOS group only shows weak fluorescence due to
Que-induced apoptosis, while the ZnPP@FQOS group shows stronger
fluorescence than the FQOS group due to the stronger HO-1 down-
regulation effect. The green fluorescence in ZnPP@FQOS+Laser group
is the most prominent due to a combination of the photodynamic

effect, HO-1 down-regulation effect induced by ZnPP and Que-induced
apoptosis. In addition, we analyzed mitochondrial function by the JC-1
kit (Fig. 4f). Red fluorescent j-aggregates indicate normal mitochondria
and green fluorescent j-monomers indicate decreased mitochondrial
membrane potential. ZnPP@FQOS+Laser group shows the most
severe mitochondrial damage effect, suggesting that the large amount
of generated ROS triggers an abnormal mitochondrial membrane
potential. These results preliminarily validate the feasibility of our
strategy based on multi-pronged ROS amplification by remodel-
ing CAFs.

Nature Communications | (2025)16:424


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55658-0

a b

3T3
1 2 3 4 5 6 kba
Wnt16 - .- -40
FAP-q o i e &= = ==
Collagen Vo - — “ --130

Collagen | SN
-SMA S

B-ACtin - s————— 0

+ TGF-B
KP o
2 3 4 5 6 '

HO-1

B-ACtin/s—————— |10

+ ROS
1 2
1 2
1 2

Fig. 4 | In vitro potency of ZnPP@FQOS to multi-pronged ROS amplification
and cellular cytotoxicity. a Western blots of protein expression for Wnt16, FAP-a,
Collagen IV, Collagen I and a-SMA of 3T3 cells at pH=6.5 under different treatments
(LTGF-B negative; 2: TGF-B positive; 3:ZnPP@FOS; 4:FQOS; 5:ZnPP@FQOS;
6:ZnPP@FQOS+Laser) and protein expression for HO-1 of KP cells under different
treatments. (1:Control; 2:ROS up; 3:ZnPP@FOS; 4:FQOS; 5:ZnPP@FQOS;
6:ZnPP@FQOS+Laser) (1x10° cells/mL, n = 3 independent biological samples)
(b) Immunofluorescence for a-SMA of 3T3 cells at pH=6.5 under different treat-
ments. (1:TGF-B negative; 2: TGF-B positive; 3:ZnPP@FOS; 4:FQOS; 5:ZnPP@FQOS;
6:ZnPP@FQOS+Laser; scale bar: 10 pm) (5x 10* cells/mL, n = 3 independent bio-
logical samples) (c) Immunofluorescence for HO-1 of KP cells under different
treatments. (1:Control; 2:ROS up; 3:ZnPP@FOS; 4:FQOS; 5:ZnPP@FQOS;
6:ZnPP@FQOS+Laser; scale bar: 10 pm) (5 x10* cells/mL, n = 3 independent bio-
logical samples) (d) CLSM images of KP and 3T3 mixed cells under different

treatments and treated with SOSG probe. (scale bar: 100 pm) (1 x 10° cells/mL,n = 3
independent biological samples) (e) CLSM images of KP and 3T3 mixed cells under

SOSG

JC-1

a-SMA  DAPI

. . . 200t
180
4 5 6
20
0 3
ZnPP (mg/L) 0.000 0.483 0.965 1.931 3.862 7.724
Que (mg/L) 0.000 0.625 1.250 2.500 5.000 10.00

Merge C HO-1 DAPI

Merge

—

w
-
I-

g-491+
H

SOY+

== ZnPP@FQOS pH=7.4

140
120 ZnPP@FQOS+Laser
100 == ZnPP@FQOS pH=6.5

p=0.0003
p<0.0001

Cell Viability (%)
3

40

N
(=]

ZnPP(mglL) 0.000 0.483 0.965 1.931 3.862 7.724
Que (mg/L) 0.000 0.625 1.250 2.500 5.000 10.00

== ZnPP@FQOS pH=7.4
ZnPP@FQOS+Laser

== ZnPP@FQOS pH=6.5
20001

p=0.41773

Cell Viability (%)

different treatments and treated with DCFH-DA probe. (scale bar: 100 pm) (1x10°
cells/mL, n = 3 independent biological samples) (f) CLSM images of KP and 3T3
mixed cells mitochondrial membrane potential changes. (scale bar: 100 pm) (1x 10°
cells/mL, n = 3 independent biological samples) (1:Control; 2:ZnPP@FOS;
3:ZnPP@FOS+Laser; 4:FQOS; 5:ZnPP@FQOS; 6:ZnPP@FQOS+Laser) (ZnPP dose:
7.724 mg/L, Que dose: 10 mg/L) Cell viability of ZnPP@FQOS pH=7.4, ZnPP@FQOS
+Laser, ZnPP@FQOS pH=6.5 for (g) KP cells and (h) 3T3 cells (5 x 10* cells/mL, n = 4
independent biological samples). Wnt16, Wingless / Integrated 16; FAP-«, Fibroblast
activation protein-o; a-SMA, a-smooth muscle actin; TGF-, Transforming growth
factor-B; DAPI, 4',6-Diamidino-2-Phenylindole Dihydrochloride; SOSG, Singlet
Oxygen Sensor Green reagent; DCFH-DA, 2’,7"-Dichlorodihydrofluorescein Diace-
tate. Data are presented as means + SD. Statistical significance was determined
using two-tailed Student’s t-test for pairwise comparisons, and one-way ANOVA
analysis of variance for multiple groups. p values > 0.05 were considered non-
significant, p values < 0.05 were considered statistically significant. Source data
are provided as a Source Data file.

In vitro cellular cytotoxicity of ZnPP@FQOS

The cytotoxicity of ZnPP@FQOS was then examined by a cell counting
method. Firstly, the cytotoxicity of FOS was evaluated. As shown in
Supplementary Fig. 24, the cell viability of FOS for KP, Pan02, 3T3, and

MEF cells maintain above 80%, which proves that nanocarriers had less
effect on cytotoxicity. In the case of KP cells, the cell viability at pH=7.4
and pH=6.5 maintain 50.23% and 40.72%, respectively, after their
incubation with Que (10mg/L) and ZnPP (7.724 mg/L) loaded
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nanomedicine. The cells only show 14.19% viability when further irra-
diated by laser (Fig. 4g). Meanwhile, the cytotoxicity of nanomedicine
shows a dose-dependent behavior. For cell viability of Pan02 cells,
(Supplementary Fig. 25), our nanomedicine shows a similar pattern. All
these results tentatively demonstrate that ZnPP@FQOS has favorable
cytotoxicity under laser irradiation. As shown in Fig. 4h and Supple-
mentary Fig. 26, regardless of laser irradiation, 3T3 and MEF cells
maintain high cell viability, however, the cell viability decreases to
about 60% at pH=6.5, which preliminarily demonstrates that
ZnPP@FQOS is slightly cytotoxic to fibroblasts in vitro under weakly
acidic conditions and possibly induces a certain amount of apoptosis
of CAFs in TME. In addition, flow cytometry was analyzed for in vitro
apoptosis detection in KP cells under different culture conditions. As
shown in Supplementary Fig. 27, the ZnPP@FQOS+Laser group shows
a higher late apoptosis rate of 45.8%, and the ZnPP@FOS+Laser, FQOS,
or ZnPP@FQOS group present a certain extent of late apoptosis.
Furthermore, the cytotoxicity of nanomedicines is visually evaluated
by a live/dead cell staining method (Supplementary Fig. 28).
ZnPP@FQOS+Laser group exhibits the most pronounced cell death,
which is consistent with the flow cytometry analysis. These results
demonstrate that the generated ROS could cause high cytotoxicity on
tumor cells, which match well with the ROS evaluation and suggest that
ZnPP@FQOS could kill tumor cells effectively and achieve CAFs
remodeling. In order to determine that multi-pronged amplification of
ROS is the main cause of cell killing, we incubated KP cells with dif-
ferent nanomedicines and pretreated them with N-Acetyl-L-cysteine
(NAC) to scavenge the ROS that generated and amplified by the multi-
pronged ROS modulation strategy, then performed live-dead cell
staining (Supplementary Fig. 29). It is showed that the tumor inhibition
effect is attenuated, further illustrating that the multi-pronged ROS
amplification strategy has a promising cell killing effect. The ability of
multi-pronged ROS amplification to mediate DC2.4 cells maturation
and thus influence immune activation was then studied. As shown in
Supplementary Figs. 30, 31, ZnPP@FQOS+Laser group exhibits a
higher number of DC2.4 cells maturation than other groups, which is
owing to the significant immunogenic cell death (ICD) effect by PDT as
well as CAFs remodeling.

In vivo biosafety and distribution of ZnPP@FQOS

Before in vivo tumor therapy study, the biosafety of ZnPP@FQOS was
evaluated in healthy female C57BL/6 mice. Mice were injected with
10 mg/kg ZnPP@FQOS intravenously. There is no distinct difference in
body weight between ZnPP@FQOS and control groups during the
18 days healthy observation (Supplementary Fig. 32). The blood
indexes and liver&kidney function of the ZnPP@FQOS group are not
considerably different from those of the control group (Supplemen-
tary Figs. 33, 34). In addition, hematoxylin & eosin (H&E) staining of
major organs (heart, liver, spleen, lung, kidney) shows no significant
damage in both groups (Supplementary Fig. 35). All these results prove
that ZnPP@FQOS had good biocompatibility.

To evaluate the effect of Que treatment on nanomedicine delivery
and CAFs remodeling efficiency, we performed in vivo fluorescence
imaging on free ZnPP, ZnPP@FOS and ZnPP@FQOS treated tumor-
bearing mice after intravenous injection, respectively. KP cells were co-
mixed with TGF-B-activated 3T3 cells at a ratio of 3:1, which were
injected subcutaneously into mice to establish a tumor-bearing mouse
model. As shown in Fig. 5a, b, in free ZnPP group, the fluorescence
accumulation reaches a maximum at 9 h, after which free ZnPP is
rapidly eliminated in vivo, and there is no more significant fluores-
cence accumulation at 36 h, and the time-dependent fluorescence
accumulation of ZnPP@FOS is detected at the tumor site within 36 h
post-injection due to the enhanced permeability and retention effects,
indicating that the delivery efficiency of ZnPP is efficiently increased by
FOS. Surprisingly, compared to the ZnPP@FOS group, the
ZnPP@FQOS group shows stronger fluorescence signal at the tumor

site, indicating that Que-induced remodeling of CAFs effectively pro-
motes nanomedicine delivery, penetration, and retention within the
tumor. Ex vivo fluorescence quantitative imaging of major organs and
tumors extracted from mice at 36 h post-injection also demonstrate
significantly enhanced accumulation, penetration and retention of
ZnPP@FQOS in tumors (Fig. 5c, d), with the ZnPP@FQOS group
showing higher delivery efficiency than free ZnPP at 36 h post-
injection. Meanwhile, the delivery efficiency is improved by 1.84
times compared with the ZnPP@FOS group. In addition, there is a
preferential uptake of ZnPP@FQOS by liver, which is owing to the
remodeling of CAFs that the interstitial fluid pressure of the tumor was
reduced, the tumor tissue aggregation and infiltration ability is thus
enhanced, so that the penetration of ZnPP@FQOS into deeper tissues
is enabled. Generally, the enhanced accumulation and penetration of
nanomedicines in tumor tissues render their exocytosis out of the
tumor through the blood circulation more difficult, which, in turn,
result in a delayed clearance effect to the nanomedicines in the
metabolic organs represented by the liver. Consequently, after 36 h
metabolism process, compared with the other groups, the fluores-
cence intensity of the ZnPP@FQOS treatment is still stronger in the
liver. The results are consistent with the previously reported works*>°,
Furthermore, we validated the CAFs remodeling effect of ZnPP@FQOS
by intratumoral penetration assays. As shown in Fig. 5e and Supple-
mentary Fig. 36, the fluorescence intensity of the nanomedicine was
studied at the surface (0 mm) and at depth (3 mm) of the tumor after
staining the blood vessels with CD31 antibody. It is observed that the
fluorescence of the Free ZnPP group is mainly distributed on the sur-
face of the tumor, with only a small amount going into the depths, and
a part of the fluorescence of the ZnPP@FOS group appears in the
depths, while there is a significant accumulation of fluorescence in the
depths of the ZnPP@FQOS group. In addition, the fluorescence of the
tumors in the Free ZnPP and ZnPP@FOS groups is mainly distributed
in the perivascular area compared with that in the ZnPP@FQOS group.
These suggest that CAFs remodeling played an important role in depth
of tissue penetration and vascular extravasation.

In vivo photodynamic therapy and immune response of
ZnPP@FQOS

ZnPP@FQOS displays satisfactory in vitro cytotoxicity by effectively
inducing multi-pronged ROS amplification and good in vivo biosafety.
We then evaluated the in vivo therapeutic effect of nanomedicines by
establishing fibroblasts-rich KP tumor model, the procedure of which is
shown in Fig. 6a. During the 18 days treatment period, the tumor
volumes and body weights of the mice were measured every 3 days. As
shown in Fig. 6b, compared with the rapid tumor growth in the control
group, the remaining groups show tumor inhibition with different
degrees. Among them, ZnPP@FQOS+Laser group shows the most
obvious tumor inhibition effect with an inhibition rate of 92.9%. Besides,
the tumor is weighed and the mass showed a similar trend to the volume
(Supplementary Fig. 37). Digital photographs of tumors excised from
mice further confirm the significant tumor suppression after
ZnPP@FQOS+Laser treatment (Fig. 6¢), and the significant therapeutic
effect of nanomedicines on tumor tissues are simultaneously confirmed
by hematoxylin and eosin (H&E) staining of tumor tissues, Ki-67 immu-
nohistochemical staining and transferase-mediated dUTP nick end
labeling (TUNEL) staining (Fig. 6d and Supplementary Fig. 38). All these
results suggest that the strategy of multi-pronged amplification of ROS
achieve impressive in vivo efficacy and could suppress tumor progres-
sion to a great extent. The body weights, blood indexes and liver&kidney
function of the other five groups treated with corresponding nanome-
dicines remain similar to the control group (Supplementary Figs. 39-41).
Meanwhile, H&E-stained images also show no significant damage to
major organs in any of the five groups treated with nanomedicine
(Supplementary Fig. 42). These indicate the importance of nanocarriers
for encapsulation and delivery of free drugs.
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Fig. 5| In vivo distribution of ZnPP@FQOS. a The in vivo fluorescence images of
fibroblasts-rich KP tumor-bearing mice after the intravenous injection of nano-
medicines at different times. (ZnPP dose: 3.862 mg/kg) b Mean fluorescence
intensity of the tumor at different time points. (n = 5 independent biological
samples) ¢ The ex vivo fluorescence images of the major organs (heart, liver, spleen,
lung, kidney) and tumors at 36 h after intravenous injection. d Mean fluorescence
intensity of the major organs and tumors at 36 h. (n = 3 independent biological
samples) e In vivo penetration experimental results of nanomedicines at the tumor

surface (0 mm) and depth (3 mm). (scale bar: 100 pm) (n = 3 independent biolo-
gical samples) He, heart; Li, liver; Sp, spleen; Lu, lung; Ki, kidney; Tu, tumor; MFI,
mean fluorescence intensity; CD31, the differentiation of cluster 31. Data are pre-
sented as means + SD. Statistical significance was determined using two-tailed
Student’s t-test for pairwise comparisons, and one-way ANOVA analysis of variance
for multiple groups. p values > 0.05 were considered non-significant, p values <
0.05 were considered statistically significant. Source data are provided as a Source
Data file.

The high efficacy of ZnPP@FQOS may be attributed to the fol-
lowing factors: 1) Que-induced remodeling of CAFs resulting in the
relieving of TME hypoxia; 2) Que-mediated apoptosis; 3) down-
regulation of HO-1 by ZnPP to disrupt the anti-oxidative stress
defense and 4) production of 'O, by ZnPP under 660 nm laser irra-
diation, which ultimately results in a four-pronged amplification of
intratumoral ROS. Firstly, to evaluate CAFs remodeling efficacy, wes-
tern blotting, immunofluorescence and masson’s trichrome staining
analyses of HIF-1a, CAF prominent phenotypes (a-SMA and FAP-a),
collagen and Wntl6 treated with different nanomedicines were

performed. As shown in Fig. 6e, the expression of the above proteins is
significantly reduced in Que-doped groups (4: FQOS; 5: ZnPP@FQOS;
6: ZnPP@FQOS+Laser). Meanwhile, red fluorescent HIF-1oc and o-SMA
are observed in immunofluorescence, and blue-labeled collagen in
Masson’s trichrome staining is substantially reduced in the FQOS,
ZnPP@FQOS, ZnPP@FQOS+Laser groups (Fig. 6d and Supplementary
Fig. 38). Then, western blotting of Bcl-xL is used to assess Que-
mediated apoptosis (Fig. 6e). It is found that its expression in FQOS,
ZnPP@FQOS, ZnPP@FQOS+Laser groups are remarkably decreased.
Furthermore, the anti-oxidative stress level is evaluated by western
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CAFs remodel @ Apoptosis

blotting. As shown in Fig. 6e, the expression of HO-1is reduced in the
ZnPP@FOS, ZnPP@FOS+Laser, ZnPP@FQOS, and ZnPP@FQOS+Laser
groups. The above results demonstrate that a multi-pronged ROS
amplification strategy mediated by CAFs remodeling is achieved at the
molecular level in vivo. To verify whether laser irradiation alone pro-
duces a tumor therapeutic effect, we characterized the tumor tissues
accordingly (Supplementary Fig. 43). The results show that the laser
irradiation group exhibits the same trend as the control group, with no
significant apoptosis and no protein down-regulation trend in the
tumor tissues, while the ZnPP@FQOS+Laser group exhibits a good
therapeutic effect, which demonstrates the low impact on treatment
efficacy under laser irradiation alone. In addition, ROS levels in tumor
tissues from different treatment groups were monitored by DCFH-DA
staining of pathology sections analysis. As shown in Fig. 6f and Sup-
plementary Fig. 44, compared with the control group, the ZnPP@FOS
group shows weak red fluorescence, while the fluorescence intensity of
the ZnPP@FOS+Laser group or the FQOS group is a little stronger. The
fluorescence intensity of the ZnPP@FQOS group is strengthened
again, and the ZnPP@FQOS+Laser group shows the strongest fluor-
escence. This is mainly because that ROS in the tumor site is gradually
amplified in various ways (Fig. 6g). Specifically, ZnPP@FOS amplifies
intratumor ROS once by downregulating HO-1 expression; ZnPP@FOS

+Laser and FQOS amplify ROS twice by down-regulating HO-1
expression, generating '0, and relieving hypoxia as well as inducing
apoptosis; ZnPP@FQOS amplifies ROS third time by down-regulating
HO-1 expression, relieving hypoxia and inducing apoptosis;
ZnPP@FQOS+Laser, then, gathers the features of ZnPP@FOS+Laser
and FQOS, which amplifies ROS four times by down-regulating HO-1
expression, generating '0,, relieving hypoxia, inducing apoptosis, and
ultimately forming a ROS bomb. All these results fully demonstrate
that ZnPP@FQOS is capable to realize a multi-pronged ROS amplifi-
cation mediated by CAFs remodeling in vivo.

In order to explore the specific implementation of CAFs remo-
deling, we analyzed the percentage of CAFs in TME after different
treatments using flow cytometry. As shown in Fig. 7a, b, the percentage
of the population of CAFs in Que-doped FQOS, ZnPP@FQOS, and
ZnPP@FQOS+Laser groups is slightly reduced, where the percentage
of the population of CAFs in ZnPP@FQOS+Laser group is reduced
from 36.73% to 8.50% compared to the control group. The results
reveal that Que-doped nanomedicines are able to decrease the popu-
lation of CAFs in TME to some extent. Since FAP-a is a signature marker
indicating the fibrotic progression of CAFs, we evaluated the popula-
tion of FAP-a* CAFs in TME using flow cytometry (Supplementary
Figs. 45, 46). The population of FAP-a* CAFs is substantially reduced
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Fig. 7 | In vivo immune response performance of ZnPP@FQOS for fibroblasts-
rich KP tumor. a Flow cytometry analysis of the population of EpCAM CD45CD31
CAFs sorting of tumors in mice with different treatments. b Corresponding quan-
tification of the population of EpCAM CD45CD31 CAFs with different treatments.
(n = 3 independent biological samples) ¢ Flow cytometry of CD80'CD86" mature
DCs sorting of spleen in mice with different treatments. d Corresponding quanti-
fication of the population of CD80'CD86" mature DCs with different treatments.

(n = 3 independent biological samples) e Flow cytometry of CD3'Foxp3" T (Treg)
cells sorting of tumor in mice with different treatments. f Corresponding quanti-

fication of the population of CD3*Foxp3* T (Treg) cells with different treatments.

CD4 1

3 4 5 6

Group

(n = 3 independent biological samples) g Flow cytometry of CD3'CD8" T (CTLs)
cells sorting of tumor-draining lymph nodes in mice with different treatments.

h Corresponding quantification of the population of CD3°'CD8" T (CTLs) cells with
different treatments. (n = 3 independent biological samples) (1:Control;
2:ZnPP@FOS; 3:ZnPP@FOS+Laser; 4:FQOS; 5:ZnPP@FQOS; 6:ZnPP@FQOS+Laser)
Data are presented as means + SD. Statistical significance was determined using
two-tailed Student’s t-test for pairwise comparisons, and one-way ANOVA analysis
of variance for multiple groups. p values > 0.05 were considered non-significant, p
values < 0.05 were considered statistically significant. Source data are provided as
a Source Data file.

after ZnPP@FQOS+Laser treatment, which is in accordance with the
results of western blotting analysis shown in Fig. 6e. These results
indicate that remodeling of CAFs achieved by down-regulation of
fibrosis-associated proteins as well as a certain amount of CAFs killing
is successfully induced in vivo. In addition, our multi-pronged ROS
amplification strategy could enhance tumor immunogenicity and
reverse immunosuppressive TME in vivo by promoting DCs matura-
tion, Treg cells reduction, and cytotoxic T cells (CTLs) activation
(Supplementary Fig. 47), which was confirmed by flow cytometry of
single-cell suspensions of tumor tissue, spleen and draining lymph
nodes from mice after different treatments (Supplementary Fig. 48).
The maturation of DCs in the spleens of mice is increased substantially
from 35.73% to 79.43% (2.22 times) after treatment with ZnPP@FQOS
compared to the control group, indicating that nanomedicine-induced
cell death promoted the abundance of mature DCs-dominant APCs
(antigen-presenting cells) (Fig. 7c, d). Meanwhile, flow cytometry

results show that Treg cells in the tumor decreased from 6.21% to
0.94% (6.61 times) (Fig. 7e, f), and CTLs infiltrating in the tumor-
draining lymph nodes increase from 29.63% to 45.97% (1.55 times)
(Fig. 7g, h), verifying that a robust host-specific CTLs response is
induced in which tumor cell fragments are activated as antigens. In
addition, nanomedicine-triggered multi-pronged ROS amplification
group releases approximately 6.28 times and 4.46 times higher pro-
inflammatory cytokine tumor necrosis factor a (TNF-a) and interferon
y (IFN-y) compared to the control group, respectively (Supplementary
Figs. 49, 50), which demonstrates that ZnPP@FQOS could remodel the
immunosuppressive TME and promote systemic immune response.

In vivo immunotherapy of ZnPP@FQOS combined with anti-
PD-L1

The TME in pancreatic cancer is highly immunosuppressive, typically
known as immunologically “cold” tumors, hence targeting and
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Fig. 8 | In vivo photodynamic-immunotherapy of ZnPP@FQOS combined with
anti-PD-L1 for fibroblasts-rich Pan02 tumor. a Schematic illustration of the
treatment in bilateral fibroblasts-rich Pan02 tumor models. b Primary tumor
growth curves throughout the treatment. (n = 3 independent biological samples)
¢ Distant tumor growth curves throughout the treatment. (n = 3 independent
biological samples) d TUNEL, Ki67, HMGBI, CRT staining of primary tumors from
each group. (scale bar: 50 pm) (n = 3 independent biological samples) e TUNEL,
Ki67, HMGBL1, CRT staining of distant tumors from each group. (scale bar: 50 pm)
(n = 3 independent biological samples) f Corresponding quantification of the
population of CD80'CD86" mature DCs from different treatments. (n = 3 inde-
pendent biological samples) g Corresponding quantification of the population of
CD3'Foxp3* T (Treg) cells in primary tumors from different treatments. (n = 3
independent biological samples) h Corresponding quantification of the population

of CD3'Foxp3" T (Treg) cells in distant tumors from different treatments. (n = 3
independent biological samples) i Corresponding quantification of the population
of CD3'CD8" T (CTLs) cells in primary tumors from different treatments. (n = 3
independent biological samples) j Corresponding quantification of the population
of CD3'CD8" T (CTLs) cells in distant tumors from different treatments. (n = 3
independent biological samples) (1: Control; 2: Anti-PD-L1; 3: ZnPP@FQOS+Laser; 4:
ZnPP@FQOS+Laser+anti-PD-L1). Anti-PD-L1, the antibody of programmed death-
ligand 1. Data are presented as means + SD. Statistical significance was determined
using two-tailed Student’s t-test for pairwise comparisons, and one-way ANOVA
analysis of variance for multiple groups. p values > 0.05 were considered non-
significant, p values < 0.05 were considered statistically significant. Source data
are provided as a Source Data file.

reinstating the immune system of patients through engineered bio-
materials offers an attractive therapeutic approach*”*, Based on the
satisfactory therapeutic effect and the favorable systematic immune
response of ZnPP@FQOS against fibroblasts-rich KP tumors, we fur-
ther established a bilateral tumor model by inoculating both sides of
mice with a mixed suspension of Pan02 and TGF-f-activated 3T3 cells
to explore the performance of the ZnPP@FQOS combined with anti-
PD-L1 on pancreatic cancer treatment. In the experiments, the primary
tumor was treated with laser irradiation after administration of the
nanomedicine, while the distant tumor was unirradiated (Fig. 8a).
During the 18 days treatment, the anti-PD-L1 group shows a weaker
therapeutic effect, while the ZnPP@FQOS+Laser group shows a con-
siderably improved therapeutic effect on primary tumors, with a
tumor suppression rate of 83.26%, as well as a certain therapeutic
effect on distant tumors, which is attributed to Que-induced remo-
deling of CAFs and consequently the induction of systemic immunity.
The ZnPP@FQOS+Laser+anti-PD-L1 group shows the best therapeutic
effect, which produces the most good tumor-suppressive effect on
both primary and distant tumors, reaching 92.21% and 60.21%,

respectively. This distinct abscopal effect indicate that the anti-tumor
immune response to anti-PD-L1 is significantly improved after
ZnPP@FQOS-mediated multi-pronged ROS amplification (Fig. 8b, c).
Correspondingly, the survival rate of mice in ZnPP@FQOS+Laser+anti-
PD-L1 group is prolonged compared to the other groups (Supple-
mentary Fig. 51). The blood indexes and liver&kidney function of the
other three groups treated with different nanomedicines remain
similar to the control group (Supplementary Figs. 52, 53), suggesting
that co-administration of nanomedicine with anti-PD-L1 has no sig-
nificant side effect in mice. Further immunofluorescence analysis
(TUNEL and Ki-67) of the primary and distant tumor tissues shows that
the ZnPP@FQOS+Laser+anti-PD-L1 group considerably enhances cell
death characteristics and inhibits cell proliferation compared to the
other groups (Fig. 8d, e). PDT-induced cancer immune activation is
usually mediated by damage-associated molecular patterns (DAMPs),
including surface-exposed calcium reticulocyte calpain (CRT) and high
mobility group box 1 (HMGBI), and thus we examined the expression
levels of CRT and HMGBI after different treatments (Fig. 8d, e).
Immunofluorescence staining results show higher CRT and HMGB1
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exposure in primary tumors of ZnPP@FQOS+Laser and ZnPP@FQOS
+Laser+anti-PD-L1 groups; however, the fluorescence intensities of
CRT and HMGBI in the distant tumors are only slightly elevated,
indicating that primary tumors receive the photodynamic therapy
effect provided by laser irradiation while distant tumors do not. These
results demonstrate that PDT contribute to the enhancement of the
immune response to the primary tumor.

To further elucidate the underlying immunological mechanisms,
we performed flow cytometry analysis of immune cells from primary
tumors, distant tumors and spleens of mice (Supplementary Fig. 54).
Mature DCs in the spleen were first estimated (Fig. 8f and Supple-
mentary Fig. 55), and the highest level of CD80* CD86" DCs (43.0%) is
observed in the spleen of the ZnPP@FQOS+Laser+anti-PD-L1 group. As
shown in Fig. 8g, h and Supplementary Figs. 56, 57, the percentage of
Foxp3" Tregs in both primary tumors and distant tumors of the
ZnPP@FQOS+Laser+anti-PD-L1 group is the lowest, i.e. 12.83% and
11.63%, respectively. The percentage of infiltrating CD3*CD8" cytotoxic
T cells at primary and distant tumor sites is substantially increased in
the ZnPP@FQOS+Laser+anti-PD-L1 group, reaching 46.57% and 38.13%,
respectively (Fig. 8i, j and Supplementary Figs. 58, 59). In addition, the
serum level of TNF-a and IFN-y is considerably elevated nearly 4.63 and
14.71 times in the ZnPP@FQOS+Laser+anti-PD-L1 group compared
with the control group, respectively (Supplementary Figs. 60, 61).
These results suggest that ZnPP@FQOS-mediated remodeling of CAFs
and induced multi-pronged amplification of intratumoral ROS, con-
tribute to the reversal of the severely immunosuppressive micro-
environment in pancreatic cancer, stimulate systemic immunity and
thus improve the efficacy of PDT immunotherapy through the syner-
gistic combination with anti-PD-L1.

Discussion

In summary, we have developed a TME-responsive hybrid organosilica
micelle loaded with hydrophilic Que and hydrophobic ZnPP simulta-
neously, as a nanomedicine (named as ZnPP@FQOS) to enable effi-
cient treatment of fibroblasts-rich tumors, stimulate systemic
immunity, and further enhance anti-PD-L1-based immunotherapy for
highly immunosuppressive pancreatic cancer. With the dual stimula-
tion of weak acidity of TME and excess GSH in tumor cells, the as-
synthesized nanomedicine could sequentially release Que and ZnPP.
The favorable efficacy of ZnPP@FQOS for tumor therapy has been
demonstrated to derive from the progressive multi-pronged ROS
amplification due to the remodeling of CAFs, inducing apoptosis of
tumor cells, down-regulation of the anti-oxidative stress marker HO-1,
and the generation of large quantities of '0, under laser irradiation.
Consequently, the nanomedicine not only activates systemic immu-
nity, but also enhances the anti-PD-L1 response in mice, thereby
reversing the immunosuppressive microenvironment and ultimately
achieving a remarkably high-efficacy tumor therapy. This CAFs
remodeling-based ROS amplification strategy provides insights in
designing the nanomedicine for efficient tumor therapy.

Methods

Ethical statement

All research complied with all relevant ethical regulations: for the mice
with a single tumor, the volume of the tumor (measured by (L x W?)/2)
must not exceed 2000 mm?, and the length must not exceed 20 mm.
For the mice bearing with two tumors, which are grown on con-
tralateral flanks on one animal, the size of these should be less and
should not exceed the maximum burden of a single tumor. Animal
experiments were executed according to the protocol approved by the
Laboratory Animal Management Committee of East China University
of Science and Technology (approval number: ECUST-2020-04001).
C57BL/6 mice (female, 6-week-old) were purchased from Shanghai
JieSiJie Laboratory Animal Co., Ltd.. The rearing and storage of mice
were carried out in a standard laboratory animal room. All mice (3-5

mice per cage) were housed in a specific pathogen-free environment
with a light cycle of 12 h:12 h at a temperature of 23 °C and a humid-
ity of 50%.

Materials and reagents

Pluronic F127 (PEO;0oPPOgsPEO;q9, Where PEO represents poly-
ethyleneoxide and PPO represents polypropyleneoxide) and glutathione
(GSH) were purchased from Sigma-Aldrich. (3-Mercaptopropyl)tri-
methoxysilane (MPTMS) was purchased from TCI. Zinc protoporphyrin
(ZnPP) was purchased from Alfa Aesar. Quercetin (Que) was purchased
from Medchem Express. 1,3-Diphenylisobenzofuran (DPBF), ethanol,
NH,4OH, dimethyl sulfoxide (DMSO) and 2,2,6,6-tetramethylpiperidine
(TEMP) were purchased from Adamas. All chemicals were used as
received without further purifications.

Characterization

The sizes and Zeta potentials of samples were measured at 25 °C with a
Malvern Zetasizer (Nano ZS, Malvern, UK). The morphologies of
samples were measured by JEM-2100 TEM (JEOL, Japan). UV-visible
spectra of samples were measured by a UV-visible spectrophotometer
(Shimadzu, UV-3600, Japan). Fourier transform infrared (FT-IR) spec-
tra were measured on Nicolet iS50 spectrometer. Raman spectra were
measured on Laser Micro-Raman Spectrometer with 785nm laser
(Renishaw, UK). Electron spin resonance was measured with a Bruker
EMX-8/2.7 (100G-18 KG) spectrometer. Confocal laser scanning
microscopy (CLSM) images were recorded by Leica Microsystems
(LEICA TCS SP8, German). Flow cytometry were used to test the cel-
lular uptake and cell apoptosis (BD Accuri C6, USA).

Synthesis of ZnPP@FQOS

The preparation route was adapted from our previous work* >,
Briefly, F127 (600 mg) and ZnPP (10 mg) were added to a 250 ml round
bottom flask and dissolved in ethanol (15 ml). The ethanol was then
evaporated at 45 °C to obtain a thin film. The film was re-dissolved in
water (15mL) at 45 °C to obtain an aqueous solution of ZnPP@F127
micelles. Subsequently, NH,OH (100 pL) and Que (10 mg) were added
sequentially to the solution. After 1 min when Que was completely
dissolved, MPTMS (300 pL) was added to the solution. The obtained
solution was stirred at room temperature for 24 h, added into a dialysis
bag with a molecular weight cut-off (MWCO) of 8000-14000 and
dialyzed with ultra-pure water to remove impurities. Finally,
ZnPP@FQOS solution was collected from the dialysis bag.

The synthesis of FOS was similar to the process mentioned above
except that ZnPP and Que were not added.

The synthesis of ZnPP@FOS and FQOS was similar to the process
mentioned above except that Que or ZnPP were not added.

The loading content of ZnPP was determined by re-dispersing the
freeze-dried ZnPP@FOS micelle in DMSO and measuring the absor-
bance at 585 nm by UV-Vis, which was then compared with the pre-
determined standard curve of ZnPP in DMSO solution. Based on the
pre-determined standard curve, the freeze-dried FQOS micelles were
re-dispersed in DMSO and the loading content of Que was determined
by the same method.

In vitro drug release

To characterize the pH/GSH responsive release property of
ZnPP@FQOS, the FQOS solution was added to the dialysis bag and
immersed into PBS buffer solution (30 mL, containing 3% DMSO) at
different pH value (5.7, 6.5, 7.4) and incubated at 37 °C with a shaker. At
indicated time points, 1 mL of dialysis medium was removed and its
UV-Vis absorption spectrum was measured to determine the con-
centration of Que, and 1 mL of freshly prepared dialysis medium was
replenished. Similarly, ZnPP@FOS solution was added to the dialysis
bag and immersed into PBS buffer solution (30 mL, containing 3%
DMSO) with different GSH concentration (0, 2 mM, 10 mM) incubated
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at 37 °C with a shaker. The cumulative release property was measured
by the same method mentioned above.

To characterize the pH/GSH-dual responsive release property of
ZnPP@FQOS, the ZnPP@FQOS solution was added to the dialysis bag
and immersed into PBS buffer solution (30 mL, containing 3% DMSO)
with different pH value (5.7, 6.5, 7.4) and GSH concentration (0, 2 mM,
10 mM). The cumulative release property was measured by the same
method mentioned above.

Evaluation of '0, generation

The generation of singlet oxygen ('0,) was detected via a chemical
oxidation method based on DPBF, which can irreversibly react with'0,
resulting in a decrease of the UV-vis absorbance. Specifically, 100 uL
DPBF (1 mM) was mixed with 4 mL ZnPP@FOS, FQOS, ZnPP@FQOS
aqueous solution (300 pg/mL), respectively by sonication in the dark.
Then 20 uL H,0, (30%) was added to the mixed solution. The mixed
solution was irradiated under Laser (660 nm, 300 mW cm?) for 5 min.
The change in absorption was recorded. The pure DPBF group was also
recorded as a control.

For ESR measurement, 2,2,6,6-tetramethylpiperidine (TEMP) was
used as a spin trapper for the detection of '0,. 4 mM TEMP was added
into the sample solution, which was then irradiated under 660 nm laser
and filtrated through a 0.22um NY membrane before the
measurement.

Cell culture

The KP, 3T3 and MEF cells were obtained from ATCC (USA). The Pan02
cells were purchased from BeNa Culture Collection (Henan, China).
These cells were cultured in normal Dulbecco's modified eagle med-
ium (DMEM) containing 10% fetal bovine serum (FBS, Gibco, South
America) and 1% penicillin/streptomycin. Cell cultures were main-
tained in anincubator at 37 °Cin a humidified atmosphere with 5% CO,.

Cell uptake

Pan02 and 3T3 cells were incubated in 6-well plates for 24 h, and 3T3
cells were pre-activated with 25 ng/mL TGF-§3 (Yeasen Biotechnology
(Shanghai) Co., Ltd.). After 24 h of adhesion, the Pan02 and TGF-3
activated 3T3 cells were treated with medium containing ZnPP@FQOS
for different times (1, 2, 4, 8 and 12 h). ZnPP@FQOS was removed and
the cells were washed for 3 times with PBS. Then 1 mL Hoechst 33342
was added, and cells were darkly stained for about 15 min. Subse-
quently, Hoechst 33342 was removed and the cells were washed for 3
times with PBS. Finally, 1 mL PBS was added and cells were imaged by
Confocal Laser Scanning Microscopy (CLSM).

Free ZnPP; ZnPP@FOS; ZnPP@FOS+Free Que and ZnPP@FQOS
were incubated with Pan02 or TGF-f activated 3T3 cells for 4 h to
investigate the cellular uptake of different nanomedicines. CLSM
imaging steps are the same as above.

Pan02 cells were inoculated in 6-well plates at a density of 1x 10°
cells/well for 24 h for adherent growth, and then the medium was
replaced with new culture medium containing ZnPP@FQOS in
advance of the expected time point. Finally, the cells were digested
with trypsin at the same time, centrifuged and washed for 3 times with
PBS. After removing impurities such as unphagocytosed ZnPP@FQOS
and trypsin, the collected Pan02 cells were re-suspended in 0.5 mL of
PBS and examined by flow cytometry.

In vitro tumor penetration of multi cellular tumor

spheroids (MCTS)

To establish the MCTS model, 6 x10*> KP cells and 2x10* TGF-B-
activated 3T3 cells were co-transplanted into a Nunclon Sphera 6-well
plate and incubated at 37 °C for 8 d, and the medium was half-changed
every 2 days. When the diameter reached about 120 um, they were
ready for further experiments. To study tumor penetration, the MCTSs
were treated by Free ZnPP, ZnPP@FOS, ZnPP@FOS (pH=6.5),

ZnPP@FOS+Free Que, ZnPP@FQOS and ZnPP@FQOS (pH=6.5),
respectively. After incubation for 12 h, the MCTSs were washed for 3
times with PBS and imaged by CLSM.

In vitro western blotting analysis

KP or 3T3 cells were incubated in 6-well plates (1x10° cells/well) for
24 h, digested and collected after administering with the indicated
treatment for 24 h. The cells were lysed with EDTA-free cell lysate
containing complete protease inhibitors, and then boiled with
Laemmli sample buffer for 5 min. Subsequently, the cell lysate (20 mg
protein) was separated on 12% SDS-PAGE, transferred to a PVDF
membrane, and blocked with TBST containing 5% BSA (1:1000 dilu-
tion) before incubating with the primary antibody (overnight) and the
secondary antibody (1:3000 dilution) at room temperature for 2h.
Finally, the ECL chemiluminescence kit (Beyotime, POO18FS) was used
for western blotting analysis.

In vitro immunofluorescence image of x-SMA and HO-1

KP or 3T3 cells were incubated in 12-well plates with dedicated cell
climbing film (5 x10* cells/well) for 24 h, and administered with indi-
cated treatment for 24 h. Afterwards, the KP or 3T3 cells were fixed
with 4% paraformaldehyde and permeabilized with 0.2% Triton-X-100.
Next, the KP or 3T3 cells were blocked with 5% bovine serum albumin
(BSA) and further incubated with primary antibodies (a-SMA or HO-1
antibody) and Alexa Fluor 488 or Alexa Fluor 568 conjugated sec-
ondary antibody. Finally, CLSM was used for immunofluorescence
imaging.

In vitro ROS generation

To evaluate the intracellular ROS level, KP and 3T3 mixed cells (1 x 10°
cells/well) were seeded in 6-well plates, which were then administered
with indicated treatment for 24 h. Next, the medium was replaced by a
serum-free medium with 10 mM of 2’,7-dichlorofluorescin diacetate
(DCFH-DA). After a further 15 min of incubation, the cells were washed
with PBS and irradiated by a 660 nm laser (300 mW/cm?) or shielded in
dark. Finally, the cells were then observed by CLSM.

The intracellular 'O, level was also evaluated. KP and 3T3 mixed
cells were seeded in 6-well plates at a density of 1x10° cells/well, and
then administered with indicated treatment for 24 h. Next, the medium
was replaced by a serum-free medium with 2.0 uM of SOSG. After a
further 30 min of incubation, the cells were washed with PBS and
irradiated by a 660 nm laser (300 mW/cm?) or shielded in dark. Finally,
the cells were then observed by CLSM.

In vitro mitochondrial membrane potential detection

KP and 3T3 mixed cells were seeded in 6-well plates (1 x 10° cells/well)
for 24 h, which were then administered with indicated treatment for
24 h. Next, 500 pL of mitochondrial membrane potential reagent of JC-
1 solution was added into the dishes. After a further 20 min of incu-
bation, the cells were washed with PBS and irradiated by a 660 nm laser
(300 mW/cm?) or shielded in dark. Finally, the cells were then imaged
by CLSM.

In vitro cytotoxicity measurements

The cytotoxicity was measured by a standard Cell Counting Kit-8 assay.
The KP, Pan02, 3T3 and MEF cells were seeded into 96-well plates at an
initial density of 5x10° cells/well. After 24 h of adherence, the cells
were administered with indicated treatment. After 24 h of incubation,
the medium was removed and the CCK-8 assay was used to quantify
cell viabilities.

KP cells were incubated in 6-well plates at an initial density of
1x10° cells/well for 24 h. After administering with the indicated
treatment for 24 h, cells were trypsinized, washed, and resuspended in
0.5mL of binding solution, followed by the incubation with the
Annexin V-FITC/Pl Apoptosis Detection Kit in dark for 15min.
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Afterwards, the KP cells were washed with PBS for 2 times and analyzed
immediately using a flow cytometer (BD Accuri C6, USA).

For the live-dead cell staining experiment, KP cells were incubated
in 6-well plates at an initial density of 1x10° cells/well for 24 h. After
administering with the indicated treatment for 24 h, the medium was
replaced with fresh medium and further stained according to the
instructions of Calcein/PI Live/Dead Viability Assay Kit. Finally, the cells
were then imaged by CLSM.

In vitro DC2.4 cell maturation assay

KP and 3T3 mixed cells were cultured in a 6-well plate, and then treated
with PBS, ZnPP@FOS, ZnPP@FOS+Laser, FQOS, ZnPP@FQOS,
ZnPP@FQOS+Laser (ZnPP dose: 7.724 mg/L, Que dose: 10 mg/L) at
37°C overnight. The supernatant of these KP and 3T3 mixed cells was
collected and then incubated with DC2.4 cells (2 x 10° cells per wellin a
6-well plate). After a 24-hour incubation, DC2.4 cells were digested by
trypsin and stained with APC-CD80, BV421-CD86, and FITC-CD1lc
antibodies for 30 min at 4°C. These cells were washed three times with
FACS buffer before being analyzed by the flow cytometer (Cytek
Aurora, USA).

In vivo biosafety study

C57BL/6 mice (female, 6-week-old) were divided into 2 groups of 5
mice each, and ZnPP@FQOS (Que dose: 10 mg/kg) was injected
intravenously via tail vein into one group of mice. During the period of
18 days healthy monitoring, the body weight of mice in each group was
measured and recorded every 3 days. 18 days later, the mice were
sacrificed and the major organs (heart, liver, spleen, lung and kidney)
of the two groups were collected and sliced for Hematoxylin & Eosin
(H&E) staining. Meanwhile, whole blood as well as serum was collected
for the evaluation of blood index and liver & kidney function (hema-
tology and blood biochemistry index).

In vivo biodistribution study

3 x10° KP and 1x10° TGF-B-activated 3T3 mixed cell suspension was
subcutaneously injected into the back of the hind leg to establish
fibroblasts-rich KP tumor-bearing C57BL/6 mice (female, 6-week-old)
model. The mice were then randomly divided into 3 groups of 5 mice
each (Free ZnPP group, ZnPP@FOS group, ZnPP@FQOS group) (ZnPP
dose: 3.862 mg/kg, Que dose: 5 mg/kg). The in vivo fluorescence ima-
ges were recorded at O, 3, 6, 12, 24, and 36 h post-injection via an
in vivo imaging system (IVIS Lumina XRMS Series I, PerkinElmer,
USA). At 36 h post-injection, mice were sacrificed, and the heart, liver,
spleen, lung, kidney and tumor were collected and processed for
ex vivo imaging. The tumor tissues were sectioned and further used for
immunofluorescence analysis.

In vivo photodynamic therapy and immune response

Fibroblast-rich KP tumor C57BL/6 mice (female, 6-week-old) model
was established as described above. Mice were randomly divided into
6 groups of 5 mice each: 1. Control; 2. ZnPP@FOS; 3. ZnPP@FOS
+Laser; 4. FQOS; 5. ZnPP@FQOS; 6. ZnPP@FQOS+Laser (ZnPP dose:
3.862 mg/kg, Que dose: 5 mg/kg). Treatments were initiated when the
average tumor size reached approximately 50 mm?. Mice were intra-
venously injected with different treatments at day 0,3,6, and 9 and the
laser was performed (660 nm, 300 mW cm? and 5min) at 8h after
intravenous injection in group 3 and group 6. The tumor sizes and
body weights were monitored every 3 days. After 18 days, mice were
sacrificed and the tumors and major organs were collected for histo-
pathological section analysis, western blotting, immunofluorescence
and IHC analysis. Meanwhile, the spleen was excised and prepared for
single-cell suspension, followed by CD11¢/80/86 staining for analyzing
DC maturation by flow cytometry. The tumor tissues and tumor-
draining lymph nodes were also dissected and prepared for single-cell
suspension for flow cytometry to analyze CD3*, CD4" and CD8" T cells,

Treg cells, CAFs and FAP'CAFs. The whole blood was collected to
isolate serum for ELISA analysis of IFN-y and TNF-a.

In vivo ROS generation

Fibroblast-rich KP tumor-bearing C57BL/6 mice (female, 6-week-old)
were randomly divided into the above six groups. When the tumors
reached a mean group size of approximately 250 mm?, the mice were
intravenously injected with different treatments (ZnPP dose: 3.862 mg/
kg, Que dose: 5mg/kg) and the laser was performed (660 nm,
300 mW cm? and 5min) at 8 h after intravenous injection in group 3
and group 6. Mice were sacrificed 24 h after irradiation, and their
tumor tissues were dissected and immediately frozen in a refrigerator
(=60 °C) for making sections. Then the DCFH-DA assay was used for
ROS staining of tumor tissues.

In vivo photodynamic-immunotherapy

Fibroblast-rich Pan02 bilateral tumor-bearing C57BL/6 mice (female, 6-
week-old) model was established by subcutaneously injecting 3 x 10°
Pan02 and 1x10° TGF-B-activated 3T3 mixed cell suspension on the
back of the both side of the hind legs. Fibroblast-rich Pan02 tumor-
bearing mice at both right (primary tumor) and left (distant tumor)
back of the hind legs were randomly divided into 4 groups: 1. Control;
2. Anti PD-L1; 3. ZnPP@FQOS+Laser; 4. ZnPP@FQOS+Laser+anti PD-L1.
Treatments were initiated when the average size of primary tumor
reached approximately 100 mm?® and tumor-bearing mice were sub-
jected to different treatment over a period of 18 days. After 8 h post-
intravenous injection of different solution on day 0, 3, 6, and 9, the
primary tumors were irradiated by laser (660 nm, 300 mW cm?) for
5 min. The anti PD-L1 (dose: 75 pg/mouse) was intraperitoneally injec-
ted on day 1, 4, 7 and 10. The tumor sizes were monitored every 3 days.
After 18 days, 3 mice in each group were sacrificed and the primary and
distant tumors were removed for immunofluorescence analysis.
Meanwhile, the spleen was excised and prepared for single-cell sus-
pension, followed by CD11¢/80/86 staining for analyzing DC matura-
tion by flow cytometry. The primary and distant tumor tissues were
also dissected and prepared for single-cell suspension for flow cyto-
metry for analyzing CD3*, CD4" and CDS8" T cells, Treg cells. The whole
blood as well as serum was collected for the detection of blood index,
liver & kidney function and ELISA analysis of IFN-y and TNF-a. The
remaining mice were used to observe long-term survival. When the
tumors reached 2000 mm?, the mice were sacrificed according to
appropriate ethical guidelines.

In vivo flow cytometry and analysis

The flow cytometry of the tumor-draining lymph nodes, spleens, and
tumors was operated on the flow cytometer. Tumor-draining lymph
nodes, spleens, and tumors were dissected and cut into small pieces.
Afterwards, tumors were digested with collagenase (Sigma, C5138) and
DNase (Sigma, DN25) for the preparation of single-cell suspension with
filter. Fc receptors were blocked with incubation of CD16 +CD32
antibody at room temperature. Subsequently, LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Invitrogen), CD45-BV605, CD3-FITC, CD8-
Percep-cy5.5, CD4-APC-cy7, CD11c-BV785, CD80-APC, CD86-AF700
antibodies were used to stain the surface markers of lymphocytes,
before FOXP3-PE staining at 4 °C for 30 min with Foxp3 / Transcription
Factor Staining Buffer Set (eBioscience) in terms of the user guides.
Extraction of CAFs from tumor tissue was performed according to the
reference methods*. To isolate CAFs and FAP'CAFs, cells in suspen-
sion were stained with an antibody mixture containing anti-EpCAM-PE,
anti-CD31-APC, anti-CD45.2-FITC, anti-CD29-PE-Cy7 and anti-FAPa-
BV421 for flow cytometry. All purchased antibodies except FAPx
were conjugated with fluorescent dyes. Anti-FAP«a antibody was con-
jugated with fluorescent dye Goat Anti Rabbit IgG H&L (Alexa Fluor
405). The following isotype control antibodies for each CAF marker
were used: iso-anti-CD29 and isoanti-FAPa. Gating included EpCAM;,
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CD45, CD31 to remove epithelial (EpCAM*), hematopoietic (CD45")
and endothelial (CD31")%.

Statistical analysis

Statistical analyses were conducted using OriginPro 2024, Graphpad
Prism 9.5, and IBM SPSS Statistics 27 software. All flow cytometry data
were analyzed on Flowjo V10 software. All mean fluorescence inten-
sities were calculated by ImageJ. The samples/animals were allocated
to experimental groups and processed randomly.

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

Data availability

All data of this study are available in the main manuscript and its
Supplementary Information. Any additional requests for information
can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.
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