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Abstract: Hypoxia is a critical tumor microenvironment (TME) component. It significantly
impacts tumor growth and metastasis and is known to be a major obstacle for cancer therapy.
Integrating hypoxia modulation with imaging-based monitoring represents a promising
strategy that holds the potential for enhancing tumor theranostics. Herein, a kind of
nanoenzyme Prussian blue (PB) is synthesized as a metal-organic framework (MOF) to load
the second near-infrared (NIR-II) small molecule dye IR1061, which could catalyze hydrogen
peroxide to produce oxygen and provide a photothermal conversion element for
photoacoustic imaging (PAI) and photothermal therapy (PTT). To enhance stability and
biocompatibility, silica was used as a coating for an integrated nanoplatform (SPI). SPI was
found to relieve the hypoxic nature of the TME effectively, thus suppressing tumor cell
migration and downregulating the expression of heat shock protein 70 (HSP70), both of
which led to an amplified NIR-II PTT effect in vitro and in vivo, guided by the NIR-II PAI.
Furthermore, label-free multi-spectral PAI permitted the real-time evaluation of SPI as a
putative tumor treatment. A clinical histological analysis confirmed the amplified treatment
effect. Hence, SPI combined with PAI could offer a new approach for tumor diagnosing,
treating, and monitoring.

1. Introduction

The tumor microenvironment (TME) exhibits dynamic oxygen gradients and is often
characterized by hypoxic regions resulting from oxygen consumption. This phenomenon is
observed in nearly half of all solid tumors[1, 2]. A prolonged hypoxic environment
significantly influences both the genomic and proteomic profiles of tumor cells[3]. Tumor
cells can adapt and survive in hostile environments mediated by hypoxia. However, they are
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also stimulated to grow, invade, and metastasize, which represents a significant obstacle to
cancer therapy[4, 5]. Multiple independent studies have consistently demonstrated that
hypoxia is associated with a poorer prognosis in various types of cancer, such as ovarian,
head and neck, prostate, and pancreatic cancer[6]. Breast cancer, the most prevalent
malignancy among women globally, is frequently associated with the presence of hypoxic
tumors and exhibits a low survival rate[7]. Breast cancer is characterized by aggressive
growth, poor prognosis, high rates of recurrence, and early metastasis, particularly in the
triple-negative breast cancer subtype[8]. Additionally, breast tumors were reported to have a
notable degree of heterogeneity of hypoxia within each subtype[8, 9]. Therefore, modulating
hypoxic TME in breast cancer could be a diagnostic and prognostic evaluation hallmark of
the degree of malignancy and a specific target of tumor treatment.
In recent decades, researchers have made efforts to modulate the hypoxic condition using

various strategies to attain enhanced therapeutic outcomes[4, 10]. For instance, it was
reported that alleviating hypoxia could suppress multidrug resistance 1 gene expression,
which encoded the P-gp protein. As a result, relieving hypoxia can enhance the efficacy of
chemotherapy[11, 12]; facilitate oxygen supply to enhance radiotherapy[13, 14]; promote the
generation of reactive oxygen species (ROS) to elevate the effectiveness of photodynamic
and sonodynamic therapy[15-18]; as well as reduce immunosuppression and intrinsic
resistance of tumor cells to immune system attacks, thus increasing the response rates of
immunotherapy[19, 20]. The researchers noted that relieving tumor hypoxia promoted most
existing tumor therapy modalities.
Photothermal therapy (PTT) is widely recognized as one of the most effective approaches

for cancer treatment, which utilizes a laser to convert near-infrared (NIR) light into thermal
energy and then selectively ablates local tumor cells[21-23]. However, it is essential to note
that the necrosis induced by hyperthermia following PTT can trigger an excessive
inflammatory response and activate tumor self-protection mechanisms, potentially leading to
metastasis and recurrence[24, 25]. Heat shock proteins (HSPs) are critical molecular
chaperones that play a significant role in cellular signal transduction and stress tolerance,
particularly in response to heat stress[26, 27]. When exposed to heat stress, HSPs, particularly
HSP70, are rapidly upregulated to facilitate the repair of thermally denatured proteins, thus
promoting self-protection and contributing to thermoresistance in tumor cells[28, 29].
Leveraging this characteristic, strategies aimed at reducing the elevated expression of HSP70
during PTT hold great promise for enhancing the thermal sensitivity of tumor cells and
promoting cell apoptosis[30, 31]. Hypoxia-inducible factor-1α (HIF-1α), a crucial regulator
in hypoxic conditions, has been reported to be involved in the HSP70-mediated regulation of
cell apoptosis[32, 33]. Therefore, we hypothesized that hypoxia is associated with the
expression level of HSP70 in tumors and thus influences PTT effectiveness.
In this study, a kind of metal-organic framework (MOF), FDA-approved Prussian blue

(PB), was synthesized as a nanoenzyme, mimicking the activities of peroxidase, catalase, and
superoxide dismutase[34, 35]. Additionally, we loaded a second near-infrared (NIR-II) small
molecule dye, IR1061, onto the platform as a photothermal element (Fig. 1). The NIR-II
absorbance of IR1061 produced an efficient high photothermal conversion for PAI, enabled
the evaluation of the in vivo behavior of SPI with high precision and accuracy. It was found
that SPI could relieve the hypoxic TME, thus suppressing tumor cell migration and
amplifying the PTT effect mediated by HSP 70 downregulation in vitro and in vivo[36-38].
PAI enabled the non-invasive in vivo detection of spatially resolved perfusion imaging of SPI
and blood oxygenation within the TME. The proposed therapeutic effect was supported by
histopathology.
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Fig. 1. Schematic illustration of (A) the preparation of SiO2@PB-IR1061 (SPI) and (B) the mechanism by which
relieving hypoxia of the tumor microenvironment amplifies NIR-II photoacoustic (PA) guided PTT.

2. Materials and Methods
2.1 Chemicals and materials

Potassium hexacyanoferrate (K3[Fe(CN)6]), polyvinylpyrrolidone K30 (PVP),
tetraethylorthosilicate (TEOS), and hexadecyl trimethyl ammonium bromide (CTAB) were
obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). IR1061 dye and indocyanine
green (ICG) were bought from Sigma-Aldrich (Darmstadt, Germany). Heat-inactivated fetal
bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were achieved from
Thermo Fisher Scientific Co., Ltd. (Shanghai, China). A luminescent oxygen sensor
([Ru(dpp)3]Cl2) was bought from Mao Kang Biotechnology Co., Ltd. (Shanghai, China).
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), calcein-AM, propidium
iodide (PI), a cell counting kit-8 (CCK-8), and an H2O2 detection kit were bought from
Beyotime Biotechnology (Shanghai, China). The flow cytometry assay kit (Annexin
V-FITC/PI) was provided by Yeasen (Shanghai, China).

2.2 Cell lines and animal model

Mouse breast tumor cell line 4T1, macrophage cell line RAW 264.7, and endothelial cell line
HUVEC were provided by Shanghai Cell Bank, Chinese Academy of Sciences (CAS). They
were cultured in DMEM containing 10% FBS and a 1% penicillin-streptomycin solution in a
humidified incubator with 5% CO2 at 37°C. Female BALB/c mice (4–6 weeks) were
purchased from Baitantong Biotechnology Co., Ltd. (Zhuhai, China). Approximately 1×106
cells (in 50 µL of phosphate-buffered saline, PBS) were injected into the back of BALB/c
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mice for the subcutaneous breast cancer model. The investigators strictly followed the
guidelines outlined in the "Guide for the Care and Use of Animals" issued by the Animal
Care and Use Committee of Shenzhen Institute of Advanced Technology, Chinese Academy
of Sciences (SIATACUC). All animal experiments were performed by the approved protocols
of SIATACUC (SIAT-IACUC-210310-YGS-CJQ-A1784).

2.3 Synthesis and characterization of SiO2@PB-IR1061 (SPI)

Prussian blue (PB) was synthesized according to previous methods with modifications[39].
Briefly, K3[Fe(CN)6] (453.4 mg) and PVP (6 g) were added to 80 mL of deionized water
under magnetic stirring, and then 80 μL of concentrated hydrochloric acid was added.
Afterwards, the mixture was heated at 80°C for 20 h in an oil bath and then was centrifuged
at 11,000 rpm for 10 min. The precipitates were collected and subsequently washed three
times with deionized water. The obtained PB was subjected to vacuum freeze-drying for 24
hours to obtain the final product. Next, the SPI nanoparticles were prepared as follows:
CTAB (0.14 g) was dissolved in a mixture of ethanol (18 mL) and deionized water (3 mL)
under vigorous stirring, producing a reaction media. PB (5 mg) and IR1061 (5 mg) were
dissolved in deionized water (5 mL) and DMSO (5 mL), and then were transferred into the
reaction media with slight stirring at 35 for 1 h. TEOS (300 μL) was added and reacted for 1
h at 35°C. SPI was obtained in precipitates by centrifugation (1100 rpm, 15 min) and several
washes with methanol and deionized water solution, followed by vacuum drying to a powder
for further use.

The morphology of PB and SPI was visualized using a transmission electron microscope
(TEM) (FEI Talos F200X, 200 kV). Additionally, the elemental distribution of SPI was
mapped using the same technique. We measured the size and zeta potential of the
nanoparticle with the Zetasizer Nano-ZS (Malvern Instruments, USA). In order to detect the
UV-vis-NIR spectrum, a UV-3600 spectrophotometer was used (SHIMADZU, Japan). Linear
arrayed PAI system was also used for in vitro imaging studies.

2.4 Detection of oxygen production

PBS, PB (50 μg/mL), and SPI (50 μg/mL) were suspended in a 5% H2O2 solution. An
S4-Field kit dissolved oxygen meter (Mettler, Switzerland) was used to monitor the real-time
oxygen concentration. An H2O2 detection kit was also used to detect the reductive
concentration of H2O2. To further confirm the elevated oxygen concentration, an oxygen
probe ([Ru(dpp)3]Cl2) was used to assess the production of oxygen according to the
manufacturer’s instructions.

2.5 Cell uptake of SPI

To validate the distinct mechanisms of nanoparticle internalization into cells, fluorescence
imaging was employed. SPI was labeled by ICG. Briefly, We added 1 mg of ICG powder to 5
mL of SPI solutions (2 mg/mL) and stirred for 12 hours at room temperature. Dialysis was
then performed for 1 day against deionized water to remove unbound ICG, followed by
centrifugation at 9000 g for 5 minutes to achieve SPI-ICG. Deionized water was used to
re-disperse the hybrid for the ICG-labeled product, SPI-ICG. The procedures were conducted
without the presence of direct light. To confirm ICG conjugation, the absorbance spectra of
ICG-labeled SPI were measured with a UV-vis-NIR. After 24 h of cultivation in confocal
dishes, 4T1 cells were further incubated with ICG and ICG-labeled SPI (0.1 mg/mL) for 4 h,
respectively. PBS and ultrapure water were used to wash the redundant composites outside
the cells three times. After that, the cells were fixed with a 4% paraformaldehyde solution for
10 min and DAPI (10 μg/mL) for 3 min, respectively. Fluorescence images of the stained
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cells were captured using a confocal laser scanning microscope (CLSM, Leica TCS SP5,
Germany) with 405 nm and 638 nm excitation wavelengths for DAPI and ICG, respectively.

2.6 Photoacoustic (PA) properties of SPI

To evaluate the PA properties of SPI, we performed PAI on samples at different
concentrations (12.5, 25, 50, 100, and 200 μg/mL) at the wavelength of 1064 nm with the
fluence of 15 mJ/cm2. The mean of the maximum values of 250 measurements on each
sample were calculated to analyze the relationship between the concentration of SPI and PA
signal. Additionally, we irradiated the sample with around 1000 pulses and demonstrated the
PA signal intensity of each irradiation to verify the stability of the SPI.
To further assess the effectiveness of the SPI, we created a phantom by injecting a

nanoparticle solution (50 μg/mL) into plastic tubes and placing it at various depths within a
chicken breast model. We then recorded a PA image of the cross-sectional area of the
phantom using our PA imaging system.

2.7 Photothermal properties of SPI

The photothermal experiments were conducted using a LWIRL1064-2W laser device
(Laserwave, Beijing). Temperatures and thermal images were acquired every minute with a
Fluke thermal imager. Aqueous solutions with varying concentrations of SPI (5, 10, 50, and
100 μg/mL) were exposed to a 1064 nm laser (0.7 W/cm2) for 5 minutes. Additionally, a 1064
nm laser with different power densities (0.1, 0.3, 0.5, 0.7, and 1 W/cm2) was employed to
irradiate nanoparticle aqueous solutions (50 μg/mL) for 5 minutes each.
To evaluate the photothermal conversion efficiency (PCE) of SPI dispersions, the

temperature changes over time were recorded under laser irradiation (1064 nm, 1 W/cm2)
until the sample reached a steady-state temperature. Subsequently, the laser was turned off,
and the solution was allowed to return to ambient temperature. This process was repeated for
five cycles to investigate SPI's photothermal stability (20 μg/mL).

2.8 In vitro PTT

The cytotoxicity of PB and SPI was assessed using a CCK-8 assay. 4T1 cells, RAW264.7
cells, and HUVECs were cultured in a 96-well plate with complete culture medium (5×103
cells per well) and incubated at 37°C for 24 hours. Subsequently, the cells were treated with
different concentrations of nanoparticles in a fresh medium. After 24 hours of co-cultivation,
10 μL of CCK-8 reagent was added to each well and incubated for 30 minutes to 2 hours. The
absorbance was measured using a microplate reader (BioTek Synergy 4, Winooski, VT), with
untreated cells as controls.
In addition, a hemolysis test was conducted using red blood cells (RBCs) collected from

mice. The RBCs were centrifuged at 1500 rpm for 3 minutes. The resulting pellet was mixed
with SPI (10, 20, 50, 80, and 100 μg/mL) in a composite solution with a volume ratio of
RBC/PBS = 1:9. The mixture was incubated at 37°C for 3 hours, followed by centrifugation
at 10,000 rpm for 10 minutes. The supernatants of the suspensions were analyzed using
UV-vis-NIR spectrometers at 541 nm. A PBS aqueous solution containing the same
concentration of SPI was measured under similar conditions to determine the difference in
absorption coefficient (DA). The hemolytic percentage (HP) was calculated by the equation:
HP% = (DT-DA)/(DP-DA) × 100%, where DT and DP represent the absorbances of the
tested samples and the positive (deionized water) group, respectively[40, 41].
To evaluate the photothermal therapy (PTT) effects of SPI in vitro, 4T1 cells were seeded

in 96-well plates at a density of 5×103 cells per well and incubated overnight. The cells were
then divided into two groups: laser alone and SPI + laser. The cells in the SPI + laser group
were first incubated with 50 μg/mL SPI for 12 hours, followed by laser irradiation for
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different durations (0, 0.5, 1, 3, 5, and 6 minutes) at a power density of 1 W/cm2. After
treatment, the cells were incubated for an additional 12 hours, and cytotoxicity was assessed
using a CCK-8 assay following the manufacturer's instructions.
To further evaluate the cytotoxicity of the therapy, live and dead cell assays were

performed. 4T1 cells were treated in the same manner as described above and co-stained with
calcein AM and propidium iodide (PI) for 10 minutes according to the manufacturer's
instructions. Fluorescence images of the cells were acquired using a confocal microscope. In
addition, Annexin-FITC and PI assays were performed to assess the cytotoxicity of PTT by
flow cytometry using a CytoFLEX instrument (Beckman, USA).

2.9 In vivo PA and fluorescence imaging of SPI

Tumor-bearing mice were administered SPI (100 μL, 2 mg/mL) through intravenous injection
(n = 3). In vivo, PA images were obtained at various time points (0, 1, 6, 9, 12, and 24 hours)
using our custom-built PAI system mentioned in 2.6. An optical parametric oscillator (OPO)
laser source (Innolas GmbH, Bonn, Germany) emitting pulsed lasers (8 ns, 30Hz) was
coupled to an optical fiber (diameter: 1500 um) for the PA signal excitation. The generation
of ultrasonic waves were recorded by a 128-element linear arrayed transducer (center
frequency: 15 MHz, bandwidth: > 80%, Vernon). A 128-channel data acquisition systems
(Vantage 128, Verasonics, Inc. US) synchronized with the excitation laser were used for
photoacoustic data acquisition. The photoacoustic image can be observed in real time after
data reconstruction using delay and sum method supplied by the data acquisition systems.
To compare the distribution of SPI and indocyanine green (ICG) in vivo, 4T1 tumor-bearing
mice were randomly divided into two groups (n = 3 per group). They received intravenous
injections of SPI and ICG at an equivalent dose of ICG (2 mg/kg). Fluorescent images were
obtained using an in vivo fluorescence imaging system (IVIS Spectrum, PerkinElmer) at
various time points (0, 1, 3, 6, 9, 12, and 24 hours). Furthermore, ex vivo fluorescence
imaging was performed on mouse organs, including the heart, liver, spleen, lung, and kidney,
24 hours post-injection to examine the distribution of SPI and ICG in the organs.

2.10 In vivo PTT of SPI

To investigate the photothermal therapy effect in vivo on tumor-bearing mice, subcutaneous
4T1 tumor-bearing mice were randomly assigned to six groups (n = 3 per group). The groups
were as follows: (1) control group (treated with PBS); (2) laser irradiation alone; (3) SI group
(administered with SI at a dose of 1 mg/kg); (4) SI group (administered with SI at a dose of 1
mg/kg) + laser irradiation; (5) SPI group (administered with SPI at a dose of 1 mg/kg); and (6)
SPI group (administered with SPI at a dose of 1 mg/kg) + laser irradiation.
At 6 hours post-injection, laser irradiation was performed using a 1064 nm laser at a power

density of 1 W/cm2 for 5 minutes, and the temperature of the tumor was monitored using
thermal imaging. Throughout the experiment, the mice’s body weight and tumor volume were
measured every two days to monitor their general health and tumor growth.

2.11 In vivo label-free multispectral PA imaging of blood oxygen saturation

The custom-built PA imaging system was used to monitor the blood oxygen saturation (sO2)
information in the tumor through the multi-spectral PA method. Firstly, PA spectra of
oxyhemoglobin (HbO2) and deoxyhemoglobin (HHb) were measured by analyzing the
multi-wavelength PA signal of arteries and veins in the mouse body prior to commencing the
experiments[41]. Then 21 wavelengths ranging from 700 to 900 nm, with a step of 10 nm,
were used to acquire the multi-spectral PA images of the tumor. Subsequently, we employed
our own algorithm to extract the HbO2 and HHb components from the multiple PA spectra of
the tumor, and sO2 was calculated according to the equation (1). 8 loops were applied for
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each recording to remove the system noise and other factors. Finally, we obtained the average
sO2 of the tumor under investigation.

sO2=HbO2 /(HbO2 +HHb ) (1)

The average value of the sO2 higher than 65% (sO2 less than 65% is considered irrelevant or
meaningless) within the tumor was calculated.

2.12 Western blot

Total protein from 4T1 cells and tumor tissue was extracted using super RIPA lysis buffer
(Thermo Fisher, USA) for Western blot analysis. The protein samples were resolved using
SDS-PAGE and transferred onto PVDF membranes (Millipore). The membranes were then
blocked with a wash buffer of 5% non-fat milk in Tris-buffered saline (TBS, Amresco, USA)
containing 0.1% Tween-20, with gentle agitation for 1 hour at room temperature.
For primary antibody incubation, the following dilutions were used: HSP70 antibody

(1:2000, AF1156, Beyotime) and β-actin antibody (1:2000, 30101ES60, Yeasen). The
incubation was carried out overnight at 4°C with gentle agitation. Afterward, the membranes
were washed thrice on a shaker for 10 minutes each.
Subsequently, the membranes were incubated with a 1:1000 dilution of goat anti-rabbit

IgG (HRP) (1:2000, ab6721, Abcam) or anti-mouse IgG (HRP) (1:2000, ab6728, Abcam) for
1 hour. Following another three washes of 15 minutes each, the membranes were treated with
an ECL detection reagent (Millipore) for 5 minutes before being exposed by a GelView 6000
Plus imaging system (China). The Western blot bands were quantified using ImageJ software
to calculate the grey value (GV) of the protein bands. Data analysis was performed using the
comparative GV method, and the expression levels were normalized to β-actin expression.

2.13 Biosafety evaluation

At the end of the 16-day treatment period, all mice were euthanized. Tumors were carefully
removed from the mice and photographed to observe the treatment outcome visually.
Subsequently, the harvested tissues were fixed in 4% (v/v) paraformaldehyde overnight. The
fixed tissues were then embedded in paraffin and sectioned at a thickness of 5 μm. These
tissue sections were subjected to various staining techniques for histopathological evaluation.
Hematoxylin and eosin (H&E) staining was performed to assess the overall tissue
morphology and structural changes. Terminal-deoxynucleotidyl transferase-mediated nick
end labeling (TUNEL) staining was used to detect apoptotic cells, while Ki67 staining was
employed to evaluate cell proliferation. Images of the stained tissue slices were captured
using an inverted optical microscope to visualize and analyze the histological features.
Additionally, to investigate the potential systemic effects of SPI, healthy BALB/c mice

were intravenously injected with SPI at a dose of 20 mg/kg, with PBS serving as the control.
After seven days of injection, approximately 1 mL of blood was collected from each animal
via orbit blood withdrawal for blood panel analyses. Furthermore, the major organs, including
the heart, liver, spleen, lungs, and kidneys, were harvested from each group of mice. These
organs were fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned at a
thickness of 5 μm. H&E staining was performed on the organ sections, and they were
analyzed under a digital microscope to evaluate any potential organ-level effects or
abnormalities.

2.14 Statistical analysis

The data are achieved from triplicate experiments and presented as mean ± standard
deviation (SD) in the figure legends. One-way ANOVA with Tukey’s comparisons was used
for multiple comparisons when more than two groups were compared, and the two-tailed
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Student’s t-test was used for two-group comparisons. All statistical tests were performed
using GraphPad Prism software v. 8.0 (GraphPad Software). The differences between the test
and control groups were considered to be significant at *p < 0.05 and very significant at **p
< 0.01 and ***p < 0.001.

3. Results and Discussion
3.1 Synthesis and characterization of SiO2@PB-IR1061 (SPI)

To synthesize SPI, PB was first prepared by a reaction of K3[Fe(CN)6] and
polyvinylpyrrolidone (PVP) according to previous reports with some modifications[39].
NIR-II small molecule dye IR1061 was embedded into the metal organic frame of PB through
the electrostatic adsorption effect. Then SiO2 was coated onto the surface of PB-IR1061,
producing SPI (Fig. 1). The TEM images show that PB was quadrate and homogeneous with
an average diameter of about 100 nm, and after synthesizing to SPI (Fig. 2A and B), the
diameter increased to about 150 nm, indicating successful coating with SiO2 (Fig. 2C). As
shown in the element maps of SPI, the Fe, N, and C elements clearly displayed inside the SPI
nanoparticles, demonstrating the presence of PB; and the Si and O elements were on the shell
(Fig. 2D), suggesting the existence of SiO2 coating. The elements of SPI were further
confirmed by energy-dispersive x-ray spectroscopy (EDX) analysis (Fig. 2E). Fig. 2F shows
the zeta potential of PB and SPI, which were −38.37 mV and +32.03 mV, respectively. The
change of the zeta potential from negative to positive was due to the surface coating of SiO2.
As a result of this change of zeta potential, it will be easy for SPI nanoparticles to enter tumor
cells[35]. The UV-vis absorption spectrum of SPI displayed two intense peaks around 705 nm
and 1064 nm, which were from PB (710 nm) and IR1061 (1061 nm) (Fig. 2G). According to
the standard curve measured by ultraviolet spectrophotometer, the loading efficiency of SPI
was 8.65% for IR1061[39]. These results demonstrated the successful synthesis of SPI. In
addition, there was a good linear relationship between different concentrations and the
absorbance at 1064 nm (Fig. 2H and Fig. S1). The average diameter and polymer dispersity
index (PDI) of the SPI water solution showed no significant collapse for about two weeks
(Fig. 2I). In the PBS and FBS solutions, SPI also displayed no apparent aggregation or
change of absorbance intensity (Fig. S2 and S3). The temperature and pH of the physiological
stability studies are 25.6 ℃ and 7.2. These results suggested that we have successfully
synthesized SPI nanoplatform and solved the problem of hydrophobicity of IR1061.
Therefore, it will be beneficial to in vitro and in vivo NIR-II PA imaging and PTT.
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Fig. 2. Characterization of SPI. TEM images of (A) PB and (B) SPI. (C) The hydrodynamic sizes of SPI. (D)
Elemental mapping images of SPI. (E) EDX analysis of SPI. (F) Zeta potentials of PB and SPI. (G) UV-vis
absorbance spectra of PB, IR1061, and SPI. (H) The relationship between different concentrations of SPI and
absorption. (I) The change in average diameter and polymer dispersity index (PDI) of SPI in an aqueous solution
over 15 days.

3.2 NIR-II photoacoustic (PA) and photothermal properties of SPI

Next, the photophysics properties of SPI were investigated. As shown in Fig. 3A, the
photothermal conversion efficiency of SPI at 1064 nm wavelength was detected and
calculated to be as high as 60.72%. However, the photothermal conversion efficiency of
IR1061 under the same condition was 5.09% (Fig. S4). It was found that encapsulation in
nanoconstruct could enhance the photothermal efficiency of IR1061 dye. The results showed
that the photothermal efficiency of IR1061 was 5.09%, which was much less than that of SPI
(60.72%), likely due to the heat led the aggregation of IR1061 and then induce the collapse of
the NIR-II absorbance of IR1061. Excellent photothermal properties are essential for
high-sensitive PA imaging and photothermal therapy (PTT), as these modalities are both
based on the principle of heat generation by laser irradiation[42]. As expected, SPI showed
very high PA sensitivity as even 10 μg/mL of such material can be clearly visualized under
NIR-II pulsed laser irradiation (Fig. 3B). It is important to note that SPI exposed to around
1000 pulses of laser irradiation (15 mJ, 1064 nm) has no noticeable PA signal intensity loss,
demonstrating its good PA stability (Fig. 3C). To evaluate the NIR-II PA imaging depth using
SPI, a small plastic tube filled with the solution of SPI was embedded in the chicken breast
and imaged by our custom-built PAI system[38]. As seen in Fig. 3D and E, the PA signal of
SPI could still be detected at a depth of 4 cm, indicating that NIR-II PA imaging using SPI
had high sensitivity and thus was beneficial for in vivo imaging. In addition, Fig. 3F–H shows
that SPI has a dramatic concentration-dependent and laser power-dependent temperature
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elevation under 5 min of 1064 nm irradiation (Fig. 3I), indicating SPI has good photothermal
stability in vitro. The peak temperature reached at approximately 60°C at a concentration as
low as 50 μg/mL. These results demonstrated that SPI had excellent photothermal properties,
which could serve as a suitable NIR-II PA imaging contrast and photothermal agent. It is also
noteworthy that, as a result of the high photothermal conversion efficiency, we can use a
small laser power for effective PTT treatment and reduce tissue damage.

Fig. 3. NIR-II PA and photothermal properties of SPI. (A) Plot of cooling time versus the negative natural logarithm
of the temperature driving force obtained from the cooling state, and the corresponding linear fitting curve. (B) PA
signal of SPI with different concentrations. The inset is the corresponding PA images. (C) PA signal intensities upon
irradiation with about 1000 pulses (1064 nm, 15 mJ/cm2). (D) PA signals of tubes with SPI at different depths in a
chicken breast. (E) Relation between PA signal intensity and depth. (F) Thermal images of SPI at different
concentrations and different power densities. (G) Temperature curves of SPI at different concentrations under 1064
nm laser irradiation (0.7 W/cm2, 5 min). (H) Temperature curves of SPI (50 μg/mL) under 1064 nm laser irradiation
at different power densities for 5 min. (I) Photothermal effects of SPI (50 μg/mL) with 1064 nm laser irradiation (1
W/cm2) after five irradiation-cooling cycles.

3.3 Catalase-like activity of SPI

The chemical properties of SPI were also investigated. PB as a metal-organic framework
(MOF) showed an excellent drug loading function and also has been reported as a
nanoenzyme that displayed multienzyme-like activity, including that of peroxidase (POD),
catalase (CAT), and superoxide dismutase (SOD)[34, 43]. We thus tested whether SPI
promoted the conversion of H2O2 to oxygen. The catalase-like activity of SPI was first
detected by a dissolved oxygen meter. As shown in Fig. 4A, massive bubbles were seen in
PB- and SPI-treated H2O2 solutions in contrast to the PBS and SiO2-IR1061 (SI) groups. The
bubbles were further confirmed to be oxygen by a dissolved oxygen meter (Fig. 4B). The
H2O2 concentration was also found to decrease in the PB- and SPI-treated groups (Fig. 4C).
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The elevated oxygen concentration was also confirmed by the significantly reduced
fluorescence of the oxygen probe ([Ru(dpp)3]Cl2) (Fig. 4D). Furthermore, we found that SPI,
as well as PB, increased the oxygen production in 4T1 cells under hypoxic conditions, which
mimicked the tumor microenvironment (Fig. 4E and F). These results were strongly
evidenced by the consumption of H2O2 and the production of oxygen by SPI. In addition, it
demonstrates that the modification of PB does not affect the functionality of nanoenzyme. As
reported, elevated levels of reactive oxygen species (ROS), including H2O2 and hypoxia, are
considered characteristic features of the tumor microenvironment. These factors are believed
to play significant roles in the initiation and progression of tumor formation[2]. We thus
hypothesized that SPI can increase oxygenation levels in the tumor microenvironment due to
its catalase ability, which is beneficial for PTT.

Fig. 4. Catalase-like properties of SPI. (A) The formation of gas bubbles in a 5% H2O2 solution; the yellow arrow
represents bubbles. (B) Oxygen generation catalyzed by PBS, PB, SI, and SPI in an H2O2 solution as measured by
the dissolved oxygen meter. (C) Concentration (Con.) of H2O2 after treatment with equal amounts of PBS, PB, and
SPI. (D) Mean fluorescence intensity (MFI) of the oxygen probe [Ru(dpp)3]Cl2 after incubation with PBS, PB, SI,
and SPI in a 5% H2O2 solution. (E) Fluorescence images showing the hypoxia level in 4T1 cells under hypoxic
conditions with different treatments. Scale bar = 20 μm. (F) Quantitative fluorescence analysis of the hypoxia level in
(E). The data are presented as mean ± standard deviation (SD). The error bar is derived from triplicate measurements.
***p < 0.001, **p < 0.01, *p < 0.05.

3.4 In vitro amplified NIR-II PTT

In order to evaluate the in vitro behavior of SPI, a small molecule dye, indocyanine green
(ICG), was used to label SPI through physical binding. The absorbance and fluorescence
spectra data confirmed the successful synthesis of ICG-labeled SPI (SPI-ICG) (Fig. S5A and
B). 4T1 cells incubated with SPI-ICG exhibited stronger ICG fluorescence signals in the
cytoplasm than those with free ICG (Fig. 5A and B), indicating SPI could enter 4T1 cells.
The cytotoxicity of PB and SPI was determined using the CCK-8 assay. As shown in Fig. 5C
and Fig. S6, PB and SPI at concentrations as high as 200 μg/mL displayed negligible
cytotoxicity in 4T1, HUVEC, and RAW264.7 cells. When combined with NIR-II laser
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irradiation, the cytotoxicity of SPI on 4T1 cells showed a time-dependent increase (Fig. 5D).
The cell live/dead staining assay and cell apoptosis assay confirmed the good in vitro PTT
effect of SPI (Fig. 5E, F and G). It was worth noting that compared to SI + laser, SPI + laser
showed an amplified PTT effect with a higher apoptosis rate (92.2%), potentially ascribing to
the nanoenzyme activity of SPI. Therefore, these results demonstrated that SPI nanoparticles
have good biosafety, can be easily devoured by tumor cells, and cause damage to them with
the suitable laser irradiation.

Fig. 5. Cellular uptake and PTT of SPI in vitro. (A and B) Confocal fluorescence images and corresponding mean
fluorescence intensity (MFI) of 4T1 cells incubated with free ICG and ICG-labeled SPI for 4 h. Scale bar = 50 μm.
(C) Viability of 4T1 cells and RAW264.7 cells treated with different concentrations of SPI. (D) Viability of 4T1 cells
incubated with SPI (20 μg/mL) after irradiation for different time periods. (E) Confocal fluorescence images of 4T1
cells stained with calcein-AM/PI after incubation with various formulations. Green, calcein AM (live cells); red, PI
(dead cells). Scale bar = 200 μm. (F) Apoptosis analysis of 4T1 cells treated with various formulations by flow
cytometry. (G) Flow cytometry statistical analysis of apoptosis. The data are presented as mean ± standard deviation
(SD). The error bar is derived from triplicate measurements. ***p < 0.001, **p < 0.01, *p < 0.05.

3.5 The influence of hypoxia relief on cell migration and PTT

The mechanism of the amplified PTT effect was further investigated. As reported, hypoxia
facilitated tumor cell migration, thus promoting tumor growth and metastasis[44]. Firstly, we
designed a cell scratch assay to evaluate the influence of SPI on tumor cell migration (Fig.
6A). As shown in Fig. 6B and C, 4T1 cells treated with SPI in hypoxic condition had only a
25.9% migration rate, in contrast to the PBS and SI groups in which 4T1 cells had about a
50% migration rate under the same condition. This result was potentially ascribed to the fact
that SPI catalyzed the overproduced H2O2 to oxygen and relieved hypoxic environment of the
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tumor, thus suppressing 4T1 cell migration. On the other hand, HSP70 is a molecular
chaperone that facilitates correct protein folding and is expressed more abundantly under
hyperthermia[45, 46]. This function of HSP70 renders tumor cells resistant to PTT[47]. We
hypothesize that relief of the hypoxia perhaps inhibits the HSP70 expression and enhances
the sensitivity of cell PTT. We found that 4T1 cells had low expression levels of HSP70.
However, HSP70 was significantly upregulated in 4T1 cells that were treated by a
combination of SI and 1064 nm laser irradiation for 5 min, indicating that PTT induced high
expression of HSP70. Interestingly, under the same conditions, the HSP70 expression level
was downregulated when the 4T1 cells were treated with SPI compared to treatment with SI
(Fig. 6D and E), demonstrating that hypoxia relief by SPI indeed inhibited the expression of
HSP70[48]. These results revealed that relieving hypoxia inhibited tumor cell migration and
downregulated the expression of HSP70 (Fig. 6G), which amplified the PTT effect of SPI.

Fig. 6. The influence of hypoxia relief on cell migration and PTT. (A) The scheme of scratch assay. (B) Microscopic
images and (C) percentage of 4T1 cell migration after 12 h incubationwith SI and SPI under hypoxia condition. Scale
bar =500 μm. (D and E) Expression of HSP70 in 4T1 cells treated by hypoxia only, normoxia only, hypoxia + SI,
and hypoxia + SPI under 1064 nm laser irradiation. (F) Viability of 4T1 cells treated with SI and SPI after laser
irradiation for 5 min (1064 nm, 0.5 W/cm2). (G) Schematic illustration of SPI relief of hypoxia and its application.
The data are presented as mean ± standard deviation (SD). The error bar is derived from triplicate measurements.
***p < 0.001, **p < 0.01, *p < 0.05.

3.6 In vivo NIR-II PA imaging

The in vivo performance of SPI was first analyzed by fluorescence imaging. As mentioned
above, SPI was labeled by ICG to confer a fluorescence imaging ability. The loading ratio of
ICG was 12.74%. In the 4T1 subcutaneous tumor-bearing mice model, SPI showed a higher
fluorescence signal than free ICG in the tumor region, indicating SPI showed more
accumulation in the tumor. With the increasing of time, SPI showed peak accumulation at 6 h
post-injection and a gradual decrease over the next 18 h (Fig. 7A and B). This phenomenon
can be attributed to the enhanced permeability and retention effect (EPR) commonly observed
in solid tumors, contributing to the accumulation of SPI in the tumor microenvironment[49].
Major organs and tumors were harvested at 24 h post-injection. Ex vivo fluorescence images
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were shown in Fig. 7C and D. The tumors of mice treated with SPI had a visibly higher
fluorescence signal than those injected with free ICG. Moreover, there were much more
fluorescence signals in the liver and kidney, which indicated that SPI was mainly metabolized
by the liver and kidney.
To overcome the limited penetration depth in fluorescence imaging, we turned to NIR-II

PA imaging. PA imaging operates on the principle of "light in and ultrasound out," allowing
for deeper tissue imaging in vivo[50, 51]. In Fig. 7E and F, we observed clear tumor
cross-section structures on the ultrasound images (US, grey), and the PA signal at different
depths exhibited higher intensity in the SPI group than in the free ICG group (Fig. S7A and
B). This indicates the passive accumulation of SPI within the tumor. Notably, the peak time
of accumulation observed in PA imaging was consistent with the results obtained from
fluorescence imaging (Fig. 7G). These findings provide valuable insights into the in vivo
behavior of SPI, which can serve as precise guidance for conducting in vivo PTT.

Fig. 7. In vivo fluorescence and PA imaging of SPI. (A) In vivo fluorescence images of subcutaneous 4T1
tumor-bearing mice at different time points after intravenous injection of free ICG and ICG labeled SPI, respectively.
(B) Quantification of mean fluorescence intensity (MFI) of tumor areas in (A). (C) Ex vivo fluorescence images of
major organs and tumors excised from mice at 24 h post-injection of ICG and ICG labeled SPI. (D) Quantitative
biodistribution of ICG and ICG labeled SPI in major organs and tumors. (E) In vivo PA imaging probe. (F and G) In
vivo PA images and quantification results of subcutaneous 4T1 tumor-bearing mice at different time points after
intravenous injection of SPI and ICG, respectively. The data are presented as mean ± standard deviation (SD). The
error bar is derived from triplicate measurements. ***p < 0.001, **p < 0.01, *p < 0.05.

3.7 In vivo amplified NIR-II PA-guided PTT

The efficacy of SPI for treating tumors was investigated using a 4T1 subcutaneous tumor
model. The treatment schedule was shown in Fig. 8A. Tumor-bearing mice were evenly
distributed into six groups and treated as follows: PBS, PBS + laser, SI, SI + laser, SPI and
SPI + laser. The tumor region was irradiated with an NIR-II laser (1064 nm, 5 min, 1W/cm2)
at 6 h post-intravenous injection. Fig. S8A and B show that the tumor temperature of the SPI
+ laser group reached 53.9 °C, the highest among the four groups. After about two weeks of
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treatment, the tumor size of the SPI + laser group decreased significantly compared with that
of the other five groups (Fig. 8B and C), which could be verified by the pictures of tumor
tissues dissected from sacrificed mice (Fig. S9).
Most importantly, a label-free multi-spectral PA imaging method was used to detect the

HbO2 and HHb in tumors to evaluate the hypoxia relief effect of SPI in vivo. As shown in Fig.
8D and E, the tumor displayed low blood oxygen saturation (sO2) before treatment, a finding
fully consistent with the hypoxic microenvironment proposed for 4T1 tumor tissue[52]. After
6 h of injection with SPI, the sO2 increased from 69.4% to 74.02% , as can be seen in the PA
parametric map of estimated sO2 (n=3, Fig. 8D and Fig. S10). Based on these findings, and
we can deduce that the presence of SPI in the tumor microenvironment led to an
improvement in the hypoxic conditions within the tumor, presumably because SPI catalyzed
the overexpressed H2O2 to oxygen and relieved the tumor hypoxic microenvironment. After
two weeks of treatment, it can be seen by immunostaining that the expression levels of
hypoxia-related HIF-1α and HSP70 proteins in the tumor tissue of SPI + laser groups were
lower than those of the other five groups (Fig. 8F and Fig. S11), potentially demonstrating
that the relieved hypoxic microenvironment by SPI downregulated the expression of HSP70
and thus enhanced the PTT effect of SPI.
The therapeutic effect of SPI was further confirmed by histopathological analyses. The

tumor slices from the six groups were sectioned and stained with H&E, Ki67, and TUNEL
(Fig. 8G, Fig. S12, S13 and S14). The results show that compared with the PBS, PBS + laser,
SI, SI + laser, and SPI groups, the tumor in the SPI + laser treatment group displayed fewer
proliferating malignant tumor cells and more apoptotic cells. Overall, the notable therapeutic
efficacy observed with the combination of SPI and laser treatment can primarily be attributed
to the catalase function exhibited by SPI that relieved the tumor hypoxic microenvironment
and suppressed the expression of HSP70, thus amplifying the in vivo PTT effect.



16

Fig. 8. PA-guided in vivo PTT. (A) In vivo PTT schedule. (B) Representative photographs of tumor-bearing mice
treated by PBS, laser only, SI, SI + laser, SPI and SPI + laser. (C) The tumor volume change of tumor-bearing mice
treated with PBS, laser only, SI, SI + laser, SPI and SPI + laser for 14 days of treatment. (D) Representative 2D PA
images of solid tumors showing parametric map of estimated oxygen saturation (sO2) before and after 6 h injection
with SPI. (E) Relative quantification of oxygen saturation in the tumor areas in (D). (F) Representative
immunofluorescence images of HIF-1α and HSP70 in the tumor tissue from tumor-bearing mice treated by PBS,
laser only, SI, SI + Laser, SPI and SPI + laser. Scale bar = 100 μm. (G) Representative HE, Ki67, Tunnel staining
images of the tumor tissue from tumor-bearing mice treated by PBS, laser only, SI, SI + laser, SPI and SPI + laser.
Scale bar = 100 μm. The data are presented as mean ± standard deviation (SD). The error bar is derived from
triplicate measurements. ***p < 0.001, **p < 0.01, *p < 0.05.

3.8 Biosafety evaluation

To assess the biosafety of SPI for potential clinical use, comprehensive investigations were
conducted both in vitro and in vivo. Fig. S15 demonstrates that throughout the 16-day
treatment, there was no significant loss in body weight, indicating that the injection of SPI
and NIR-II laser irradiation did not affect the mice's diet. Furthermore, a hemolysis test
showed that after a three-hour incubation of red blood cells with SPI, there was no noticeable
hemolysis, with hemolysis levels remaining below 5% (Fig. S16), indicating excellent blood
compatibility of SPI. Moreover, when healthy mice were treated with SPI for seven
consecutive days, no tissue damage or inflammatory lesions were observed in any major
organs, including the heart, liver, spleen, lung, and kidney (Fig. S17). Additionally, blood
analysis revealed no significant differences between SPI-treated mice and healthy mice (Fig.
S18), further confirming the favorable in vitro and in vivo biocompatibility of SPI.
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Collectively, these findings support the conclusion that SPI exhibits good biosafety profiles,
making it a promising candidate for clinical applications.

4. Conclusion

In summary, we demonstrated a new anticancer strategy that relief of tumor hypoxia using a
nanoenzyme amplified NIR-II PA-guided photothermal therapy. The integrated therapy
nanoplatform SPI was developed by coating PB and IR1061 with SiO2 and showed good
stability and biocompatibility. PB has been shown to have catalase activity and to be capable
of promoting hydrogen peroxide dismutation with subsequent oxygen production, allowing
SPI to relieve the hypoxia of the TME and further downregulate the expression of HIF-1α and
HSP70 in vitro and in vivo. IR1061 possessed a high photothermal conversion efficiency,
allowing NIR-II PA imaging to be utilized for the in vivo tracking of SPI. Both PA imaging
and fluorescence imaging techniques demonstrated the effective tumor targeting ability of
SPI, in vitro experiments, and in vivo studies. Moreover, based on label-free PA imaging and
histopathology analysis, SPI was found to suppress tumor cell migration and significantly
enhance NIR-II PTT therapeutic effect, including hypoxia inhibition and apoptosis-mediated
anticancer activity. Moreover, SPI exhibited excellent biosafety profiles both in vitro and in
vivo. These results demonstrated that SPI possesses high potential for utilization in NIR-II
PA imaging-guided tumor therapy.
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