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Background: Natural bioactive substances have been widely studied for their superior anti-tumor activity and low toxicity. However,
natural bioactive substances suffer from poor water-solubility and poor stability in the physiological environment. Therefore, to
overcome the drawbacks of natural bioactive substances in tumor therapy, there is an urgent need for an ideal nanocarrier to achieve
high bioactive substance loading with low toxicity.
Materials and Methods: Face-centered cubic hollow mesoporous Prussian Blue (HMPB) NPs were prepared by stepwise hydro-
thermal method. Among them, PVP served as a protective agent and HCl served as an etching agent. Firstly, MPB NPs were obtained
by 0.01 M HCl etching. Then, the highly uniform dispersed HMPB NPs were obtained by further etching with 1 M HCl.
Results: In this work, we report a pH-responsive therapeutic nanoplatform based on HMPB NPs. Surprisingly, as-prepared HMPB
NPs with ultra-high bioactive substances loading capacity of 329 μg mg−1 owing to the large surface area (131.67 m2 g−1) and wide
internal pore size distribution (1.8–96.2 nm). Moreover, with the outstanding photothermal conversion efficiency of HMPB NPs
(30.13%), natural bioactive substances were released in the tumor microenvironment (TME). HMPB@PC B2 achieved excellent
synergistic therapeutic effects of photothermal therapy (PTT) and chemotherapy (CT) in vivo and in vitro without causing any
extraneous side effects.
Conclusion: A biocompatible HMPB@PC B2 nanoplatform was constructed by simple physical adsorption. The in vitro and in vivo
experiment results demonstrated that the synergy of PTT/CT provided excellent therapeutic efficiency for cervical cancer without
toxicity. Altogether, as-designed nanomedicines based on natural bioactive substances may be provide a promising strategy for cancer
therapy.
Keywords: HMPB NPs, natural bioactive substances, synergistic therapy, negligible side effect

Introduction
Many natural bioactive substances, especially polyphenols and flavonoids, inhibit various enzymes involved in cell
proliferation and signaling pathways in cancer cells and have good tumor inhibitory effects.1,2 Procyanidin B2 (PC B2) is
the most common variety procyanidin dimer in nature and has strong biological activity.3 It can inhibit tumor cell growth
and induces tumor cell apoptosis, thus effectively treating cancer. At the same time, PC B2 are not significantly toxic to
normal cells at high concentrations, making it potent drug for cancer treatment.4–6 However, PC B2 suffers from poor
stability and low bioavailability in organisms, which has limited its application in biomedicine. Currently, bioactive
substances can be physically encapsulated into inorganic materials or organic polymers, thus significantly improving
their stability and utilization.7 At this stage, the commonly used nanocarriers mainly include microcapsules, liposomes,
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proteins, and inorganic materials.8–11 Liposomes, one of the first nanocarriers used, still have many challenging problems
in loading drugs. The structure of liposomes tends to collapse, causing leakage of drugs. On the other hand, the soft
structure makes it difficult to be taken up by cells, resulting in a low release rate of the drug in the cells.12,13 Protein has
been a novel nanocarrier in recent years.14–16 Protein-loaded drugs could target specific tissues and organs to achieve the
slow release of drugs. Furthermore, they have excellent biocompatibility.17,18 However, the high cost of human-derived
protein isolation and extraction makes it challenging to further development.19 Organic macromolecular polymers are
also commonly used as drug carriers and are biodegradable in organisms. However, some polymers have significant
cytotoxicity.20,21 Therefore, there is an urgent need for an ideal nanocarrier to achieve high bioactive substance loading
with low toxicity.

As a common coordination compound, Prussian blue is widely used as a nanocarrier in cancer therapy. It is approved by
the US Food and Drug Administration (FDA) as a clinical drug for the antidote of heavy metals and radiotherapy.22,23

Moreover, PB-based nanomedicines have excellent stability and biocompatibility in vivo. On the other hand, it could extend
the blood half-life, displaying good biodistribution and pharmacokinetic properties. Meanwhile, PB-based nanomedicines
could be excreted out of the body via glomerular and blood pathways.24,25 More importantly, to meet its application in
biomedicine, PB NPs can be transformed into HMPB NPs with a metal-organic framework (MOF) structure by controlled
chemical etching.26–28 Generally, HMPB NPs are widely used as nanocarriers for novel therapeutics because of their high
specific surface area, high loading, good stability, and easy surface functionalization.29,30 For instance, HMPB NPs are used
to deliver doxorubicin into tumor tissue to improve the therapeutic effect and avoid unnecessary drug loss.31 More
surprisingly, compared with pure PB NPs, HMPB NPs are endowed with a higher molar extinction coefficient and
photothermal conversion efficiency due to the unique structure that enhances Near Infrared (NIR) absorption. Therefore,
it has great potential to replace conventional nanocarriers.32,33

Herein, we delicately constructed PB bio-nanocomposites loaded with PC B2 to overcome the poor stability and low
bioavailability of bioactive substances, which can be used for efficient synergistic therapy PTT and CT. HMPB NPs were
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successfully synthesized by the hydrothermal method. Polyvinylpyrrolidone (PVP) and HCl as a protective agent and
etching agent, separately.34,35 The solid PB NPs were first transformed from mesoporous structures and finally into
hollow mesoporous structures with huge internal pores. As-prepared HMPB NPs had ultra-high loading of bioactive
substances (329 μg mg−1) and excellent photothermal conversion efficiency (30.13%). In this work, we confirmed that
the constructed PB bio-nanocomposites can achieve controlled PC B2’ release and enhanced therapeutic effects, which
are expected to further expand the application of bio-nanocomposites in cancer therapy.

Materials and Methods
Reagents and Materials
All chemicals were of analytical grade and used directly without further purification. Polyvinylpyrrolidone (PVP, K30),
potassium ferricyanide (K3[Fe (CN)6] 98%), and hydrochloric acid (HCl, 36.0%~38.0%) were purchased from the
Yongsheng Fine Chemicals Co., LTD (Tianjin, China). PC B2 was purchased from Sunny Biotech Co., LTD
(Shanghai, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from Beyotime
Biotechnology Co. (Haimen, China). Annexin V-FITC/propidium iodide (PI) apoptosis detection kit was supplied by
Yeasen Biotech Co., Ltd. (Shanghai, China). Calcein-AM/PI was purchased from Solarbio Science & Technology Co.,
LTD (Beijing, China). Phosphate buffer solution (PBS) and RPMI 1640 medium were obtained from GIBCO/Invitrogen
Co., LTD (Beijing, China). Fetal bovine serum (FBS) was purchased from Biological Industries Co., LTD (Israel).

Preparation of HMPB NPs
The HMPB NPs were prepared by hydrothermal reaction.35 In detail, first, PVP (3.0 g), K3[Fe (CN)6] (132 mg), and HCl
solution (0.01 M, 40 mL) were mixed under magnetic stirring. After obtaining a clear solution, the solution was heated at
80°C for 24 hours. Then, mesoporous Prussian blue nanoparticles (MPB) were obtained by centrifugation (14,000 rpm,
15 min), and unreacted PVP was removed by repeated washing in a mixture of deionized water and ethanol. PVP (5 mg
mL−1) was added to MPB NPs (1 mg mL−1) solution in a Teflon vessel and reacted in the presence of 1 M HCl for three
hours. Subsequently, the solution was transferred to 140°C and continued to etch for another 3 hours. After the solution
was cooled to room temperature, the precipitate was washed repeatedly in a deionized water and ethanol mixture after
centrifugation (14,000 rpm, 15 min) and finally vacuum freeze-dried to obtain HMPB NPs powder.

Assessment of Biodegradability of HMPB NPs
The 1 mg mL−1 of HMPB NPs suspension was dispersed in PBS buffer with different pH values (7.2, 5.0) to simulate the
artificial physiological environment and the acidic environment of lysosomes.35,36 Then, the sample solutions were
stirred slowly (37°C, 150 rpm) in a constant temperature culture shaker (150 rpm). Subsequently, the sample solutions
were collected at different time intervals, and a UV-visible absorption spectrometer measured the UV-visible absorption
spectra of the sample solutions.

Loading and Releasing of PC B2 in HMPB NPs
1 mg mL−1 HMPB NPs solution was mixed with an equal volume of PC B2 solution (1 mg mL−1). The two solutions
were mixed and left to stir at room temperature overnight. The unbound fraction was removed by centrifugation
(14,000 rpm, 15 min) to obtain HMPB@PC B2, and then washed repeatedly with deionized water. The natural bioactive
load of the material was also assessed by measuring the UV-visible absorbance of the solution before and after the
interaction of PC B2 with HMPB NPs at the characteristic absorption peak of PC B2 (280 nm). PC B2 loading capacity
was measured using the following equation:

Laoding capacity ¼
total PC B2 � unbounded PC B2ð Þ

total HMPB

To determine the pH-responsive release behavior of HMPB@PC B2, a dialysis method was used to investigate the
in vitro release behavior. Dialysis bags (MWCO = 3.5 kDa) containing 5 mL of HMPB@PC B2 (1 mg mL−1) were
dispersed in 20 mL PBS buffer with different pH values (7.2, 5.0) and shaken continuously (150 rpm) at 37°C. 2 mL of
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the release solution was removed at predetermined time intervals. Then an equal amount of fresh PBS was added
simultaneously to keep the total solution volume constant. A UV-vis absorption spectrometer determined the amount of
PC B2 released from the release solution.

Characterization
The X-ray diffraction (XRD) analysis was carried out using an X-ray powder diffractometer (Bruker, D8). The
morphologies of the PB NPs, MPB NPs, and HMPB NPs were characterized by a transmission electron microscope
(TEM, JEM-200 CX) separately. Scanning electron microscopy (SEM) observation was carried out by field-emission
SEM (Hitachi, SU-70). Specific surface area and corresponding pore-size distribution of MPB NPs and HMPB NPs were
determined by using a Micromeritics ASAP 2460 (Micromeritics, Norcross, GA, USA). The UV-vis spectra were
measured by a UV-vis spectrometer (Mapada, UV-1200). Hydrodynamic diameter (Dh) and Zeta potential of HMPB
NPs were determined by dynamic light scattering (DLS) techniques using Malvern Zetasizer Nano-ZS 90 instrument.

Photothermal Performance of HMPB NPs
The photothermal performance of HMPB NPs was measured by an 808 nm NIR laser (MDL-H-808-5W, Changchun
New Industry Optoelectronics Technology Co., Ltd., China). A digital thermometer was used to monitor the changes of
temperature at different concentrations of HMPB NPs solutions in the cuvette. Next, the heating capacity of different
power densities on the HMPB NPs solution was explored. To further evaluate the photothermal stability of the different
materials, five cycles of NIR laser on/off tests were performed for PB NPs, MPB NPs, and HMPB NPs, respectively. The
photothermal conversion efficiency and extinction coefficient of each material was calculated according to the Lin et al
method.37

Cellular Uptake
HeLa cells were plated in 6 well-plates (2×105 cells per well), and after cell adherence, the complete RPMI 1640 medium
was discarded, and the cells were co-incubated with fresh complete RPMI 1640 medium containing FITC-OVA labeled
HMPB NPs (100 μg mL−1) for 8 h. Then the cells were washed three times with PBS, using inverted fluorescence
microscopy (IFM) to observe whether these nanoparticles were endocytosed by cells.

In vitro Anti-Tumor Activity
HeLa cells (Shanghai Institutes of Life Sciences Cell Bank, Chinese Academy of Sciences) were plated in 96-well plates
at a density of 5×103 cells per well, incubated with 5% CO2 at 37°C for 24 hours. After the cell adherence, the medium
was replaced and the cells were cultured with fresh complete RPMI 1640 medium, fresh complete RPMI 1640 medium
containing PC B2 (40 μg mL−1), fresh complete RPMI 1640 medium containing HMPB NPs (100 μg mL−1), and fresh
complete RPMI 1640 medium containing HMPB@PC B2 (100 μg mL−1), respectively. After incubation, the cells were
washed three times with PBS. In NIR treatment group, cells were exposed to an 808 nm NIR laser at a power density of 1
W cm−2 for 5 min and then incubated again at 37°C in 5% CO2 for 24 h. Relative cell viability was determined by
a standard MTT assay.

In vitro CLSM Observation and Flow Cytometry Analysis
HeLa cells (1×105 cells per dish) were plated on exclusive CLSM cell culture dishes and cultured for 24 hours. Then, the
original culture medium was replaced with fresh complete RPMI 1640 medium, fresh complete RPMI 1640 medium
containing HMPB NPs (100 μg mL−1), and fresh complete RPMI 1640 medium containing HMPB@PC B2 (100
μg mL−1), respectively, in which HMPB NPs and HMPB@PCB2 were co-incultured with HeLa cells for 12 h. Then,
the cells were exposed to an 808 nm NIR laser at a power density of 2 W cm−2 for 5 min and incubated for another 12
h. The control group was incubated for 24 h. After that, the cells of all groups were stained with Calcein-AM (5 μL, 2
mM) and PI solution (15 μL, 1.5 mM), and live/dead cells were observed by CLSM.

For flow cytometry analysis, HeLa cells were plated in six-well plates (2 × 105 cells per plate) and treated as
described previously. Cells were first digested with trypsin, then washed with PBS and collected by centrifugation, and
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resuspended in binding buffer (100 μL). Subsequently, Annexin V-FITC (2.5 μL) and PI (5 μL) were added to the
bingding buffer separately with gentle mixing and stained for 15 min, protected from light. Finally, cell apoptosis was
analyzed by flow cytometry.

In vivo Synergistic of PTT and CT
All animal experiments were performed according to protocols permitted by the Animal Care Committee of Xinjiang
University (2022011401). BALB/c nude mice (female, 4 weeks old) were purchased from Beijing Vital River
Experimental AnimalTechnology Co., Ltd. To obtain tumor-bearing animals, HeLa cells (5×106) were suspended in
100 μL PBS and subcutaneously injected in the forelimb of nude mice. The tumor-bearing mice were randomly divided
into two groups: control and HMPB@PC B2+NIR (n = 3 mice per group). When the tumor volume reached about
100 mm3, the nude mice were intratumorally injected with PBS, and HMPB@PC B2 (1 mg mL−1, 200 μL), respectively.
After 12h, the groups of HMPB@PC B2 were exposed to 808 nm NIR laser (1 W cm−2) for 5 min. Mice weight and
tumor size were measured every other day.

At the end of the treatment, all nud were executed. The major organs such as heart, liver, spleen, lung, kidney and
tumor were removed, fixed in 4% paraformaldehyde, embedded in a paraffin section. H&E staining analysis was
conducted.

Volume ¼
Tumor lengthð Þ� Tumor widthð Þ

2

2

Results and Discussion
Design and Synthesis of HMPB NPs
HMPB NPs were synthesized via a hydrothermal method according to the literature, with some modifications.34 As
shown in Figure 1A, briefly, face-centered cubic PB NPs was prepared via directly mixed PVP and K3[Fe (CN)6] under
magnetic stirring. Then, the PB NPs were etched to obtain MPB NPs by 0.01 M HCl. Finally, the highly uniform
dispersed HMPB NPs were obtained by further etching with 1M HCl (Figure 1B–D). In the whole etching process, the
H+ concentration in the center of the NPs was higher than the concentration on the surface, so the PB NPs was etched
from the inside to the outside, which results in the formation of the interior cavity.38 In the presence of low concentration
of HCl (0.01 M), the solid structure of PB NPs transformed into the mesoporous structure and further transformed into
the hollow mesoporous structure under high concentration of HCl (1M) etching. Transmission electron microscopy
(TEM) demonstrated the whole process of transformation of solid PB NPs into mesoporous structures and finally into
hollow mesoporous structures, which indicates the successful synthesis of HMPB NPs by controlled chemical etching
(Figure 1E–G). Additionally, the results of X-ray diffraction of MPB NPs and HMPB NPs showed that the hollow
mesoporous structure did not change its original crystallinity (Figure S1). Finally, DLS analysis showed that the average
particle size of HMPB NPs was about 307.3 nm (Figure S2A) with zeta potential of about −15.9 mv (Figure S2B),
resulting in well-dispersed in water. Besides, as-prepared HMPB NPs powder displayed excellent stability at room
temperature and can be stored for more than half a year.

Photothermal Performance of HMPB NPs
The UV-visible absorption spectra acquired on PB NPs, MPB NPs, and HMPB NPs at different concentrations showed
a broad, strong, and concentration-dependent absorption band from around 500 to 1000 nm (Figure S3A–C). It was
shown that the absorption peak was red-shifted by structural modulation. Compared with PB NPs and MPB NPs, the
absorbance of HMPB NPs at 808 nm was remarkably increased, from 0.66 (PB NPs) to 0.97 (HMPB NPs) (Figure 2A).
The extinction coefficient of HMPB NPs at 808 nm was calculated to be 9.69 L g−1 cm−1 according to the Lambert-Beer
law (Figure S3F), which is higher than PB NPs (6.55 L g−1 cm−1) (Figure S3D) and MPB NPs (8.37 L g−1 cm−1) (Figure
S3E), indicating that HMPB NPs could have better photothermal conversion performance. Subsequently, to evaluate their
photothermal conversion performance, PB NPs, MPB NPs, and HMPB NPs solutions were irradiated with an 808 nm
NIR laser (1.5 W cm−2, Figure 2B). The results showed that the temperature of HMPB NPs’ (100 µg mL−1) solution
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increased to 62.1°C within 10 min, which is significantly higher than PB NPs (55.0°C) and MPB NPs (58.3°C). This is
consistent with the heating capacity of each nanomaterial under 1W cm−2 NIR irradiation (Figure S4A), suggesting that
HMPB NPs with excellent heating capacity due to their hollow mesoporous structure and higher molar extinction
coefficient. Moreover, the heating capacity of HMPB NPs solutions under different power NIR light irradiation was
explored (Figure S4B). With increasing power, the heating capacity of the same concentration of HMPB NPs solution
became rapid, which indicates that the capacity of the HMPB NPs solutions depends on the laser power density. In
parallel, the concentration-temperature dependence of HMPB NPs under NIR laser irradiation was also recorded
(Figure S4C), manifesting the desirable photothermal performance of HMPB NPs. Furthermore, the photothermal
stability of PB NPs, MPB NPs, and HMPB NPs were investigated for practical applications (Figures 2C and S5). We
found no significant decay in the heating ability of HMPB NPs during five cycles (Figure 2C), which indicates that it
could generate sufficient heat efficiently and consistently under NIR irradiation. Eventually, based on the calculated
results of the time constant for heat transfer and maximum temperature, the photothermal conversion efficiency (η) of
HMPB NPs at 808 nm was 30.13% (Figure 2D), which is significantly higher than that of PB NPs (27.47%) and MPB
NPs (29.44%) (Figure S6A and B), indicating that HMPB NPs have better photothermal conversion efficiency. These
results suggest that HMPB NPs can be used as effective NIR-mediated PTT compounds for tumor therapy.

Loading and Release Behavior of PC B2 in HMPB NPs
Encouraged by the unique structure and high specific surface area of HMPB NPs, its natural bioactive substances
loading capacity was further investigated. First, N2 adsorption-desorption isotherms of HMPB NPs were used to

Figure 1 (A) Schematic illustration of synthetic procedure of HMPB NPs. The SEM images of (B) PB NPs, (C) MPB NPs, and (D) HMPB NPs. Scale bar 300 nm. The
individual TEM images of (E) PB NPs, (F) MPB NPs, and (G) HMPB NPs. Scale bar 50 nm.
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evaluate the specific surface area and pore size of HMPB NPs. Typical Brunauer-Emmett-Teller (BET) indicated the
wide internal pore size distribution (1.8 – 96.2 nm) and large specific surface area (131.67 m2 g−1) in HMPB NPs
(Figures S7 and 3A), which have the potential to be an ideal carrier for bioactive substances. Herein, PC B2 was
chosen as a cancer therapeutic agent and loaded into the HMPB NPs. As shown in the UV-visible absorption spectra
and digital photographs of the inserted PC B2 solution before and after incubation with HMPB NPs (Figure 3B), the
color of the loaded PC B2 solution became lighter, and the absorbance at 280 nm dropped dramatically, indicating
that PC B2 was successfully loaded into the HMPB NPs. According to the calculation, the loading capacity of PC
B2 can reach 329 μg mg−1 (Figures 3B and S9A–C), which is higher than that of CeO2@SiO2-PEG nanoparticles
(294 μg mg−1), GO–N=N–GO/PVA composite nanohydrogels (206.4 μg mg−1), dopamine conjugated nanographene
oxide (197.2 μg mg−1) and TiO2@ZnO–GO nanoparticles (197.9 μg mg−1),39–42 indicating that HMPB NPs have an
ultra-high loading capacity. More interestingly, the linkage of the -C≡N-Fe group was unstable under the slightly
acid environment. The degradation rate of HMPB in a slightly acidic environment (pH 5.0) was significantly higher
(51.1%) than in a neutral environment (20.8%), implying the pH-responsive release behavior of HMPB NPs
(Figures 3C, S8A and B). Furthermore, the cumulative release of PC B2 at different pH values (pH = 5.0 or 7.2)
was investigated (Figures 3D and S10). The cumulative release of PC B2 was only 22.1% at pH 7.2 and increased
sharply to 43.6% within 48 h when it dropped to 5.0, indicating that the release rate of PC B2 is higher in the
slightly acidic environment. This is due to the decrease in pH that accelerates the degradation of HMPB NPs and
promotes the release of PC B2. These results indicate that the ultra-high drug loading capacity and pH-responsive
release behavior make HMPB@PC B2 become a promising excellent therapeutic agent.

Figure 2 In vitro photothermal-conversion performance of different materials. The concentrations of PB NPs, MPB NPs and HMPB NPs were 100 μg mL−1. (A) UV-vis
spectrum of PB NPs (purple), MPB NPs (red), and HMPB NPs (blue) at 808 nm. (B) Temperature-rise curves of PB NPs (purple), MPB NPs (red), and HMPB NPs (blue)
within 10 min under irradiation of 808 nm NIR laser (1.5 W cm−2). (C) Recycling heating curves of the solution containing HMPB NPs for five on/off cycles of the 808 nm
NIR laser irradiation (1 W cm−2). (D) Calculated photothermal-conversion efficiency of HMPB NPs at 808 nm. Red line: temperature change curves of the solution under
808 nm NIR laser irradiation for 10 min. Black line: cooling curve with NIR laser turned off. Blue line: time constant (τs=322.05) for the heat transfer from the system
obtained by applying the linear time data from the cooling period (R2=0.99869).
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In vitro Synergistic Therapeutic Efficacy
Inspired by excellent photothermal properties and high loading capacity of bioactive substances, then in vitro therapeutic
efficiency of PC B2-loaded HMPB NPs was further investigated. Fluorescence microscopy (FM) was used to observe the
uptake of HMPB NPs by HeLa cells (Figure S11A). The quantitative analysis of fluorescence images of cells showed that
compared with FITC-OVA group, HMPB@FITC OVA group had the strongest green fluorescence intensity, suggesting
that the HeLa cells could take-up HMPB NPs via endocytosis (Figures S11B and C). The relative viability of Hela cells
under HMPB alone or NIR laser irradiation alone had no significant difference compared with the control group,
indicating the superior biocompatibility of HMPB NPs and the tolerance of Hela cells to NIR laser. Further, the
cytotoxicity of PC B2 was evaluated on 293T cells. When the concentration of PC B2 was as high as 640 μM, the
cell viability remained over 90%, which indicated the excellent safety of PC B2 for normal tissues (Figures 4A, B and
S12B). Whereas under the irradiation of NIR laser, as the concentration of HMPB NPs increased, the cell viability of
Hela decreased dramatically (Figure S12A). When the concentration of HMPB NPs was 100 μg mL−1, the cell survival
rate was only 47.9% (Figure 4C). These results suggest that HMPB NPs with superior biocompatibility could effectively
kill HeLa cells under NIR laser. Then, the synergistic therapeutic effect of HMPB NPs with PC B2 was further evaluated.
As illustrated in Figure 4D, the synergistic effect of PTT and CT showed an enhanced cytotoxic compared with
monotherapy. The therapeutic efficacy of the HMPB@PC B2 +NIR treatment group was 62.8%, which is higher than
that of single CT (41.1%) and PTT (54.9%), suggesting that the synergistic strategy has a more obvious inhibitory effect
on HeLa cells.

Consistent with MTT assay results, 55.3% cell apoptosis was detected in the HMPB@PC B2 + NIR treatment group,
which is higher than the HMPB + NIR treatment group (46.7%) (Figure 4E), suggesting that the thermal energy generated
under NIR irradiation and the release of PC B2 by HMPB@PC B2 greatly promote apoptosis thus inducing more extensive
tumor cell death. Moreover, confocal laser scanning microscopy (CLSM) was used to visualize the live and dead Hela cells in

Figure 3 PC B2 loading and pH-responsive release. (A) N2 adsorption-desorption isotherms of MPB NPs and HMPB NPs. (B) UV-visible absorption spectroscopy of PC B2
solutions before and after interaction with HMPB NPs (inset: the representative photos of PC B2 solution before (left) and after interaction with HMPB NPs (middle: before
centrifugation, right: after centrifugation)). (C) Degradation curve of HMPB NPs at different pH values (5.0, 7.2). (D) In vitro release of PC B2 in HMPB@PC B2 at different
pH values (5.0, 7.2).
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different treatment groups. The Calcein-AM and PI fluorescence intensity of each group in Figure 5A corresponds to
Figure 5C. And the results of the fluorescence quantitative analysis of the HMPB+NIR group and HMPB@PC B2 group
are shown in Figure 5B, which show that there was a significant difference in the PI/Calcein-AM fluorescence intensity ratio

Figure 4 In vitro synergistic therapy efficacy. (A and B) Relative cell viabilities of the HeLa cells in various treatment groups: only HMPB NPs and only NIR laser. (C) Relative
viability of HeLa cells under NIR laser irradiation with different concentrations of HMPB NPs. (D) Relative cell viabilities of Hela cells in various treatment groups (HMPB,
HMPB@PC B2: 100 μg mL−1; PC B2: 40 μg mL−1). (E) Flow cytometry analysis of Hela cells’ apoptosis in various treatment groups. (*p < 0.05; **p < 0.01; and ***p < 0.005).
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between the two groups, indicating more cell death in the HMPB@PC B2+NIR group. These results imply that combination
treatment obvious promotes treatment efficacy.

In vivo Excellent Therapeutic Efficacy
Given the excellent therapeutic efficacy and biocompatibility of HMPB@PC B2 in vitro, its anti-tumor efficacy was
further evaluated in HeLa-bearing Balb/c nude mice. Firstly, the photothermal performance of HMPB@PC B2 in vivo
was measured (Figure 6A). The HeLa-tumor-bearing mice were intratumorally injected with PBS and HMPB@PC B2,
respectively. Then, the maximum temperature at the tumor site increased from 30.2°C to 51.5°C under 808 nm (1
W cm−2) NIR laser. In contrast, the temperature of the tumor tissue in the control group did not show significant
fluctuations (Figure 6B). The outstanding photothermal performance of HMPB@PC B2 in vivo is sufficient for tumor
therapy. After the treatment, representative tumor photographs of different treatment groups demonstrated the excellent
anti-tumor efficacy of HMPB@PC B2 (Figure 6C and D). The tumor of mice in the HMPB@PC B2+NIR group were
significantly smaller compared with the control group. And tumor weight and tumor volume changes are shown in
Figure 6E and F. Obviously, HMPB@PC B2+NIR treatment reduced the tumor volume after 14 days’ treatment by about
65% due to the elevated temperature and the release of PC B2. This result demonstrates the superior efficacy of PTT and
CT in tumor therapy. More surprisingly, no significant difference in body weight was observed in all groups of mice
during treatment (Figure 6G), indicating that HMPB@PC B2 has satisfactory biocompatibility and biosafety in vivo.

At the end of the whole treatment period, major organs and tumors of all mice were collected for histological
analysis. The H&E staining results showed that the HMPB@PC B2 + NIR treatment group had significant damage to
the tumor tissue, as evidenced by cellular crinkling and nuclear chromatin condensation and fragmentation (Figure
S13). Nevertheless, no obvious abnormalities were found in the major organ sections of the group, indicating that this
treatment method did not cause significant inflammation and damage to the major organs. At the same time, the blood
index of nude mice was measured and showed negligible changes in the HMPB@PC B2 group compared with the

Figure 5 (A) CLSM images of Hela cells stained by Calcein-AM/PI in treatment groups. (B) Quantitative analysis of the relative fluorescence intensity in the two treatment
groups. (C) Waterfall plot of the relative fluorescence intensity in the two treatment groups. (***p < 0.005).
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control group (Figures S14 and S15). Therefore, this treatment strategy is proven to have excellent safety without
significant systemic toxicity.

Conclusion
In this work, biocompatible HMPB@PC B2 bio-nanocomposites were constructed by encapsulating PC B2 into
HMPB NPs with a hollow mesoporous structure. Under the slightly acidic TME, the biodegradation of HMPB NPs
resulted in the sustained release of PC B2 in vivo to produce a powerful CT effect. More interestingly, based on the
inherent photothermal conversion property of HMPB NPs, the anti-tumor activity of HMPB@PC B2 could be
further enhanced by the higher temperature generated via NIR radiation. The in vitro and in vivo experiments
demonstrated that the PTT and CT provided excellent cancer therapy efficiency without toxicity. Thus, the
constructed HMPB@PC B2 represents a promising anti-cancer therapeutic nanoplatform, enabling in situ release
of bioactive substances for efficient multimodal synergistic therapy.

Figure 6 In vivo therapeutic efficacy of HMPB@PC B2. (A) In vitro thermographic images of tumor-bearing mice after injection of PBS, HMPB@PC B2 with 808 nm
NIR laser irradiation, and (B) the corresponding temperature changes at the tumor site of mice under 808 nm NIR laser irradiation (1W cm−2) in different groups. (C)
Digital images of the nude mice before and after treatment. (D) Digital images of tumors dissected from each group at the end of treatments. (E) Tumor weight changes in
various treatment groups. (F) Relative tumor volume changes and (G) body weight changes in various treatment groups within 14 days. (***p < 0.005).
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