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Purpose: Sonodynamic therapy (SDT), with its high tissue penetration and noninvasive advantages, represents an emerging approach 
to eradicating solid tumors. However, the outcomes of SDT are typically hampered by the low oxygen content and immunosuppression 
in the tumor microenvironment (TME). Accordingly, we constructed a cascade nanoplatform to regulate the TME and improve the 
anti-tumor efficiency of SDT.
Methods: In this study, we rationally design cascade nanoplatform by incorporating immunostimulant hyaluronic acid (HA) and 
sonosensitizer chlorin e6 (Ce6) on the polydopamine nanocarrier that is pre-doped with platinum nanozymes (designated Ce6/ 
Pt@PDA-HA, PPCH).
Results: The cascade reactions of PPCH are evidenced by the results that HA exhibits reversing immunosuppressive that converts M2 
macrophages into M1 macrophages in situ, while producing H2O2, and then platinum nanozymes further catalyze the H2O2 to produce O2, 
and O2 produces abundant singlet oxygen (1O2) under the action of Ce6 and low-intensity focused ultrasound (LIFU), resulting in a domino 
effect and further amplifying the efficacy of SDT. Due to its pH responsiveness and mitochondrial targeting, PPCH effectively accumulates 
in tumor cells. Under LIFU irradiation, PPCH effectively reverses immunosuppression, alleviates hypoxia in the TME, enhances reactive 
oxygen species (ROS) generation, and enhances SDT efficacy for eliminating tumor cells in vivo and in vitro. Meanwhile, an in vivo dual- 
modal imaging including fluorescence and photoacoustic imaging achieves precise tumor diagnosis.
Conclusion: This cascade nanoplatform will provide a promising strategy for enhancing SDT eradication against tumors by 
modulating immunosuppression and relieving hypoxia.
Keywords: tumor microenvironment, tumor-associated macrophages, cascade reactions, sonodynamic therapy, tumor hypoxia

Introduction
The tumor microenvironment (TME) supports tumor cell survival and often features hypoxia, weak acidity, and immuno-
suppression (M2 macrophages). These complex characteristics promote the occurrence and development of tumors1 and 
inhibit the efficacy of various treatments (such as chemotherapy, radiotherapy, acoustic therapy, and optical therapy).2,3 One 
such therapy is sonodynamic therapy (SDT), which was developed on the basis of optical therapy and has great potential in the 
field of tumor therapy due to its advantages of noninvasiveness, negligible side effects, and deep tissue penetration.4–6 In SDT, 
a combination of ultrasound, sonosensitizer(s) and molecular oxygen (O2), could produce abundant singlet oxygen (1O2), 
which is a kind of reactive oxygen species (ROS) that can significantly induce cellular toxicity.7,8 Therefore, increasing the O2 

content can promote ROS production and improve SDT efficacy.9 However, intrinsic characteristics of the TME severely 
counteract SDT performance, especially hypoxia and immunosuppression.10–12 In recent years, immunotherapies based on 
SDT have shown encouraging results in the field of tumor immunotherapy.13,14 However, improving the efficacy of SDT 
antitumor therapies by reversing immunosuppression and producing oxygen has not been widely explored.
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Hypoxia is an intractable physiological barrier for SDT and is closely related to tumor mutagenesis and 
angiogenesis.15,16 Additionally, the continued consumption of O2 during the SDT process may further aggravate TME 
hypoxia, which in turn restricts the efficacy of SDT.17–19 To overcome the limitation in the TME, various strategies have 
been reported to alleviate hypoxia. In addition to the use of specific oxygen carriers to deliver O2 to the tumor site, the 
production of oxygen in situ by chemical reactions has shown great potential in alleviating tumor hypoxia.20–22 For 
example, catalytic decomposition of endogenous H2O2 (by enzymes such as catalase [CAT] and nanozymes [Pt, Fe, Mn, 
etc.])23–26 has been used to achieve in situ oxygen supply and improve tumor hypoxia. However, compared with natural 
enzymes, nanozymes have the advantages of simple synthesis protocols, adjustable catalytic activity, high catalytic 
stability, and low cost; thus, nanozymes have been widely used in the medical field. Platinum (Pt), an important transition 
metal element, has excellent catalytic properties, and Pt-based catalase (CAT-like) has attracted wide attention in the field 
of tumor therapy.27 However, the supply of H2O2 in the TME is limited and unsustainable and therefore cannot produce 
sufficient O2 to support effective SDT therapy, and a discontinuous oxygen supply may cause SDT therapy tolerance, 
preventing the therapy from achieving a good effect.28–30 In addition, it is inevitable that the leakage of exogenously 
delivered, packaged H2O2 will cause damage to normal tissues, so generating H2O2 in tumor cells in situ is a better 
choice.

Another critical barrier to SDT therapeutic efficacy is immunosuppression in the TME. In the TME, a mass of 
immunosuppressive cells creates an immunosuppressive microenvironment that prevents tumor cells from being attacked 
by the immune system or external therapeutics, thus reducing antitumor effects.31,32 Therefore, it is of great importance 
to regulate the immunosuppressive microenvironment in order to improve the therapeutic effect of SDT. Previous studies 
have demonstrated that high densities of M2 macrophages are present in the hypoxic regions of tumors and that 
macrophages are the main causes of tumor immunosuppression.33 The main strategies used to regulate the immunosup-
pressive microenvironment involve regulating the physiological characteristics of tumor hypoxia and regulating the 
polarization of macrophages (promoting the polarization of macrophages toward the M1 type).34,35 Tumor-associated 
macrophages (TAMs) are important nonneoplastic immune cells in the TME.36,37 There are two main subtypes of 
macrophages in vivo: classically activated macrophages (M1) and alternatively activated macrophages (M2).38 M1 
macrophages release pro-inflammatory cytokines (such as tumor necrosis factor [TNF], interleukin-6 [IL-6], IL-12, and 
IL-23) and reactive nitrogen and oxygen species (such as NO, H2O2 and superoxide) to produce antitumor effects.39,40 In 
contrast, M2 macrophages release protumor cytokines (IL-4, IL-10, IL-13, growth factors, and so on) in the TME to 
promote tumor progression.41 Therefore, remodeling the macrophage phenotype (M2→M1) can continuously provide 
endogenous H2O2 and reverse immunosuppression. The polysaccharide hyaluronic acid (HA) has been applied exten-
sively in advanced drug and gene delivery systems due to its biocompatibility, biodegradability, tumor-targeting 
specificity (CD44+ receptor), and non-immunogenicity.42,43 In addition, it has been shown that low-molecular-weight 
HA (MW <5 kDa) can induce the conversion of TAMs into M1 macrophages,44 thus guaranteeing continuous 
supplementation of the H2O2 substrate in the hypoxic tumor area. However, the H2O2 cascade triggered by catalase 
properties has been widely developed for cancer therapy,24 while the H2O2 cascade triggered by remodeling macrophage 
phenotypes in TME to achieve effective cancer therapy has not been widely explored.

We herein report a cascade nanoplatform that incorporates the immunostimulant HA and the sonosensitizer chlorin e6 
(Ce6) on a polydopamine nanocarrier that is predoped with platinum (Pt) nanozymes (designated Ce6/Pt@PDA-HA, 
PPCH) and can achieve efficient cancer therapy. During the sequential reaction, HA converts M2 macrophages into M1 
macrophages in situ, reverses immunosuppression and produces H2O2 at the same time, achieving endogenous H2O2 self- 
replenishment. Then, Pt nanozymes act as CAT-like catalysts to decompose endogenous H2O2 and generate O2, 
alleviating TME hypoxia. O2 produces 1O2 under the action of Ce6 and LIFU, and ROS levels are amplified. 
Simultaneously, pH-responsiveness and mitochondrial targeting orient PPCH into the tumor tissue mitochondria, further 
ensuring the efficacy of SDT. This nanoplatform not only reverses immunosuppression but also relieves hypoxia and 
increases ROS production, which fundamentally ensures the efficacy of SDT. Thus, this nanoplatform is expected to 
serve as an effective strategy for tumor therapy.
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Materials and Methods
Materials
Dopamine hydrochloride, 1,3-diphenyl isobenzofuran (DPBF), N-hydroxysuccinimide (NHS), and 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDC) were purchased from Aladdin. Chloroplatinic acid hydrate (H2PtCl6·6H2O) 
and chlorin e6 (Ce6) were purchased from Sigma‒Aldrich. Sodium hyaluronate (HA, MW = 4.8 kDa) was purchased from 
Bloomage Freda Biopharm Co., Ltd. 4′,6-Diamidino-2-phenylindole (DAPI), MitoTracker Green and 2.7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) were purchased from Beyotime Biotechnology. SH-PEG2000-NH2 was purchased from 
Xi’an Ruixi Biotechnology Co., Ltd. Calcein AM/PI and cell counting kit-8 (CCK-8) were purchased from Dojindo Molecular 
Technology. Recombinant murine IL-4 was obtained from PeproTech Co., Ltd. Lipopolysaccharide (LPS) was purchased 
from Solarbio Life Sciences. Mice Anti-CD86/PE and mice Anti-CD206/FITC antibodies were purchased from BioLegend 
Co., Ltd. The cells used in the experiment were purchased from the Chinese Academy of Sciences Cell Bank. All reagents 
used in the experiments were analytical grade and used directly without treatment.

Characterization
Transmission electron microscopy (TEM) images were obtained with a JEM-2100F transmission electron microscope, 
and element mapping analysis was performed on an X-MaxN 80T. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a Thermo VG Scientific ESCALAB 250 spectrometer. X-ray diffraction (XRD) was 
measured on a Rigaku D/MAX-2550 diffractometer. Fourier transform infrared (FTIR) spectroscopy images were 
recorded using a Bruker VERTEX 80v spectrometer. UV‒Vis absorption spectra were obtained on an ultraviolet‒visible 
spectrophotometer (Shimadzu, UV2450u). The size of the nanoplatform was measured by a ZS90 Zetasizer. The catalytic 
efficiency of oxygen production was assessed with an oxygen probe (Multi 3510 IDS portable dissolved oxygen meter). 
Flow cytometry analysis was performed with a flow cytometry (BD FACSCalibur). Confocal laser scanning microscope 
(CLSM) was performed by a cell fluorescence analysis (Olympus FV1000).

Synthesis of PDA
Polydopamine (PDA) was synthesized by improving upon a method previously reported.45 Briefly, 3 mL of aqueous 
ammonia solution (28–30%) was added to a mix of 90 mL of water and 40 mL of ethanol at room temperature under 
gentle magnetic stirring. Dopamine hydrochloride (500 mg) in water (10 mL) was then added dropwise to the above 
solution. The reaction was allowed to proceed for 4 h until the color of the solution changed to dark brown. Finally, the 
products were obtained by centrifugation and washed with deionized water. The concentration of PDA was determined 
by weighing after lyophilization.

Synthesis of Pt@PDA (PP)
The prepared PDA (10 mg) was resuspended in 10 mL of ethylene glycol. Chloroplatinic acid hydrate (1 mL, 18.59 mM) 
was added, and the mixture was sonicated for 10 min. Then, the solution was transferred to a Teflon-lined stainless-steel 
autoclave and incubated at 100 °C for 10 h, and the products were collected by centrifugation and placed in a vacuum 
drying oven at 60 °C overnight.

Synthesis of HA-PEG-SH
HA (50 mg), EDC (346 mg) and NHS (206 mg) were mixed in deionized water (10 mL) and activated for 2 h. NH2-PEG- 
SH (50 mg) in water (10 mL) was then added to the above solution in a dropwise manner. After continuous stirring for 24 
h, HA-PEG-SH was dialyzed against ultrapure water for 24 h and lyophilized.

Synthesis of Ce6/Pt@PDA-HA (PPCH)
First, polydopamine loaded with the platinum nanozyme (Pt@PDA, PP) was synthesized. Then, Ce6 (2 mL, 2 mg∙mL−1, 
dissolved in DMSO) was mixed with the PP solution (2 mL, 1 mg∙mL−1) and stirred for 24 h to obtain Ce6/Pt@PDA 
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(PPC). Then, HA-PEG-SH was added to the mixed solution, which was stirred for another 2 h. The resulting mixed 
solution was washed with deionized water (8000 rpm, 10 min) and lyophilized to obtain the PPCH.

Hemolysis Assay
The hemocompatibility of the PPCH was evaluated with a hemolysis assay. Red blood cells (RBCs) were obtained by washing 
fresh blood with PBS three times (3500 rpm, 5 min). To purify the RBCs, the supernatant was discarded, and the RBCs were 
diluted with PBS to obtain a 2% (V/V) suspension. Different concentrations of PPCH were constant volume in 0.8 mL PBS 
and then adding 0.2 mL 2% RBC solution. PBS and deionized water were used as negative and positive controls, respectively. 
After incubation at 37 °C for 4 h, each mixture was centrifuged, 100 µL of each supernatant was added to 96-well plates, and 
the absorbance of each well was measured at 540 nm. Hemolysis rate (%) = (ODtest-ODnegative control)/(ODpositive control- 
ODnegative control) × 100%.

The Drug Loading and Drug Release of PPCH
To determine the drug loading of PPCH, the PP (2 mg) and SH-PEG-HA (2 mg) were mixed with different concentra-
tions of Ce6 (dissolved in DMSO). After 24 h, the PPCH was washed with deionized water, and the supernatant was 
collected to measure its absorption at 400 nm. The encapsulation efficiency of Ce6 in the PPCH was calculated as 
follows: (input quantity of Ce6 – quantity of Ce6 in the supernatant)/input quantity of Ce6 × 100%.

To measure the release of Ce6 from the PPCH at different pH values, PPCH (0.5 mg) was dispersed in PBS at pH 7.4, 
6.5, and 5.5 (5 mL) and kept at room temperature for 7 h. Solution samples were collected and centrifuged at different 
time points, and the absorbance of Ce6 in the supernatant was measured at 400 nm. Then, the supernatant was remixed 
with the precipitating solution and placed back into the original solution.

Reactive Oxygen Species Production
Singlet oxygen sensor green (SOSG), which is a 1O2 indicator, was used to evaluate SDT efficacy of PPCH. Briefly, 2 mL 
solutions (PPCH at different concentrations and SOSG [1 μM]) were added into the wells of a 6-well plate and irradiated 
by LIFU (1.0 W∙cm−2, 3 min) at designated time intervals. The absorption spectra were determined by fluorescence 
spectrophotometry. The yield of 1O2 produced by PPCH was also quantitatively analyzed with DPBF. The absorption of 
the DPBF and PPCH mixed solution was measured at 410 nm every 30s. DPBF + H2O2 (1 mM) and DPBF + PPCH were 
used as controls. Remaining DPBF = (absorption of the initial mixture – absorption value after low-intensity focused 
ultrasound (LIFU))/absorption of the initial mixture × 100%.

Catalytic Decomposition of H2O2 by PPCH
The oxygen evolution over time by the samples was recorded with a portable dissolved oxygen meter. In detail, PPCH 
solution (final concentration: 100 μg∙mL−1) was added to 10 mL of PBS at various pH values (5.5, 6.5, and 7.4), followed 
by the addition of H2O2. O2 generation was monitored at different times during the reaction.

To detect intracellular oxygen production, 4T1 cells were cultured overnight in confocal culture dishes, and a cultural 
medium containing PDA-HA (PH) or Pt@PDA-HA (PPH) was added for 2 h of incubation. Then, [Ru(dpp)3]Cl2 was used to 
detect intracellular anoxia. After 30 min, the cells were washed with PBS and observed by confocal laser scanning microscope 
(CLSM).

Tumor-Associated Macrophage Polarization
RAW264.7 cells were incubated in DMEM containing 1000 ng∙mL−1 LPS for 48 h to generate M1 macrophages, which 
were then treated with 40 ng∙mL−1 IL-4 for 24 h to obtain M2 macrophages. Then, typical markers of the M1 and M2 
phenotypes, CD86/PE (dilution 1:200) and CD206/FITC (dilution 1:100), were used to stain M1 and M2 macrophages. 
Flow cytometry was performed to assess the M1 and M2 ratio.

To investigate the internalization of PPCH by M2 macrophages, RAW264.7 cells pretreated with IL-4 were incubated 
with PPCH for 1, 2, and 3 h. After three washes with PBS, the cells were fixed with 4% paraformaldehyde and stained 
with DAPI (5 μg∙mL−1) for 10 min. CLSM was used to record the results. In addition, to quantitatively determine the 
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internalization of PPCH, after treatment with PPCH for 1, 2, and 3 h, the cells were washed with PBS and collected for 
flow cytometry detection.

Furthermore, to investigate whether PPCH could polarize M2 macrophages into M1 macrophages, M2 macrophages 
were incubated with PPC or PPCH for 2 h. Next, the cells were washed with PBS and incubated with dye for both CD86/ 
PE and CD206/FITC for 30 min. Finally, the ratio of M1 and M2 was analyzed by flow cytometry.

Measurement of H2O2 production by M1 macrophages. The amount of H2O2 produced by macrophages was 
measured using a hydrogen peroxide assay kit. M2 macrophages were incubated with PPC or PPCH for 2 h. Cells 
were collected and adjusted to the same density and lysed. The supernatant was then added to the detection reagent, and 
the absorbance was measured with the enzyme label instrument. The H2O2 production in each group was calculated 
according to the standard curve.

In vitro Cellular Uptake
The cellular internalization by 4T1 cells was evaluated by flow cytometry. Briefly, cells were incubated with PPCH 
(concentration: 50 μg∙mL−1) at 37 °C for various lengths of time. The final quantitative measurements were conducted by 
flow cytometry.

In vitro Subcellular Localization
4T1 cells were seeded in confocal dishes and cultured overnight. Medium containing PPCH was added to confocal 
dishes, and the cells were incubated for 2 h. Next, the cells were washed with PBS three times and stained with DAPI (10 
min) and Mito-Tracker Green (30 min). Finally, the cells were observed by CLSM.

In vitro ROS Detection
The ROS levels in cells were detected by DCFH-DA. Briefly, 4T1 cells were seeded in confocal dishes and cultured 
overnight. Ce6@PDA (PC), PPC, and PPCH were incubated with the cells in the dark for 2 h, and then the cells were 
cultured with DCFH-DA for 30 min. Afterward, the cells in the LIFU groups were irradiated (1.0 W∙cm−2) for 3 min. 
After the medium was removed, the cells were washed 3 times with PBS and stained with DAPI (5 μg∙mL−1) for 10 min. 
Fluorescence imaging of the cells was performed by CLSM, and flow cytometry was also utilized to quantify the 
production of ROS.

In vitro Cytotoxicity Assay
To investigate the in vitro safety of the PPCH, cells were cultured in 96-well plates and incubated overnight. Thereafter, gradient 
concentrations of PC, PPC, and PPCH (10, 25, 50, 100, and 200 μg∙mL−1) were added to each well for 2 h of incubation. After 2 h, 
the medium was replaced with complete medium, and five parallel samples were set up in each group. After incubation for another 
24 h, the culture medium was removed, and the CCK-8 assay was applied to measure cell viability.

In vitro Synergistic Therapeutic Effects
Preparation of different conditioned media: RAW264.7 cells were incubated with IL-4 for 24 h, and then the old medium 
was replaced with fresh medium containing 50 μg∙mL−1 PPCH. After incubation for 2 h, the medium was collected as 
conditioned medium. Additionally, untreated M1 medium was defined as M1 conditioned medium, and untreated M2 
medium was defined as M2 conditioned medium.

4T1 cells were treated with PC, PPC, and PPCH at different concentrations (10, 25, 50, 100, and 200 μg∙mL−1) for 2 h, and 
then the cells were subjected to LIFU irradiation. Cell survival rates were calculated after continuous culture for 24 h. In addition, 
the toxicity of PPCH-conditioned medium (PPCH+M2) to 4T1 cells was also evaluated by the CCK-8 method. To determine the 
pH-responsive therapeutic effect, 4T1 cells were cultured in PPCH condition media (PPCH+M2) at pH 6.5 for 2 h.

To observe the cell killing effect, calcein-AM/PI staining kits were used. Cells were cultured in 6-well plates and 
incubated overnight. After treatment with PC, PPC, or PPCH for 2 h, the cells were washed with PBS three times and 
subjected to LIFU (1.0 W∙cm−2, 3 min). The cells were then cultured with calcein-AM and PI in buffer solutions for 15 
min at 37 °C. Fluorescence images were obtained using a fluorescence microscope.
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In vivo Safety Evaluation
Female BALB/c mice were randomly divided into four groups, and the mice in three of the groups were injected with 
PPCH (5 mg∙mL−1) via the tail vein once every 3 d. The mice in the other group were injected with the same amount of 
saline as the control group. Blood was collected after 5, 15, and 30 d before the mice were sacrificed. Blood biochemical 
analysis was performed, and the major organs (heart, liver, spleen, lungs, and kidneys) were collected for hematoxylin– 
eosin (HE) staining.

In vivo Fluorescence (FL) and Photoacoustic (PA) Imaging
4T1 cancer cells (1×106) were subcutaneously inoculated into BALB/c mice (female, 4 weeks) to establish a tumor 
model. PPCH was intravenously injected into the tumor-bearing mice. In vivo fluorescence imaging was performed at 
different time points (0, 1, 2, 4, 8, and 24 h). After being sacrificed at 24 h point, the organs and tumors were collected.

To further evaluate PPCH accumulation inside tumors, PPCH was intravenously injected into mice. Then, images 
were acquired at several time points (0, 1, 2, 4, 8, and 24 h). The relative PA signal intensities were analyzed by VEVO 
LAZR-X PA imaging software.

Reprogramming of the TME
To determine the effect of PPCH on TME reprogramming, tumors were collected at 3 d after various treatments were 
administered. M1 and M2 macrophages in tumors after various treatments were analyzed by immunofluorescence and 
flow cytometry according to standard protocols. For flow cytometry analysis, the cells were stained with anti-CD11b- 
APC, anti-F4/80-FITC, and anti-CD86/CD206-PE. For immunofluorescence analysis, anti-CD86-PE and anti-CD206- 
FITC were used to determine the distribution of M1 and M2 macrophages in tumor tissues, respectively.

In vivo Synergistic Therapeutic Effect Evaluation
When the tumor volumes reached 100 mm3, 4T1 tumor-bearing mice were randomly divided into six groups, and five parallel 
samples were set for each group: (I) saline, (II) LIFU, (III) PPCH, (IV) PC + LIFU, (V) PPC + LIFU, and (VI) PPCH + LIFU. 
For 4 hours, the different probes (5 mg∙mL−1) were intravenously injected into the mice, LIFU (1 W∙cm−2, 5 min) was applied 
to the appropriate experimental groups. After treatment, the solid tumor from one mouse in each group was dissected for HE 
and TUNEL staining. The solid tumor was also used for anti-CD31 antibody and hypoxic immunohistochemical staining. 
Mouse body weight and tumor volume were recorded every 3 days. All animal experiments were approved by the Animal 
Experimental Ethics Committee of Changchun Wish Detection Technology Service Co., Ltd.

Statistical Analysis
Experimental data are expressed in this manuscript as the mean ± SD. Comparisons between different groups were 
analyzed by two-tailed Student’s t test. Values of *p < 0.05, **p < 0.01 and ***p < 0.001 were considered to indicate 
statistical significance.

Results and Discussion
Synthesis and Characterization of PPCH
The preparation process for the PPCH nanocomposite is shown in Scheme 1. First, PDA was formed by the self- 
polymerization of dopamine hydrochloride. The surface of PDA contains a catecholic structure, reactive double bonds, 
and abundant π electron clouds. PDA with a uniform particle size was obtained by adjusting the proportion of ammonia 
water (Figure S1). Since PDA can serve as an anchor for the resultant metal (0), chloroplatinic acid hydrate was 
subsequently reduced in situ via a polyol-assisted reduction strategy to obtain Pt@PDA (PP).46 Furthermore, the structure 
of PP was analyzed by X-ray diffraction (XRD), and the XRD results showed that the characteristic diffraction peaks of 
PP (111), (200), (220), and (311) coincided with the reported peaks of Pt nanozymes (Figure 1C), indicating the 
successful loading of Pt nanozymes. The sonosensitizer Ce6 was coloaded on the surface of Pt@PDA via π–π stacking 
and electrostatic interactions. Reportedly, HA is an immunostimulant and has immunotoxicological effects on 
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macrophages. In particular, HA (MW <5 kDa) can activate the polarization of M2 macrophages to M1 macrophages. 
Herein, to enhance the biocompatibility and stability of Ce6/Pt@PDA (PPC) and their ability to regulate TME 
immunosuppression, the surface of HA-PEG-SH was modified by metal coordination and a Michael addition reaction 
to obtain the final cascade nanoplatform (Ce6/Pt@PDA-HA, PPCH). The transmission electron microscopy (TEM) 
results showed that the PPCH exhibited a well-defined spherical morphology, uniform dispersion, and homogeneous 
particle size distribution (Figure 1A), and elemental mapping revealed that Pt, C, N, and O were distributed on the 
surface of the probe (Figure 1B). Dynamic light scattering (DLS) measurements demonstrated that the PP, PPC, and 
PPCH were well dispersed, with average hydrodynamic diameters of 108.87±9.65 nm, 122.26±12.45 nm, and 159.87 
±14.45 nm, respectively (Figure 1D). The average zeta potentials were −8.86±0.19 mV, −20.15±0.07 mV, and −14.35 
±0.78 mV, respectively (Figure S2. Notably, these negative zeta potentials prevented agglomeration and ensured that 
PPCH created a uniform suspension in solution. In addition, X-ray photoelectron spectroscopy (XPS) analysis confirmed 
that the feature peaks of the PPCH coincided with those of Pt alone (Figure S3). The result of Pt 4f peak revealed that Pt0 

was dominant in PPCH. These results proved that PDA had been successfully loaded with Pt. The Fourier transform 
infrared (FTIR) spectroscopy results confirmed the successful synthesis of HA-PEG-SH and PPCH through the amide 
bond, as the spectrum contained a C=O stretching vibration peak at 1718 cm−1 as well as a band from N–H bending at 
1521 cm−1, which indicated that an amidation reaction successfully linked the carboxyl group of HA with the amino 
group of NH2-PEG-SH for loading onto the PPCH (Figure 1E).

Next, to study whether the PPCH displayed pH-responsive decomposition behavior, the probe was dispersed in 
phosphate buffer (PBS) at pH 7.4, 6.5, and 5.5 for 5 h. As shown by scanning electron microscopy (SEM), the PPCH 
remained intact at pH 7.4, while varying degrees of degradation were observed under acidic conditions (Figure S4). The 
disintegration of the PPCH increased with decreasing pH, indicating that the PPCH could achieve pH-responsive 
degradation in the acidic TME (pH ~6.5).47,48 Regarding the mechanism of biodegradation, previous reports49,50 noted 

Scheme 1 Schematic illustration of PPCH synthesis and tumor therapy.
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that when the pH value of the solution decreased from 8.5 to 5, the thickness of the deposited polydopamine film 
gradually decreased, indicating that the π–π stacking and hydrogen bonding interactions between the drug and poly-
dopamine were pH-sensitive. With the decrease in pH, which comes with an increase in the number of hydrogen atoms 
(protons), the chemical equilibrium shifts toward product degradation. Moreover, the pH-responsive biodegradability of 
PDA has been observed in previous studies.51–53 Based on their pH-response characteristics, the capability of PPCH to 
act as a pH-responsive drug carrier was further investigated. As shown in the UV‒Vis absorption spectrum, the specific 
absorption peaks of Ce6 at 400 and 660 nm were observed in the absorption spectrum of the PPCH (Figure 2A). 
According to the standard curve of Ce6 (Figure S5), the Ce6 loading content also changed as the drug to carrier feeding 
ratio changed. At a feed ratio of Ce6 to Pt@PDA of 2:1, the encapsulation rate and drug loading of Ce6 reached the 
rather high levels of 64.33±0.52% and 42.90±0.36%, respectively (Figure 2B). It was manifested that the probe 
successfully loaded Ce6 and ensure implementation of SDT.

The release behavior of Ce6 from the PPCH was then studied in solutions at different pH values. The Ce6 release rate 
in acidic solutions increased significantly as the pH decreased compared to that at pH 7.4 (Figure 2C), owing to the pH- 
responsive decomposition of the PPCH. It was found that more Ce6 could be released in acidic PBS (pH 5.5) (Figure S6). 
Approximately 58% of the loaded Ce6 was released from the PPCH after incubation at pH 5.5 for 7 h, which was much 
higher than its release at pH 6.5 and 7.4. Consequently, the pH-responsive PPCH could be used to release drugs in the 
acidic TME to enhance SDT.

Figure 1 (A) Transmission electron microscopy (TEM) and magnification of PPCH. (B) Elemental mapping for PPCH. (C) XRD pattern of PPCH. (D) Size distribution of PP, 
PPC and PPCH. (E) FTIR spectra of HA, HA-PEG and PPCH.
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The H2O2 content in tumor tissues is generally high. Moreover, it was previously reported that Pt nanozymes present 
significant catalase-like activity to induce the decomposition of H2O2 into O2. Therefore, to test whether PPCH possesses 
catalase-like activity and can decompose H2O2 into H2O and O2 (Figure 2D), a dissolved oxygen meter was used to 
monitor the generation of O2 in different solutions. The dissolved O2 level was stable in the blank H2O2 solution, while 
obvious oxygen bubbles were observed in the PPH + H2O2 and PPCH + H2O2 solutions (Figure 2E). In addition, 
Figure 2F illustrates that PPCH catalyzed the generation of O2 in a H2O2 concentration-dependent manner, and higher 
dissolved O2 levels were obtained with increasing H2O2 concentration. Moreover, oxygen production by the PPCH at 
different pH values was also measured. The PPCH displayed the highest catalase-like activity under neutral conditions 
(Figure S7). Nevertheless, the PPCH also exhibited obvious catalase-like activity in pH 6.5 PBS, indicating that the 
PPCH could accelerate the decomposition of H2O2 into O2 in the acidic tumor microenvironment and thus overcome 
tumor hypoxia. The above results confirmed that PPCH could catalyze the decomposition of H2O2. To ensure that the 
oxygen supply would increase ROS generation, the ability of the PPCH to produce 1O2 after low-intensity focused 
ultrasound (LIFU) irradiation was further examined with the 1O2 reagent Singlet oxygen sensor green (SOSG) and 
1.3-diphenylisobenzofuran (DPBF). In the experiment, the signal intensity of SOSG at 530 nm, which indicated the 1O2 

production ability of PPCH, gradually increased with prolonged irradiation duration (Figure S8). At the same irradiation 

Figure 2 (A) Ultraviolet–visible absorption spectra of Ce6, PP and PPCH. (B) Loading efficacy and entrapment efficacy of Ce6. (C) Ce6 controlled release curves of PPCH 
triggered by different pH values. (D) Schematic presentation of the CAT-like activity of PPCH. (E) Oxygen concentrations in the solutions of different groups. Insert: optical 
images of oxygen bubbles. (F) Changes in dissolved oxygen concentration after PPCH reacted with different concentrations of H2O2. (G) Ultraviolet–visible absorption 
spectra of DPBF and PPCH mixed solution with LIFU time. (H) ROS production by PPCH under different conditions. (I) Changes in the hydrated particle size and PDI of 
PPCH.
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duration, the absorption peak of SOSG increased with increasing PPCH concentration (Figure S9). Similarly, the 
absorption peak intensity of DPBF at 410 nm decreased with increasing time of LIFU treatment (Figure 2G) and 
PPCH concentration (Figure S10) because the furan ring in DPBF was destroyed by 1O2 and the DPBF was continuously 
consumed. Moreover, the changes of DPBF at 410 nm absorption under different treatment conditions showed that, the 
loss of DPBF absorption in PPCH group mixed with H2O2 after LIFU treatment was significantly higher than those in 
other control groups (Figure 2H), indicating that PPCH could trigger H2O2 decomposition into O2, and more 1O2 was 
produced after LIFU, and to enhance the SDT effect. Moreover, 1O2 production by the PPCH at different pH values was 
also tested. The results showed that with decreasing pH, the consumption of DPBF increased (Figure S11), indicating that 
the PPCH could effectively produce 1O2 in the acidic tumor microenvironment to ensure the efficiency of SDT. Based on 
the above experiment, PPCH could be used to alleviate hypoxia in the TME and enhance ROS levels during the SDT 
process.

The stability and biocompatibility of the PPCH were also evaluated. After soaking in ultrapure water for 1 week, the 
PPCH remained stable with a good polydispersity index (PDI) and without an apparent change in size (Figure 2I). The 
results of the hemolysis assay showed that the hemolysis rate was remained lower than 5% as the concentration of the 
PPCH increased gradually, which meets the material safety requirements54 and is within the acceptable range for 
intravenous administration, and could therefore be used in subsequent experiments (Figure S12).

In vitro Experiment with PPCH
Low molecular weight HA has immune toxicological effects, which can activate macrophages and remodel M2 macrophages 
to M1 macrophages.55,56 Therefore, we investigated whether PPCH had a macrophage reprogramming effect. First, to 
determine whether PPCH could be internalized by M2 macrophages, RAW264.7 cells were pretreated to generate M2 
macrophages, and internalization of the PPCH was identified by CLSM and flow cytometry (Figure 3A and B). We observed 
a time-dependent increase in intracellular fluorescence intensity, indicating that the PPCH was easily endocytosed by M2 
macrophages, which benefited the polarization of TAMs from M2 to M1 phenotype. Next, we examined whether PPCH would 
have an immunological effect on macrophage polarization after entering M2 macrophages and performed further exploration. 
First, we induced RAW264.7 cells into M2 macrophages with 40 ng∙mL−1 IL-4 for 24 h and incubated these macrophages with 
PPC and PPCH for 2 h. Then, a CD206/FITC antibody was used to identify M2 macrophages, and a CD86/PE antibody was 
chosen as a typical marker for M1 macrophages. Quantitative flow cytometry analysis (Figure 3C) revealed that ~75.0% of the 
macrophages had been successfully induced to the M2 phenotype. Next, M2 macrophages were treated with PPC or PPCH, 
and we observed that the expression of CD86 was dramatically upregulated to 77.3% in macrophages treated with PPCH, 
while the expression of CD206 was downregulated to 14.2%, and the PPC displayed only a slight effect on macrophage 
polarization. In addition, to further confirm the regulatory effect of the PPCH on TAMs subtype, the contents of cytokines 
relevant to M1 and M2 macrophages were determined using ELISA kits. As shown in Figure 3D and E, after incubation with 
PPCH for 2 h, the secretion of IL-12, the typical cytokine of M1 macrophages, increased significantly, while the concentration 
of IL-10, a typical cytokine secreted by M2 macrophages, notably decreased. Meanwhile, studies have shown that M1 
macrophages can release reactive nitrogen and oxygen species, such as NO, H2O2 and superoxide. Therefore, the generation of 
H2O2 in the TME was evaluated by a hydrogen peroxide assay kit, and the data in Figure 3F indicate a significantly increased 
H2O2 concentration in the M1 and PPCH+M2 groups compared to the M2 and PPC+M2 groups. All of the above results 
indicate that PPCH can effectively polarize M2 macrophages to the M1 phenotype and produce H2O2, thus achieving 
endogenous H2O2 self-replenishment.

To evaluate the tumor cell killing cascade between Pt nanozymes and HA, the ability of PPCH to alleviate 
intracellular hypoxia was evaluated. Cells were treated with anaerobic bags to simulate the hypoxic environment of 
solid tumors. [Ru(dpp)3]Cl2, an indicator of intracellular O2 levels, was used to detect intracellular hypoxia, and its red 
fluorescence was enhanced with decreasing O2 levels. The results showed that there was no significant change in 
intracellular fluorescence after incubation with Pt-free PH and PH+M2 for 2 h (Figure 3G). Interestingly, compared with 
the control and Pt-free groups, the intracellular fluorescence decreased significantly in the groups treated with Pt, and the 
fluorescence intensity in the PPH+M2 group was lower than that in the PPH group. These findings indicated that PPH 
+M2 successfully induced the H2O2 cascade reaction, achieved endogenous H2O2 self-replenishment, and sustainably 
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Figure 3 (A) Confocal microscopy images of M2 macrophages incubated with PPCH. (B) Flow cytometry results of M2 macrophages treated with PPCH. (C) Flow 
cytometric results of the expression of CD86 (M1 macrophages) and CD206 (M2 macrophages) after treatment with different formulations. (D) Levels of IL-12 released by 
macrophages before and after regulation of the polarization of M2 macrophages toward M1 macrophages in the different groups. (E) Levels of IL-10 secreted by 
macrophages in the different treatment groups. (F) Quantitative determination of H2O2 production in the different groups. (G) Intracellular hypoxia imaging using 
[Ru(dpp)3]Cl2 as an indicator. (H) Flow cytometric and (I) CLSM images of intracellular ROS in 4T1 cells in the different groups.
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produced O2 in the presence of Pt nanozymes, alleviating intracellular hypoxia. Then, the ability of the PPCH to enhance 
ROS production was examined. Since ROS is required for killing tumor cells, the ROS levels were evaluated to assess 
the effect of SDT. Intracellular ROS was detected using 2.7-dichlorodihydrofluorescein diacetate (DCFH-DA). DCFH- 
DA itself is not fluorescent but can be hydrolyzed into DCFH via intracellular esterase. DCFH molecules can then be 
oxidized to DCF by ROS to emit green fluorescence, and its green fluorescence can be strengthened with the increase of 
ROS in cell. The results here show that there was almost no green fluorescence in the cells of the PPCH group without 
LIFU and in the control group with LIFU (Figure 3H), indicating that PPCH and LIFU were nontoxic to cells. As 
expected, the cells treated with different groups and irradiated with LIFU showed green fluorescence, and the bright 
green fluorescence in the PPCH+M2 group was significantly stronger than the fluorescence in the other groups 
(Figure 3I). This was because the sonosensitizer Ce6 can produce ROS under LIFU, and the PPCH+M2 group mimics 
the TME, with a high density of M2 macrophages. In the PPCH+M2 group containing HA, the M2 macrophages were 
remodeling into M1 macrophages to produce endogenous H2O2. Then, in the presence of Pt nanozymes, endogenous 
H2O2 was decomposed into O2. O2 produces 1O2 under the action of Ce6 and LIFU, which amplifies ROS levels. 
However, these effects were not observed in the HA-free and Pt-free groups. These data revealed that PPCH could 
effectively enhance the level of ROS generation in cells, which is extremely beneficial for enhancing the effect of SDT.

The cellular internalization and intracellular localization of the PPCH were important factors to ensure anti-tumor 
therapy of SDT. Studies43 have shown that HA targets CD44, and we therefore studied the internalization of the PPCH 
targeting 4T1 cells, which highly express CD44. The internalization of PPCH into 4T1 cells was investigated at different 
time points. The cellular uptake results determined by flow cytometry are shown in Figure S13. The flow cytometry 
results showed that the cell uptake efficiency in the PPC group was 29.7%, 54.2%, and 58.8% at 1 h, 2 h, and 3 h, 
respectively, while in the PPCH group, these values were 52.6%, 92.1%, and 95.8% at 1 h, 2 h, and 3 h, respectively. The 
in vitro targeting effect of the PPCH was proven by their efficient entry into 4T1 cells. Since the cells showed high 
uptake at 2 h, these data implied that SDT should be implemented at 2 h. Previous studies57,58 have shown that Ce6 
targeted mitochondria, so we studied the intracellular localization of PPCH using CLSM. In this experiment, blue 
fluorescence corresponded to nuclei stained with DAPI, red fluorescence corresponded to Ce6, and green fluorescence 
corresponded to mitochondria stained with MitoTracker Green. Merged image clearly showed that the red fluorescence of 
the Ce6-labeled PPCH was highly coincident with the green fluorescence of the Mito-Tracker-labeled mitochondria, and 
the merged fluorescence tended to appear yellow (Figure 4A); notably, there was no overlap with the blue fluorescence of 
the DAPI-labeled nuclei. The overlay with the linear scan analysis results was consistent (Figure 4B). The quantitative 
results showed that the overlap coefficient of PPCH fluorescence was 0.69 ± 0.05. The Pearson’s colocalization 
coefficient (Rr) was also used to determine the colocalization of these two fluorescence signals, which gave a value of 
0.60 ± 0.01 (Figure S14). These results indicated that the concentration of the PPCH was high in the mitochondria of 4T1 
cells, suggesting that the PPCH were mainly located in the mitochondria of 4T1 cells. These results suggested that the 
mitochondria might be one of the main target organs of SDT injury and that they play an important role in SDT antitumor 
therapy. Therefore, PPCH targeting the mitochondria tended to promote the efficacy of SDT.

As nanoplatform for pH-responsive decomposition, the release behavior of PPCH was also investigated under 
simulated acidic TME. As observed by CLSM imaging, the intracellular Ce6 red fluorescence after incubation in pH 
6.5 medium was notably stronger than that of the fluorescence after incubation in neutral medium (Figure 4C). This was 
because the degradation of the PPCH in the acidic environment increased the release of Ce6. This confirmed that the 
PPCH could be used as an acidic TME response nanoplatform. Based on the above observations, the therapeutic 
efficiency of the PPCH was evaluated. First, the cytotoxicity of the PPCH was evaluated by CCK-8 assay. As displayed 
in Figure 4D and Figure S15, there was no obvious toxicity of the PPCH to 4T1 and HUVEC cells without LIFU 
irradiation, even at concentrations up to 200 μg·mL–1 (cell viability >90%). Next, the SDT effects of the PPCH were 
investigated after LIFU irradiation. The toxicity of each group to tumor cells increased evidently after LIFU irradiation, 
and the killing effect was positively correlated with the concentration of PPCH. Cell viability slightly decreased after 
exposure to LIFU alone, and the cell viability in the PPCH plus LIFU irradiation group was lower than that in the other 
groups, which could be attributed to the improved cellular internalization brought about by HA modification. Besides, to 
further evaluate the cytotoxic effect of PPCH on tumor cell with macrophages polarization, M2 macrophages were 
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treated with PPCH to collect relevant condition medium, and the cytotoxicity of 4T1 cells was detected. Meanwhile, 
PPCH + M2 group exhibited the enhanced anti-tumor efficacy with LIFU irradiation. This phenomenon probably 
occurred because PPCH can induce M2 macrophage polarization into M1 macrophages and regulate the immunosup-
pressive microenvironment. At the same time, M1 macrophages can secrete the oxygen species H2O2, and Pt nanozymes 
further decompose H2O2 into O2, overcoming tumor hypoxia. O2 produces 1O2 under the action of Ce6 and LIFU, and 
ROS levels are amplified, improving the antitumor effect of SDT (Figure 4E). Calcein-AM (AM, green fluorescence) and 
propidium iodide (PI, red fluorescence) were further used to co-stain living and dead cells, respectively, to observe the 
effect of H2O2 cascade enhancement of SDT (Figure 4F). It was found that cells treated with LIFU only or PPCH without 

Figure 4 (A) CLSM image and (B) fluorescence intensity image of the subcellular localization of PPCH. (C) CLSM image of 4T1 cells after incubation with PPCH at different 
pH values (7.4 and 6.5) for 2 h. (D) Relative viability of 4T1 cells incubated with PPCH at different concentrations. (E) Relative viability of 4T1 cells treated with various 
treatments after LIFU. (F) Calcein-AM and PI stained fluorescence imaging of 4T1 cells subjected to various treatments after LIFU.
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LIFU exhibited a large area of green fluorescence instead of red fluorescence, displaying their negligible cell killing 
effect. However, some of the cells in the PPCH + LIFU group exhibited apparently strong red fluorescence, and almost 
all of the cells in the PPCH + M2 + LIFU group showed stronger red fluorescence after SDT treatment (most of the cells 
in this group died). This result is consistent with the CCK-8 results. To further study the effect of pH on cell therapy, 4T1 
cells were incubated with PPCH at pH 6.5 for 2 h. Compared with the cells treated with PPCH at pH 7.4, cell death after 
LIFU increased at pH 6.5 (Figure 4E) because the pH-responsive accelerated Ce6 release under slightly acidic 
conditions. Taken together, the findings indicate that PPCH not only reverses immunosuppression but also relieves 
hypoxia and increases ROS production, which fundamentally ensures the efficacy of SDT.

In vivo Biocompatibility of PPCH
Biosafety of nanoplatform was one of the necessary conditions for its application in vivo, so the biosafety of the PPCH 
was evaluated in vivo. Healthy female BALB/c mice were randomly divided into four groups (n = 5). The biosafety of 
the PPCH was analyzed in vivo assay at days 5, 15, and 30 post-injection of PPCH at a concentration of 5 mg∙mL−1, 
which was the therapeutic dose. At the end of the experiment, the blood biochemical indexes were determined, and the 
major organs were observed by HE staining. The results showed that the red blood cell (RBC), white blood cell (WBC), 
platelet (PLT), and hemoglobin (HGB) counts in the experimental mice were not evidently different from those in the 
control group of mice in the short term (5 and 15 d) and the long term (30 d) after PPCH injection (Figure 5A a-d), 
indicating that the PPCH had excellent hemocompatibility. Concomitantly, the damage caused by the PPCH to the liver 
and kidneys of mice was also evaluated. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were 
used as markers of liver function, and blood urea nitrogen (BUN) and creatinine (CR) were used as indicators of kidney 
function. Compared with the control group, there were no significant differences in ALT, AST, BUN, or CR (Figure 5A 
e-h), indicating that the PPCH did not cause damage to the liver or kidneys. The HE staining results also revealed that the 
structures of the heart, liver, spleen, lungs, and kidneys were not obviously damaged, did not show pathological changes, 
and were similar to the control group (Figure 5B). To summarize, PPCH had excellent biocompatibility and could be 
used for in vivo experiments.

In vivo Visual Imaging
Sonosensitizer Ce6 has been widely used in biofluorescence imaging and photoacoustic imaging due to its good near- 
infrared absorption. Next, the enrichment of PPCH in tumors and their distribution in various organs were further 
examined. To optimize the treatment time, PPCH was injected into mice through the tail vein, and then their enrichment 
in the tumor site was monitored by fluorescence imaging. The Ce6 fluorescence signal appeared at the tumor site after 1 
h and peaked at 4 h post-injection (Figure 6A and B), indicating efficient tumor uptake of the PPCH. At 24 h post- 
injection, the ex vivo fluorescence images of the tumors and major organs were analyzed (Figure 6C and D). To further 
validate the tumor imaging performance of the PPCH, the PA signal intensity in the tumor sites was further assessed to 
explore the potential of effectively using PPCH as an in vivo PA contrast agent. After full-spectrum scanning, we found 
that the optimal wavelength of PA imaging of the PPCH was 680 nm (Figure S16). Meanwhile, the PA signals were 
linearly related to the PPCH concentration, indicating that the PA signals of PPCH have the characteristic of concentra-
tion-dependent enhancement (Figure S17). After i.v. injection of PPCH, the photoacoustic signal intensity in tumor sites 
increased over time and peaked at 4 h post injection (Figure 6E and F), displaying the ability of the PPCH to serve as an 
effective PA contrast agent to guide therapy via real-time bioimaging. All of the above results indicate that the PPCH 
exhibited notable dual-modal fluorescence (FL)/PA imaging capacities.

In vivo Antitumor Therapy
Compared with normal tissue, tumor tissue contains a higher content of M2 macrophages, and PPCH can polarize M2 
macrophages to become M1 macrophages to reverse immunosuppression, increase endogenous H2O2 content. After 
various treatments, the tumors were collected on day 3 and analyzed by immunofluorescent staining and flow cytometry. 
As revealed in Figure 7A, the red fluorescence intensity of the M1 macrophages in the PPCH and PPCH+LIFU groups 
were obviously higher than that in the other groups, while the green fluorescence intensity of the M2 macrophages in the 
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PPCH and PPCH+LIFU groups significantly decreased. Moreover, the flow cytometry (Figure 7B) showed that the 
number of M1 macrophages was significantly increased after PPCH administration with LIFU irradiation (22.6%; higher 
than that in the PPCH group (17.2%)). This increase was due to the increase in HA release from the PPCH upon LIFU 
irradiation. Additionally, the PC and PPC groups with LIFU irradiation showed more M1 macrophages than the number 
of M1 macrophages in the control with LIFU irradiation groups (7.56% and 8.57% vs 6.62%) due to ROS generation 
accelerating the formation of M1 macrophages.59 The percentage of M2 macrophages significantly decreased after PPCH 
treatment, which is the opposite result that was obtained for M1 macrophages. All of the above results were consistent 
with the in vitro data and indicated that PPCH with HA could significantly transform M2 macrophages to M1 
macrophages and reverse immunosuppression; these conclusions are similar to the results from previous studies.60 By 

Figure 5 (A) The changes of RBC, WBC, PLT, HGB, ALT, AST, BUN and CR and (B) HE staining sections of mice after injection of PPCH for 5, 15 and 30 d.
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reversing TAM polarization, endogenous H2O2 content is increased, which is expected to undergo decomposition via 
catalysis by the Pt nanozyme in the PPCH to increase the oxygen level in the TME.61

To investigate the ability of PPCH to relieve tumor hypoxia, 4T1 tumor-bearing mice were intravenously injected 
with different PPCHs and irradiated by LIFU 4 h later. The tumors were stripped and stained with hypoxia-inducible 
factor (HIF-1α, green), platelet endothelial cell adhesion molecule-1 (CD31, red), and the nuclear marker DAPI (blue) for 
immunofluorescence imaging 24 h post-injection. The mice in the Pt-free groups showed bright green fluorescence at the 
tumor sites after LIFU, similar to the control group (Figure 7A). However, the green fluorescence of the tumors from 
mice treated with PPCH was distinctly reduced after LIFU. This is because PPCH can achieve endogenous H2O2 self- 
replenishment and a sustainable cascade, continuously transforming M2 macrophages into M1 macrophages, and the 
generated H2O2 is decomposed into O2, thus increasing the oxygen content in the TME. However, in the PPC+LIFU 
experimental group, due to the failure of H2O2 self-replenishment, the tumor site relied on only the H2O2 in the tumor 
area to produce a small amount of oxygen. Therefore, the PPCH could effectively alleviate hypoxia in the TME. To 
further verify that PPCH can relieve tumor hypoxia, PA imaging was used to detect oxygenated hemoglobin in the tumor 
tissue before and after PPCH injection. The hemogram showed that the color of the tumor area tended to be bright after 

Figure 6 (A) FL images and (B) signal values of PPCH at different time points after i.v. injection of PPCH. (C) FL imaging and (D) quantitative analysis of the intensity of tumor 
and major organs 24 h after injection of PPCH. In vivo (E) PA images and (F) PA signal intensities of tumors in 4T1 tumor-bearing mice at different time points after i.v. injection 
of PPCH.
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Figure 7 (A) CD86 (M1/red), CD206 (M2/green), CD31, HIF-1α, TUNEL and HE staining of tumors after various treatments. (B) Representative flow cytometry plots of 
M1/M2 macrophages in tumor tissues after various treatments. (C) Oxyhemoglobin level of tumors injected with PPCH before and after different times.
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PPCH injection 4 h, indicating an increase in the level of oxygenated hemoglobin (Figure 7C and S18). This result 
represents the increase in oxygen in the tumor area after PPCH injection.

Inspired by the aforementioned results, the in vivo therapeutic effect of PPCH on tumors was studied. The therapeutic 
benefits of in vivo were explored in a 4T1 subcutaneous xenograft BALB/c mice model (Figure 8A). 4T1 tumor-bearing 
mice were randomly divided into six groups (n = 5) and treated as follows: (I) control, (II) LIFU, (III) PPCH, (IV) PC + 
LIFU, (V) PPC + LIFU, and (VI) PPCH + LIFU. The mice’s body weights and tumor volumes were measured every 3 
days during the experiment. The results showed that the changes in the body weights of the mice in each experimental 
group and the control group were similar over 18 d (Figure 8B), indicating that the PPCH and other treatments did not 
harm the mice. The tumor volume data showed that LIFU alone and PPCH administration without LIFU could not inhibit 
tumor growth. After LIFU irradiation (PC + LIFU and PPC + LIFU), tumor growth was pronouncedly inhibited, but 
remained relatively rapid (Figure 8C), indicating that the antitumor effect of SDT was limited under hypoxic conditions 
(Figure 8D). In the HA and Pt-assisted SDT group (PPCH + LIFU), the tumor growth rates were further reduced, and the 
inhibitory effects were more obvious than those in the other groups (p < 0.001). This result might be due to the following 
reasons. First, PPCH is a pH-responsive nanoparticle that can accumulate at tumor sites. In addition, PPCH increased the 
number of M1 macrophages through TAM reprogramming, reversed immunosuppression, and produced H2O2 at the 
same time, achieving endogenous H2O2 self-replenishment and a continuous cascade. Much O2 continued to be produced 
under the action of Pt nanozymes, alleviating TME hypoxia and further regulating the immunosuppressive microenvir-
onment. O2 produced 1O2 under the action of Ce6 and LIFU, and ROS levels were amplified, improving the antitumor 
effect of SDT. Finally, since the subcellular localization of PPCH is in mitochondria, PPCH can directly damage 
mitochondria in tumor regions and further amplify the efficacy of SDT. For all of the above reasons, PPCH can 
fundamentally guarantee the efficacy of SDT. Further, HE staining for the major organs of surviving mice was 
performed. The results showed that the organs of mice were intact without pathological changes (Figure S19). 
Therefore, the above results demonstrated that PPCH + LIFU could effectively clear tumors, not only reshaping the 

Figure 8 (A) Schematic illustration of the tumor treatment process in vivo. (B) Body weight changes in the different groups. (C) Tumor volume changes in the different 
groups. (D) Representative photos of tumor tissues dissected from mice after different treatments at day 18. Values of *p < 0.05 and ***p < 0.001.
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TAM phenotype to achieve endogenous H2O2 self-supplementation and a sustainable cascade but also using the weakly 
acidic TME to promote PPCH release and achieve mitochondrial targeting in order to achieve enhanced therapeutic 
efficacy of SDT. TUNEL staining was further used to detect the damage to tumor in mice under different treatments. The 
results showed that there was no obvious damage to the tumors treated with LIFU alone and PPCH without LIFU, but 
a small number of apoptotic cells were observed in tumors treated with PC+LIFU and PPC + LIFU (Figure 7A). 
However, in the PPCH + LIFU group, many apoptotic cells were found, which was consistent with the results of HE 
staining. Collectively, these data demonstrate that endogenous H2O2 self-replenishment and sustainable cascades are 
efficient ROS amplifiers that can effectively improve the efficacy of anti-tumor SDT.

Conclusion
In this study, we developed a biomimetic cascade nanoplatform to optimize sonodynamic therapy by reversing 
immunosuppression and relieving hypoxia. This cascade nanoplatform not only reverses immunosuppression but also 
relieves hypoxia and increases ROS. The nanoplatform PPCH, with excellent pH-stimulus responsibility, mitochondrial 
targeting capacity, and biocompatibility, provided a possibility for further applications. Moreover, PPCH can be used for 
FL/PA dual-modal imaging to achieve precise tumor diagnosis. In summary, this study provides a novel and promising 
therapeutic strategy for improving SDT efficacy.
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