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Abstract
Backgrounds The novel concept of microwave dynamic therapy (MDT) solves the problem of incomplete tumor 
eradication caused by non-selective heating and uneven temperature distribution of microwave thermal therapy 
(MWTT) in clinic, but the poor delivery of microwave sensitizer and the obstacle of tumor hypoxic microenvironment 
limit the effectiveness of MDT.

Results Herein, we engineer a liquid metal-based nanozyme LM@ZIF@HA (LZH) with eutectic Gallium Indium 
(EGaIn) as the core, which is coated with CoNi-bimetallic zeolite imidazole framework (ZIF) and hyaluronic acid 
(HA). The flexibility of the liquid metal and the targeting of HA enable the nanozyme to be effectively endocytosed 
by tumor cells, solving the problem of poor delivery of microwave sensitizers. Due to the catalase-like activity, the 
nanozyme catalyze excess H2O2 in the tumor microenvironment to generate O2, alleviating the restriction of the 
tumor hypoxic microenvironment and promoting the production of ROS under microwave irradiation. In vitro cell 
experiments, the nanozyme has remarkable targeting effect, oxygen production capacity, and microwave dynamic 
effect, which effectively solves the defects of MDT. In the constructed patient-derived xenograft (PDX) model, the 
nanozyme achieves excellent MDT effect, despite the heterogeneity and complexity of the tumor model that is 
similar to the histological and pathological features of the patient. The tumor volume in the LZH + MW group is only 
about 1/20 of that in the control group, and the tumor inhibition rate is as high as 95%.

Conclusion The synthesized nanozyme effectively solves the defects of MDT, improves the targeted delivery of 
microwave sensitizers while regulating the hypoxic microenvironment of tumors, and achieves excellent MDT effect 
in the constructed PDX model, providing a new strategy for clinical cancer treatment.
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Introduction
Breast cancer is the most common malignancy in women 
[1]. As a particular organ, the treatment outcomes of 
breast cancer depend on simultaneously the oncological 
and cosmetic factors [2]. For decades, surgical resection 
was the standard treatment for breast cancer. The treat-
ment has experienced an evolutionary process to breast 
conserving therapy from extended mastectomy [3–6], 
radical mastectomy [7], and modified radical mastectomy 
[8, 9]. The alterative minimal invasive and noninvasive 
techniques have brought light to breast conserving ther-
apy, which is a preferred therapy over mastectomy.

Microwave (MW) ablation is a widely utilized mini-
mally invasive treatment of tumor in clinics. As a kind 
of electromagnetic wave with long wavelength, MW is 
less susceptible to bone and gas interference, and thus 
has deeper tissue penetration than light and ultrasound 
[10–12]. As such, MW ablation is promising for local 
treatment of breast cancer, and particularly exciting for 
cosmetic improvements. However, MW ablation has 
heated and warm zones, and residual tumors in warm 
zones may lead to tumor recurrence after MW treat-
ment, hindering its clinical application prospect in breast 
conserving therapy.

Reactive oxygen species (ROS)-based cancer ther-
apy modality, such as photodynamic therapy [13–16], 
sonodynamic therapy [17–20], chemodynamic therapy 
[21–24], and radiodynamic therapy [25, 26], provides an 
effective approach for overcoming the heat endurance 
of residual tumor cells. Our group has also previously 
developed a novel ROS-based cancer therapy strategy, 
MW dynamic therapy (MDT), which takes advantage 
of MW and utilizes MW energy alone to yield ROS for 
eradicating cancer cells [11, 12, 27]. Even so, the effect of 
ROS-based therapeutic strategies including MDT is still 
limited by the amount of sensitive agents reaching the 
tumor region. Moreover, the hypoxic characteristics of 
tumor microenvironment (TME) also hinder the produc-
tion of ROS, severely reducing the therapeutic efficiency 
[15, 28–31]. Thus, as an emerging ROS-based therapeu-
tic strategy, rational design of a new MDT agent with not 
only selectively internalizing by the tumor cell to solve 
the problem of poor delivery of microwave sensitizers, 
but efficient O2 self-supplying performance to eliminate 
the obstruction of tumor hypoxic microenvironment is 
highly desirable.

Fortunately, with rapid advances in materials science, 
liquid metals offer the opportunity to attenuate MW 
energy, transferring electrons to the surrounding oxygen 
for generating ROS [11]. Additionally, liquid metals are 
reported to have good biosafety and fluid properties [32], 

can adapt to complex biological systems, and undergo 
intracellular deformation when stimulated by exter-
nal energy [33, 34]. Moreover, liquid metals can also be 
used in a variety of biomedical imaging, including photo-
acoustic imaging, CT imaging, X-ray imaging, and MRI 
imaging, etc., which is expected to further expand into 
a biomedical delivery platform for integrated diagnosis 
and treatment [35, 36], showing great potential in the 
biomedical field. Due to these excellent physicochemical 
properties, liquid metals have broad application pros-
pects in tumor MDT. However, liquid metal-mediated 
tumor MDT still needs to address the major concerns of 
targeted delivery and tumor hypoxia. Currently, various 
strategies have been employed to fight against the tumor 
hypoxia [19, 28, 37]. Catalyzing the excessive H2O2 in the 
tumor to generate O2 can not only regulate the TME, but 
also greatly augment the effect of MDT.

Accordingly, we first designed and constructed a 
targeted liquid metal-based nanozyme, in which the 
nanoscale liquid metal particles were coated by CoNi-ZIF 
and HA, called LM@ZIF@HA (LZH) with oxygen self-
sufficient ability to promote MDT (Scheme 1). The tar-
geting ability of HA and flexibility of liquid metal improve 
the accumulation of LZH nanozyme in tumor cells, 
which effectively solves the problem of poor delivery of 
microwave sensitizers. Catalase (CAT) -like activity can 
also catalyze the conversion of excess H2O2 in TME to 
O2, improve the hypoxic TME, and efficiently eliminate 
the obstacles of MDT. In addition, the nanozyme-medi-
ated therapeutic process is often considerably hindered 
by the heterogeneity and complexity of the primary 
human tumor tissue [38–43]. Hence, a patient-derived 
xenograft (PDX) model of breast cancer is constructed to 
evaluate the treatment outcomes of the new therapeutic 
MDT agents with patient-like histological and pathologi-
cal features. In the constructed breast cancer PDX model, 
the MDT of LZH nanozyme achieves excellent therapeu-
tic effect, and the tumor inhibition rate is as high as 95%, 
showing great potential of the nanozyme for highly effi-
cient tumor MDT.

Materials and methods
Materials
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, AR, 99%), 
polyvinyl pyrrolidone (PVP, K30) and 2-Methylimid-
azole (2-MI, 98%) were purchased from Shanghai Mack-
lin Biochemical Co., Ltd. Nickel(II) nitrate hexahydrate 
(Ni(NO3)2·6H2O, AR, 99%) was provided by Beijing 
Chemical Plant. Sodium dodecyl sulfate (SDS) was sup-
plied by Beijing Yili Fine Chemicals Co., Ltd. Hyaluronic 
acid (HA, 97%) was purchased from Shanghai Macklin 
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Biochemical Co., Ltd. Rhodamine 6G was supplied by 
Tianjin Dye Industry Research Institute.

Characterization and measurements
Zeta-potential and dynamic light scattering (DLS) mea-
surements were tested using Zetasizer Nano series (Mal-
vern ZEN3700,UK); SEM images were obtained by the 
scanning electron microscope (HITACHI S-4800, HIT-
ACHI, JAPAN); TEM images were gotten by the trans-
mission electron microscope (HT7700, JEOL, JAPAN); 
Energy-dispersive spectroscopy was performed by JEM-
2100 F transmission scanning electron microscope (JEM-
2100 F, JEOL, JAPAN); X-ray diffraction pattern (PXRD) 
was obtained using the X-ray diffractometer (Bruker, 

D8 focus, Germany); DCF fluorescence was acquired 
by fluorescence spectrometer (Cary Eclipse, Shanghai, 
China); the surface functional group was measured by 
3100 Fourier transform infrared spectrometer (FT-IR, 
Varian, USA); elastic modulus was tested using atomic 
force microscope (Bruker, Dimension FastscanBio, USA); 
enzyme standard instrument was used to the absorbance 
(EPOCH2, BioTek, Germany); the hyperspectral images 
were from Hyperspectral imager (Cytoviva, USA); fluo-
rescence images of cell were obtained by Inverted fluo-
rescent microscope (Nikon ECLIPSE Ti-S, Japan).

Scheme 1 Schematic illustration of major steps of the preparation of LZH and overview of the LZH in tumor therapy
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Preparation of LM@PVP
First, 80  mg of PVP was added into 4 mL of deionized 
water and mixed evenly by ultrasonication. Then 62.5 mg 
of EGaIn was added into above mixture, and the large 
liquid metal droplets were transformed into small par-
ticles using ultrasonic crusher. The ultrasonic power 
was 400  W, the duration time was 3  s, the interval was 
3 s, and total duration was 30 min. Afterwards, the upper 
suspension was collected by centrifugation at 10,000 rpm 
for 10 min. The precipitate was collected by centrifuga-
tion at 7500 rpm for 5 min and washed 3 times with etha-
nol for later use.

Preparation of CoNi-ZIF
0.25  mol of Co(NO3)2·6H2O and 0.25  mol of 
Ni(NO3)2·6H2O were added into 4 mL of ethanol and 
mixed uniformly to prepare solution A. 21.9  mol of 
2-methylimidazole (2MI) was dissolved in 9 mL of eth-
anol as solution B. And the solution C was prepared by 
mixing 40 mg of PVP with 2 mL of ethanol. Then, solu-
tion A was poured into solution B quickly. After the mix-
ture was stirring for 2  min, solution C was added drop 
by drop and the final mixture was stirred magnetically for 
12  h. The precipitate was collected by centrifugation at 
8000 rpm for 5 min and washed with ethanol for 3 times.

Preparation of LM@ZIF (LZ)
Since there are no active groups on the surface of LM 
and ZIF particles, they cannot interact to form core-shell 
structures. We tried to integrate ZIF with LM through 
electrostatic interaction. 0.0125 g of cobalt nitrate hexa-
hydrate and nickel nitrate hexahydrate were dispersed in 
4 mL of ethanol as solution A, 0.300 g of 2-methylimid-
azole and 0.018 g of sodium lauryl sulfate were dissolved 
in 9 mL of ethanol as solution B, and 2 mL of ethanol 
containing 0.040  g of PVP was made into solution C. 
Next, 9  mg of the above-synthesized LM@PVP was 
added to the B solution and stirred for 30 min. Then solu-
tion A was poured into solution B speedily, and solution 
C was dropped in with a dropper after 2 min. After 12 h, 
precipitation was obtained by centrifuging at 5000  rpm 
for 8 min.

Preparation of LM@ZIF@HA (LZH)
In order to enhance the stability of LZ nanoparticles 
under physiological conditions, reduce its cytotoxicity, 
improve its biocompatibility and tumor targeting, HA 
was chosen to coat the MOF particles. 2 mg of HA pow-
der was dissolved in 5 mL of deionized water and 10 µL 
of 1  M sodium hydroxide solution (NaOH) was added 
to adjust the pH value. Then, 10 mL of ethanol solu-
tion containing 10  mg of LZ was added to above solu-
tion. After stirring for 2 h, the precipitate was collected 

by centrifugation at 7000 rpm for 5 min and washed 2-3 
times with ethanol.

Load of rhodamine 6G
For the sake of proving the targeting of HA at the cell 
level and observing the amount of material endocyto-
sis, Rhodamine 6G dye was added during the HA coat-
ing process to achieve the load of Rhodamine 6G. 2 mg 
of HA powder and 5 mg of Rhodamine 6G powder were 
dispersed in 5 mL of deionized water, and then 10 mL 
of ethanol solution containing 10  mg of LZ or ZIF was 
added and the mixture was stirred with magnetic stirrer 
for 2 h. Finally, the precipitate was collected by centrifu-
gation and washed with ethanol for 3 times. The condi-
tions of centrifugation were at 7000 rpm for 5 min.

The catalase-like activity of LZ
2 mg of LZ was taken into 1 mL of deionized water. After 
the indication of dissolved oxygen analyzer, 10 µL of 
0.1, 0.5, 1, 2  M hydrogen peroxide solution (H2O2) was 
added. Then recording the data every 30  s. Simultane-
ously, a hydrogen peroxide concentration was selected to 
conduct oxygen production tests with different material 
concentrations (0, 1, 3, 5 mg/mL). The hydrogen perox-
ide concentration was 7.5 mM. The data was recorded in 
the same way. Besides, 1  mg of LZ was added to 1 mL 
of deionized water. After the instructions of the dissolved 
oxygen analyzer, 5 or 10 µL of 10 mM H2O2 was added, 
and MW irradiation was applied simutaneously. The data 
was then recorded every 30 s.

Endocytosis of LZH and ZIF@HA
4T1 cells were planted into a 6-well plate, and then 1 mL 
of 100  µg/mL LZH-Rhodamine 6G and ZIF@HA-Rho-
damine 6G were added (the concentration of material 
was 50 µg/mL) to two of the wells. After 12 h, the resid-
ual material was washed away and the fluorescence was 
observed. Additionally, the fluorescence intensity was 
analyzed by flow cytometry.

Hyperspectral imaging
10 µL of LZH nanozyme, ZIF@HA, and LM@PVP were 
dropped onto the glass slide, then the cover glass was 
covered on it. After the solution was dry completely, the 
hyperspectral microscope made by Cytoviva was used to 
observe the material. Similarly, the 4T1 cells were incu-
bated with 50 µg/mL material for 12 h. Then the excess 
material was washed off with PBS and the cells were sim-
ply fixed with 4% neutral formaldehyde for 15 min. After-
wards, they were sealed and observed by hyperspectral 
microscope.
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ROS test in vitro
5 mg of LZ and 200 µL of DCFH-DA (0.5 mM) were dis-
solved in 2.3 mL PBS buffer solution (pH = 7.4). Then, 
10 µL of 3% hydrogen peroxide solution was added into 
the mixture. After that, MW was irradiated for 10 min at 
power of 1.8 W. PBS and PBS + H2O2 were used as blank 
control. Afterwards, all the samples were kept in the dark 
for 2  h. Then, the precipitate was removed by centrifu-
gation at 10,000 rpm for 5 min, and the supernatant was 
collected to measure the fluorescence of DCF (excitation 
wavelength: 480  nm, test wavelength: 500–600  nm, slit 
width: 2.5/5).

Young’s modulus
10 µL of the same concentration of LM, ZIF, LZ were 
dropped on a clean circular mica plate, respectively. After 
ethanol was completely volatilized, mica plate was fixed 
to the flat round metal table. Then, Young’s modulus test 
was performed. Cantilever parameter: elastic coefficients 
k: 42 N/m, resonance coefficient f: 320 kHz, thickness T: 
3.8 μm, length: 127 μm, width: 35 μm. The needle calibra-
tion radius 8–10 nm.

Study of cytotoxicity in vitro
Murine mammary carcinoma (4T1) cells were used as 
the cell model. 4T1 and mouse fibroblast epithelial cells 
(L929) were incubated in complete medium composed 
of Dulbecco’s modification of Eagle’s medium (DMEM), 
10% FBS, 1% antibiotics consisting of streptomycin and 
penicillin. 4T1 and L929 cells were cultured in a 96-well 
plate for 24  h, and then different concentrations of 
LZH nanozymes (0, 12.5, 25, 50, 100, 200  µg/mL) were 
incubated with these cells for 12  h, 5 parallel samples 
per group. Then 20 µL of MTT solution (5  mg/mL, i.e. 
0.5% MTT) was added to each well. After 4  h, the cul-
ture medium was removed from the well and 150 µL of 
dimethyl sulfoxide (DMSO) was added to each well. After 
centrifugation (10,000  rpm, 5  min), 100 µL of superna-
tant was taken from each well and the absorbance was 
tested at 492 nm with a microplate reader. The cell viabil-
ity was calculated by the absorbance and the cytotoxicity 
of the material was evaluated.

Oxygen generation of LZH nanozyme
Tris(2,2’-bipyrimidine) ruthenium dihydrochloride 
[Ru(dpp)3]Cl2 (RDPP) was served as an oxygen probe. 
4T1 cells were cultured with different concentrations 
of LZH nanozyme (0, 50, 100, and 200 µg/mL) for 12 h, 
and then 500 µL of 20  µg/mL RDPP was added (total 
volume: 1mL, that is, the probe concentration is 10  µg/
mL). After 2 h, 500 µM of hydrogen peroxide was added 
and incubated for 3-4  h. Finally, the excess probes and 
hydrogen peroxide were washed away with DMEM and 

the fluorescence was observed through the fluorescence 
microscope.

ROS test at cell level
LZH nanozyme at a concentration of 200  µg/mL was 
incubated with 4T1 cells in a well plate for 12  h. The 
medium in the wells was removed and the well was 
washed with PBS. Then, the digested cells were irradi-
ated with MW at 1.8 W for 5 min. Next, these cells were 
incubated with DCFH-DA probes at a concentration 
of 10 µM. After 30 min, the excess probes were washed 
with PBS and the fluorescence was observed by fluores-
cent microscope. Additionally, the fluorescence intensity 
was analyzed by flow cytometry, and other experimental 
operations were completely consistent with the above.

Targeting of HA
4T1 cells were incubated with 5 mg/mL of HA solution 
for 1 h, and the other group was supplemented with the 
same volume of medium as a control. Then the culture 
medium was detached and 50  µg/mL LZH-Rhodamine 
6G was added. After 4 h, the excess material was washed 
away with PBS, and the fluorescence was observed 
through a fluorescence microscope. Moreover, the fluo-
rescence intensity was analyzed by flow cytometry.

Inhibition of 4T1 cells
50, 100, and 200  µg/mL of LZH nanozyme were incu-
bated with 4T1 cells in the 6-well plate for 12  h. The 
control group was supplemented with the same vol-
ume of medium. And then the cells in each group were 
digested. The MW group was treated with MW irradia-
tion at 0.9 or 1.8 W. After 5 min of irradiation, the cells 
were transferred to a 96-well plate and cultured for 
another 24  h. Then, 20 µL of MTT solution was added 
into each well and incubated for another 4 h. The excess 
culture medium was washed away and 150 µL of DMSO 
was added to the well. After centrifugation (10,000 rpm 
for 5 min), 100 µL of the supernatant was taken to test its 
absorbance at 492 nm. The cell viability was calculated by 
the absorbance.

Live/dead staining assay
According to the results of the cell inhibition experiment, 
a material concentration of 100 µg/mL and a MW condi-
tion of 1.8 W for 5 min were selected to perform cell live/
dead staining to evaluate the MDT of LZH nanozyme. 
100  µg/mL of LZH nanozyme was incubated with 4T1 
cells for 12 h, and then the digested cells were subjected 
to MW treatment. Then, the cells were stained with cal-
cein-AM and propidium iodide (PI). After 30  min, the 
excess dye was washed with PBS and the fluorescence 
microscope was sued for observing the stained cells.
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Acute toxicity study
For evaluating the biosafety of the material, Balb/c mice 
of about 20  g were selected for the acute toxicity test. 
Mice were injected with different doses of materials (0, 
50, 100, 200 mg/kg, dispersed in pH = 7.4 PBS buffer solu-
tion) via tail vein, 3 mice in each group. The state of the 
mice was observed carefully and changes in their weight 
were recorded every day. After 14 days, the mice were 
sacrificed and their blood was collected for blood rou-
tine tests. At the same time, their major organs includ-
ing heart, liver, spleen, lung and kidney were collected. 
After slicing, fixing and staining, the tissue sections were 
observed with an optical microscope.

Construction of PDX model
Firstly, nude BALB/c mice (7-8 weeks) were anesthetiz-
ing by 1.5% mebubarbit. Then, fresh tumor tissues were 
implanted subcutaneously into the right back of the 
mice. Fresh tumor tissue was obtained from breast can-
cer patient of the Department of Breast Surgery, West 
China Hospital, Sichuan University, with approval from 
the hospital’s biomedical ethics committee and in com-
pliance with all relevant ethical regulations (2020 Review 
No. 353).

In vivo experiment of LZH nanozyme
When bearing-mice in the PDX model were about 100 
mm3, 20 mice were randomly divided into 4 groups: Con-
trol, MW, LZH, LZH + MW. Then the mice were sub-
jected to tail intravenous injection (LZH and LZH + MW 
groups at a dose of 50  mg/kg, control and MW group 
injected the same dose neutral PBS). After 6 h, MW irra-
diation (1.8  W for 5  min) was performed on the group 
requiring MW irradiation. Subsequently, the weight of 
the mice and the size of the tumor had been recorded 
daily until the end of the experiment. After the experi-
ment, mice were sacrificed, taking heart, liver, spleen, 
lung, kidney, and tumor. Finally, H&E staining and 
immunohistochemistry experiment were performed. 
Tumor volume = length × width × width/2-scar long × 
scar width × scar width/2. All animal experiments were 
conducted according to the Association for Assessment 
and Accreditation of Laboratory Animal Care guidelines 
and were approved by the Institutional Animal Care and 
Use Committee of West China Hospital, Sichuan Univer-
sity (file No.2,021,913 A).

Statistical analysis
All results were expressed as the mean ± standard devia-
tion (S.D). The analysis of statistical (*** P < 0.001, 
**P < 0.01, and *P < 0.05).

Results and discussion
Synthesis and characterization of LZH nanozyme
Although the high surface tension of liquid metal will 
be reduced after the rapid formation of a thin oxide 
layer on the surface under aerobic conditions, the prob-
lems such as uncontrollable interface and viscous oxide 
layer also hinder its application in the biomedical field. 
Herein, polyvinylpyrrolidone (PVP) with low biotoxic-
ity was used as a surfactant to realize the nanometeriza-
tion of bulk liquid metals through the top-down method 
by ultrasound. Spherical LM@PVP (LM) nanoparticles 
about 180 nm with smooth surface were observed, con-
sistent with hydrated particle size measurement (Fig. 1a 
and Fig. S1a). Since there were no available groups on 
the surface of LM for binding with ZIF, it was hard to 
coat LM with ZIF via chemical reaction. Fortunately, 
LM was positively charged in the ethanol solution (Fig. 
S1d), so we introduced the anionic surfactant sodium 
lauryl sulfate. LM@ZIF (LZ) nanoparticles with an aver-
age particle size of approximately 250 nm were obtained 
by electrostatic attraction (Fig.  1b and Fig. S1b). After 
coating ZIF on LM, some small protrusions appeared on 
the surface, like the chocolate beans on cookies, which 
made the surface rougher than LM. The EDS mapping 
results of LZ nanoparticles showed that the Ga, In, Co, 
Ni, and N element presented spherical distribution, and 
the distribution of Co and Ni was obviously larger than 
that of Ga and In, which also proved the successful syn-
thesis of LZ nanoparticles (Fig. 1d and e). X-ray diffrac-
tion pattern (XRD) results revealed that the peaks of the 
synthesized CoNi bimetallic MOF were basically con-
sistent with the standard XRD patterns of pure Co and 
Ni MOF (Fig. 1f ), confirming the synthesis of bimetallic 
ZIF. LZH nanozyme was formed by coating LZ nanopar-
ticle with hyaluronic acid (HA) to improve its stability 
and confer targeting (Fig. 1c and Fig. S2). The absorption 
peak at 2960 cm-1 in Fourier infrared spectrum could be 
ascribed to the stretching vibration of -CH3 in the dime-
thylimidazole (Fig. 1g). The absorption of 1650 cm-1 was 
the bending vibration of N-H, and the absorption peak 
near 1050  cm-1 could be the stretching vibration of the 
C-O bond in HA. These results indicated the successful 
synthesis of LZH nanozymes. The hydrated particle sizes 
of LM, LZ and LZH were 180 nm, 250 nm, and 260 nm 
(Fig. S1c), and the corresponding PDI were 0.060, 0.101, 
and 0.119, respectively. The above results proved that 
the monodisperse LZH nanozymes were successfully 
synthesized.

Evaluation of oxygen generation
Researches have shown that liquid metals can produce 
ROS under MW irradiation [11]. However, the MDT 
can be negatively affected by hypoxia of TME. Hence, 
an oxygen self-sufficient agent is particularly important. 
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The mechanism of reaction catalyzed by Co-based MOF 
is the conversion of H2O2 into O2 with the assistance of 
the Co2+ center in ZIF-67 [44]. Accordingly, the CAT-
like activity of LZ nanoparticle was evaluated. When 
LZ nanoparticle was added to H2O2 solution, a violent 
reaction occurred immediately and a large amount of 
oxygen was generated, while H2O2 solution alone had 
almost no reaction (Fig. S4c and d). Next, CAT-like activ-
ity of LZ nanoparticle under different H2O2 concentra-
tions was tested. When the concentration of H2O2 was 
1 mM, the rate of oxygen generation was very slow, and 
the oxygen concentration at 15  min was also extremely 
small, only 0.96  mg/L (Fig.  2a). With the increment of 
the concentration of H2O2, the generation of oxygen 
gradually increased. At 20 mM, the amount of oxygen 
increasing within 15 min was about 12 times than that of 
1 mM (Fig. 2b). In addition, to further demonstrate the 
CAT-like activity of LZ within tumors, we validated the 
CAT-like activity of LZ on H2O2 levels (50–100 µM) in 
tumors. The results showed that under MW irradiation, 
when the concentration of H2O2 was 50µM, the oxygen 
generation was 6.9 times that of the control group (Fig. 

S3). When the concentration of H2O2 reached 100 µM, 
the oxygen generation was 9.7 times that of the control 
group, and there were significant differences. Simultane-
ously, for further proving the catalytic ability of LZ, we 
also conducted corresponding experiments at different 
concentrations of LZ nanoparticles. Fig. S4a showed that 
the curve of the H2O2 solution without any treatment 
was relatively flat, indicating that the decomposition of 
H2O2 was very slow and the oxygen amount was pretty 
small (0.3 mg/L) without catalysis. While after adding LZ 
nanoparticles, the decomposition rate of H2O2 was sig-
nificantly increased, even 1 mg could generate 4.41 mg/L 
of oxygen in 15 min. Moreover, with the increase of the 
concentration of LZ nanoparticles, the decomposition 
rate of H2O2 was also accelerated. They all tended to be 
flat around 15  min, which might cause by H2O2 deple-
tion, but the oxygen generation of 5  mg at 15  min still 
reached 40 times that of the control group (Fig. S4b). 
All experiments above manifested that LZ nanoparticles 
had excellent CAT-like performance of H2O2 and was 
expected to enhance the production of ROS.

Fig. 1 Characterization of LZH. (a) SEM and TEM images (interpolated) of nanosacle liquid metal LM@PVP NPs. (b) SEM and TEM (interpolated) images of 
LZ NPs. (c) SEM and TEM (interpolation) images of LZH. (d) EDS element mapping images of LZ NPs. (e) EDS elements of LZ NPs. (f) XRD spectra of CoNi-
ZIF NPs and corresponding single metal MOF: simulated XRD spectra of ZIF-67 and Ni-MOF. (g) Fourier transform infrared spectra of LM@PVP, CoNi-ZIF, 
LZ, HA and LZH.
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In vitro study of ROS production
The redox in cells tend to a certain balance, and overex-
pression of either side will cause apoptosis. Therefore, 
ROS expression enhanced by external stimulation has 
great prospects in tumor therapy. Considering CAT-like 
performance of LZ and the MW dynamic effect of liquid 
metal, the ROS producting capacity of LZ nanoparticles 
was evaluated. LZ nanoparticles could produce a certain 
amount of ROS due to the existence of liquid metal, and 
MW stimulation could promote ROS production (Fig. 
S5). H2O2 effectively promoted ROS production, while 
LZ nanoparticles further significantly increased the level 
of ROS (Fig. 2c), which might be related to the CAT-like 
performance of LZ nanoparticles. The LZ + H2O2 + MW 
group had the highest ROS production, and the peak 
fluorescence intensity was 22.5 times that of the control 
group and 16 times that of the H2O2 group (Fig. 2d). Next, 
ROS production of LZH nanozymes at the cellular level 

was further investigated. After incubating LZH nano-
zymes at a concentration of 200 µg/mL with 4T1 cells for 
12 h, the MW group was irradiated with MW at 1.8 W 
for 5 min. Almost no green fluorescence was observed in 
the control group and the MW group (Fig. 2e), while very 
weak green fluorescence was observed in the LZH group. 
In contrast, the fluorescence of LZH + MW group was the 
strongest, revealing that LZH nanozymes could produce 
a large number of ROS in cells under MW stimulation. 
Fluorescence quantitative analysis was performed by flow 
cytometry, and the results were consistent with those 
observed by fluorescence microscopy (Fig. S6). The fluo-
rescence of the LZH + MW group was 21.3 times that of 
the control group, 12.0 times that of the MW group, and 
3.0 times that of the LZH group (Fig. S7). These results 
demonstrated that the LZH nanozymes could produce 
ROS efficiently and had CAT-like properties, which 
could promote O2 generation and lead to increased ROS 

Fig. 2 Physical and chemical properties. (a) The CAT-like activity of LZ NPs under different H2O2 concentrations (1, 5, 10 and 20 mM). (b) The net differ-
ence of oxygen production about a). (c) Fluorescence intensity of DCF in PBS under different treatments. (d) The peak fluorescence intensity of DCF in PBS 
under different treatments. (e) The fluorescence images of ROS production at the cellular level. (f) The fluorescence images of oxygen generation at the 
cellular level. (g) The fluorescence images of CD44 targeting performance
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production, laying a solid foundation for the enhanced 
MDT by oxygen self-supplying in vivo.

Evaluation of oxygen generation at cellular level
The divalent ruthenium (Ru) complex excites to pro-
duce strong and stable red fluorescence, which can be 
effectively quenched by molecular oxygen. Accordingly, 
[Ru(dpp)3]Cl2 (RDPP) is often used as an oxygen probe 
to test the oxygen generation [30]. Given the excellent 
performance of LZH nanozymes in catalyzing H2O2 to 
generate O2in vitro, RDPP was used to further explore 
the oxygen self-supplying performance of LZH nano-
zymes at the cellular level. Bright red fluorescence can be 
seen in the control group (Fig.  2f ), proving the hypoxia 
characteristics of 4T1 cells. As the concentration of LZH 
nanozymes increased, the red fluorescence gradually 

weakened. When the concentration was 200 µg/mL, the 
red fluorescence was barely visible, indicating that more 
oxygen was generated. Overall, LZH nanozymes had 
remarkable CAT-like properties and could realize intra-
cellular oxygen self-supplying, thereby alleviating tumor 
hypoxia and enhancing tumor MDT.

Targeting ability of LZH
Breast cancer cells are one of the cells with high expres-
sion of CD44 receptor, and HA can specifically target 
CD44 receptor, providing an effective approach for the 
treatment of triple-negative breast cancer [45, 46]. Con-
sidering the HA on the surface of LZH nanozymes, the 
targeting performance of LZH nanozymes was studied 
using “shielding” method. The experimental group was 
treated with HA solution first, while the control group 

Fig. 3 Endocytosis of ZIF@HA and LZH. (a) Quantitative nanomechanical mappings of LM, ZIF and LZ nanoparticles. (b) Averaged Young’s modulus of 
LM, ZIF and LZ nanoparticles. (c) Fluorescence image of Rhodamine 6G in 4T1 cells. (d) Mean fluorescence intensity of Rhodamine 6G in 4T1 cells. (e) 
Hyperspectral images of LZH nanozymes (From left to right: spectral library of LZH nanozymes, hyperspectral image of cells, mapping of LZH nanozymes 
uptaken by 4T1 cells, and overlay image of LZH nanozymes and cells). (f) Hyperspectral images of ZIF@HA (From left to right: spectral library of ZIF@HA, 
hyperspectral image of cells, mapping of ZIF@HA uptaken by 4T1 cells, and overlay image of ZIF@HA and cells)
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did not do any treatment. After 2  h, the same concen-
tration of LZH was added, and the fluorescence was 
observed after 4  h incubation. As shown in the Fig.  2g 
and S9, with the “shielding” of HA solution, the red fluo-
rescence was significantly weaker than that of the control 
group. Further quantitative analysis by flow cytometry 
showed that the fluorescence intensity of cells without 
HA shielding was significantly increased (Fig. S10), which 
was 2.2 times that of the HA shielding group (Fig. S11). 
These results clearly suggested that LZH nanozymes had 
notable CD44 targeting performance and also proved 
that HA was successfully coated.

Study on cellular endocytosis
Studies have shown that the flexibility of liquid metal 
allows it to deform, making it easier to uptake by cells 

[47]. Compared with ZIF, LZH nanozymes should be 
easier to enter into the cells, thus greatly enhancing 
the therapeutic effect of tumors. This hypothesis was 
verified by atomic force microscopy (AFM) detection 
(Fig.  3a). The average elastic modulus of LZ nanopar-
ticles was 2038 MPa, much greater than LM (707 MPa) 
and smaller than ZIF (4543 MPa) (Fig. 3b). It was further 
verified by endocytosis assay. These nanoparticles were 
loaded with Rhodamine 6G to provide intracellular fluo-
rescence tracking (Fig. S12). After incubating 4T1 cells 
with the same concentration for 12  h, the fluorescence 
was observed. The red fluorescence was stronger in the 
LZH group, but weaker in the ZIF group (Fig.  3c). The 
results of average fluorescence intensity showed that the 
fluorescence intensity of the LZH group was about twice 
that of the ZIF group (Fig.  3d), demonstrating that the 

Fig. 4 The cytotoxicity of LZH nanozymes and the inhibition of 4T1 cell growth. (a) The cytotoxicity of LZH nanozymes on L929 and 4T1 cells. (b) The 
inhibitory effect of LZH nanozymes on 4T1 cells under the MW at 0.9 W. (c) The inhibitory effect of LZH nanozymes on 4T1 cells under the MW at 1.8 W. 
(d) Fluorescence imaging of Calcein-AM and PI co-stained 4T1 cells under different treatment
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endocytosis of LZH was much higher than that of ZIF, 
which was consistent with our hypothesis. Flow cytom-
etry results further confirmed the excellent endocytosis 
of LZH nanozymes (Fig. S13). The fluorescence intensity 
of LZH was 6.0 times that of ZIF@HA (Fig. S14). Endo-
cytosis was further characterized through hyperspectral 
imaging. As shown in Fig. S15, hyperspectral images of 
ZIF@HA and LZH NPs were collected to establish spec-
trum libraries. Then, the spectrum library was used to 
characterize ZIF@HA and LZH nanozymes in the cells. 
In the mapping images (Fig.  3e and f ), the endocyto-
sis of LZH nanozymes by cells was significantly greater 
than that of ZIF within the same time, which further 
proved that the flexibility of liquid metal can promote the 

endocytosis. Hence, the flexibility of liquid metal and the 
targeting of HA allow LZH nanozymes to be taken up by 
cells to a greater extent,thus greatly improving the effi-
cacy of tumor MDT.

Cell cytotoxicity in vitro and acute toxicity in vivo
Due to the excellent MW dynamic effect and oxygen self-
supplying capacity, as well as targeting effect, LZH nano-
zymes are expected to be used in vivo to solve the defects 
of MDT. Therefore, the biosafety of LZH nanozymes 
needs to be evaluated. The cytotoxicity of LZH nano-
zymes was studied using mouse fibroblasts L929 and 
mouse breast cancer cells 4T1. The viability of 4T1 cells 
decreased slightly with the increase of LZH nanozymes 

Fig. 5 Anticancer in PDX model. (a) The body weight curve of mice during 24 days treatment. (b) The curve of tumor volume changes during 24 days. 
(c) Tumor weight of different groups. (d) Inhibition rate of different groups. (e) Photograph of tumor-bearing mice on the 24th day. (f) Photograph of 
tumors extracted from different groups. (g) H&E staining of tumor sections (red frame: necrotic cells; blue frame: living cells). (h) The expression of HIF-1α 
in different groups
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concentration. At a high concentration of 200  µg/mL, 
the viability of L929 and 4T1 cells were 97 ± 1.1% and 
82 ± 1.8% respectively (Fig. 4a), suggesting low toxicity of 
LZH nanozymes to cells. Besides, acute toxicity tests on 
LZH nanozymes were performed according to the ethical 
principles of animal experiments. The weight of the mice 
decreased slightly on the first day of treatment, but con-
tinued to rise over time (Fig. S16). H&E staining of major 
organs and blood routine analysis showed no obvious dif-
ference between the experimental group and the control 
group (Fig. S17 and S18), despite the injection concentra-
tion as high as 200  mg/kg. These results indicated that 
LZH nanozymes had excellent biological safety and could 
be used for tumor treatment in vitro and in vivo.

Anticancer study in vitro
Before animal treatment experiments, we first assessed 
the inhibitory effect of LZH nanozymes at the cellular 
level. As shown in Fig. 4b and c, the viability of 4T1 cells 
in different treatment groups was measured respectively. 
Under the MW at 0.9  W, the cell viability of the MW 
group was about 80%, and when the power was increased 
to 1.8 W, the cell viability was reduced to about 69%. In 
addition, at the same power, as the concentration of LZH 
nanozymes increased, the cell viability also showed a rel-
atively obvious downward trend. At the concentration of 
100 µg/mL, the cell viability was only 18% under 1.8 W 
MW irradiation, which was extremely significant differ-
ent from that of MW group, demonstrating that LZH 
nanozymes had a remarkable MDT in vitro at the cellular 
level. On this basis, a MW power of 1.8 W and a material 

Fig. 6 H&E staining of main organ sections of mice with different treatment (scale bar: 100 μm)
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concentration of 100  µg/mL were selected for live and 
dead staining of cells (Fig. 4d). LZH + MW group showed 
the weakest green fluorescence and the strongest red 
fluorescence, demonstrating that LZH nanozymes had 
the best inhibitory effect on tumor cells under MW irra-
diation. These proved the excellent MDT effect of LZH 
nanozymes once again.

Computed tomography (CT) imaging
Studies show that the high density of liquid metal makes 
it promising to replace traditional iodine-based con-
trast agents and enhance the contrast of CT images [48]. 
Inspired by this, the CT imaging ability was also inves-
tigated before conducting in vivo therapy. As the con-
centration of LZ increased, the brightness gradually 
enhanced (Fig. S19a), manifesting that LZH nanozymes 
had CT imaging capability and is concentration-depen-
dent. In vivo CT imaging was performed in the PDX 
model, the brightness of the tumor changed significantly 
before and after injection, and the average HU value of 
the tumor after injection was more than twice that before 
injection (Fig. S19b), demonstrating that LZH nano-
zymes could be used as a CT contrast agent for in vivo 
monitoring and treatment.

Anticancer efficiency in vivo
Compared with the model established by cancer cell lines 
cultured in vitro, PDX model can partially recreate the 
tumor hypoxic microenvironment and maintain simi-
lar histological and pathological features to the patients 
[41–43, 49]. For the purpose of retaining the heterogene-
ity of varying degrees of complexity found in human can-
cers, PDX model mice of breast cancer were established 
and randomly divided into 4 groups: Control, MW, LZH, 
LZH + MW. The body weight of all groups was no obvious 
difference compared with the control group during 24 
days after treatment (Fig. 5a). Tumor volume of mice in 
the control group and the LZH group increased sharply, 
while that in the MW group and the LZH + MW group 
increased first and then gradually reduced (Fig. 5b). This 
might be because the growth of tumors was faster than 
necrosis initially after MW irradiation, then the part of 
the necrosis was more than that of the growth. From 
the 6th day, the tumor volume in MW group began to 
increase, which may be due to incomplete tumor necro-
sis caused by simple MW treatment, leading to tumor 
recurrence. In contrast, the tumor volume in LZH + MW 
group was gradually decreased due to the effect of ROS 
on tumors. After 24 days, tumor volume in LZH + MW 
group was about 1/20 of that in control group, three mice 
were even completely cured. The tumor inhibition rate 
was as high as 95.13% (only 50% in MW group) (Fig. 5c 
and d), confirming that LZH nanozymes had excellent 
anti-tumor effect under MW irradiation. This was also 

verified by photograph of tumor tissue and mice (Fig. 5e 
and f). Figure 5 g exhibited the most cell necrosis in the 
LZH + MW group. The expression of HIF-1α in tumor 
tissues under different treatments was characterized by 
immunohistochemistry (Fig. 5h). It can be seen that the 
expression of HIF-1α in LZH group was lower, indicat-
ing that LZH nanozymes can alleviate tumor hypoxia 
to a large extent. Under MW irradiation, the degree of 
hypoxia was further relieved. The immunohistochemi-
cal intensity of the LZH + MW group was 0.4 times that 
of the control group (Fig. S20), 0.3 times that of the MW 
group, and 0.8 times that of the LZH group. This proved 
that LZH nanozymes still had excellent oxygen produc-
tion ability in vivo, and could effectively improve tumor 
oxygen deficiency. Additionally, H&E staining of tissue 
sections also revealed that LZH nanozymes had no obvi-
ous toxicity to major organs (Fig. 6), indicating that LZH 
nanozymes had good biocompatibility. These results 
manifested that LZH nanozymes with low toxicity had 
excellent therapeutic effects of MDT.

Conclusion
In conclusion, we first successfully achieved the binding 
of liquid metal and ZIF by simple electrostatic adsorp-
tion, and obtained a liquid metal-based nanozyme LZH 
with good stability through HA coating. This synthetic 
LZH nanozyme had certain flexibility derived from liquid 
metal, which could effectively promote the cell internal-
ization of LZH nanozyme. HA endowed it with targeting 
ability, further promoted the endocytosis of the material, 
and doubly solved the problem of poor delivery of micro-
wave sensitizers. Due to the CAT-like activity, endog-
enous H2O2 in TME was catalyzed by LZH nanozyme 
to produce O2. The increase of O2 level could greatly 
enhance the production of ROS, efficiently eliminate the 
restriction of MDT, and further induce the apoptosis and 
death of residual tumor cells. Cell experiments showed 
that LZH nanozyme had an excellent inhibitory effect on 
tumor cells. In addition, the PDX model of breast can-
cer was established to evaluate the therapeutic effect of 
LZH-mediated MDT. The in vivo studies demonstrated 
that LZH nanozyme had a significant tumor therapeu-
tic effect under MW irradiation, and the tumor inhibi-
tion rate reached 95%. The successful synthesis of LZH 
nanozyme provides simple strategy for the surface modi-
fication of liquid metal, while its excellent MDT in PDX 
model promises broad application prospects in the treat-
ment of clinical breast cancer.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12951-023-02121-9.

Supplementary Material 1

https://doi.org/10.1186/s12951-023-02121-9
https://doi.org/10.1186/s12951-023-02121-9


Page 14 of 15Wu et al. Journal of Nanobiotechnology          (2023) 21:399 

Acknowledgements
The authors acknowledge financial support from the National Natural Science 
Foundation of China (Project No. U20A20335, 62001456, 61975214, 81971745), 
the Beijing Natural Science Foundation (No. 4222019), and 1.3.5 project for 
disciplines of excellence, West China Hospital, Sichuan University (Grant No. 
ZYJC18026).

Authors’ contributions
Qiong Wu, Yongnian Yu and Xiaorui Yu contributed equally to this work. Qiong 
Wu and Yongnian Yu performed most of the experiments, analysed the data, 
and wrote the manuscript. Xiaorui Yu carried out the experiment in vivo, 
analysed parts of the data. Qijun Du handled the figure of this manuscript and 
revised the manuscript. Li Gou revised the manuscript and supervised this 
work. Longfei Tan, Changhui Fu, Xiangling Ren and Jun Ren were responsible 
for the software. Kai Xiao and Xianwei Meng revised the manuscript and 
supervised this work. All authors read and approved the final manuscript.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1Laboratory of Controllable Preparation and Application of Nanomaterials, 
Technical Institute of Physics and Chemistry, Chinese Academy of 
Sciences, Beijing 100190, China
2CAS Key Laboratory of Cryogenics, Technical Institute of Physics and 
Chemistry, Chinese Academy of Sciences, Beijing 100190, China
3College of Biomedical Engineering, Sichuan University, Chengdu  
610065, China
4Sichuan Kangcheng Biotechnology Co., LTD, No.28 Gaopeng Avenue, 
High-tech Zone, Chengdu 610000, China
5Precision Medicine Research Center & Sichuan Provincial Key Laboratory 
of Precision Medicine and National Clinical Research Center for Geriatrics, 
West China Hospital, Sichuan University, Chengdu 610041, China

Received: 30 June 2023 / Accepted: 21 September 2023

References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray 

F. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

2. Mathapati SN, Goel A, Mehta S, Aggarwal J, Aravindan R, Nayak V, Panda SK, 
Pande PK, Kumar K. Oncoplastic breast reconstruction in breast conservation 
surgery: improving the oncological and aesthetic outcomes. Indian J Surg 
Oncol. 2019;10(2):303–8.

3. Yamamoto T, Yamamoto N. An extended superficial circumflex iliac artery 
perforator flap transfer for a relatively-small breast reconstruction after total 
mastectomy. Microsurg. 2022;42(2):181–6.

4. Tanaka K, Oura S, Yasuda K, Makimoto S. Abrupt aggravation of encapsulated 
seroma after breast reconstruction with extended latissimus dorsi muscle 
flap. Case Rep Oncol. 2021;14(1):290–5.

5. Du Z, Zhou Y, Chen J, Long Q, Lu Q. Retrospective observational study of 
breast reconstruction with extended latissimus dorsi flap following skin-
sparing mastectomy. Med (Baltim). 2018;97(31):e10936.

6. Wrubel E, Natwick R, Wright GP. Breast-conserving therapy is associated with 
improved survival compared with mastectomy for early-stage breast cancer: 
a propensity score matched comparison using the national cancer database. 
Ann Surg Oncol. 2021;28(2):914–9.

7. Wilczynski J, Sobolewski P, Zielinski R, Kabala M. Body composition in women 
after radical mastectomy. Int J Environ Res Public Health. 2020;17(23):8991.

8. Tang W, Luo G, Lu Y, Chen C, Liu H, Li Y. Application of a new serratus anterior 
plane block in modified radical mastectomy under ultrasound guidance: a 
prospective, randomized controlled trial. J Clin Anesth. 2021;74:110377.

9. Al Awayshih MM, Nofal MN, Yousef AJ. Modified radical mastectomy for male 
breast cancer. Am J Case Rep. 2019;20:1336–9.

10. Ma XY, Wu Q, Tan LF, Fu CH, Ren XL, Du QJ, Chen LF, Meng XW. Chemical 
chaperone delivered nanoscale metal–organic frameworks as inhibitor of 
endoplasmic reticulum for enhanced sensitization of thermo-chemo therapy. 
Chin Chem Lett. 2022;33:1604–8.

11. Wu Q, Xia N, Long D, Tan LF, Rao W, Yu J, Fu CH, Ren XL, Li H, Gou L, Liang 
P, Ren J, Li L, Meng XW. Dual-functional supernanoparticles with micro-
wave dynamic therapy and microwave thermal therapy. Nano Lett. 
2019;19(8):5277–86.

12. Li S, Chen ZZ, Tan LF, Wu Q, Ren XL, Fu CH, Niu M, Li H, Meng XW. MOF@COF 
nanocapsule for the enhanced microwave thermal-dynamic therapy and 
anti-angiogenesis of colorectal cancer. Biomaterials. 2022;283:121472.

13. Wang W, Wang Y, Ma M, Jin HJ, Li X. Drug-induced self-assembly cas-
cade nanoreactor for synergistic tumor therapy. ACS Appl Mater Inter. 
2022;14(39):44029–38.

14. Wang Y, Jia L, Hu T, Yang Z, Yang C, Lin H, Zhang F, Yu K, Qu F, Guo W. Hollow 
nanooxidase enhanced phototherapy against solid tumors. ACS Appl Mater 
Inter. 2022;14(51):56597–612.

15. Yang G, Xu L, Chao Y, Xu J, Sun X, Wu Y, Peng R, Liu Z. Hollow MnO2 as a 
tumor-microenvironment-responsive biodegradable nano-platform for 
combination therapy favoring antitumor immune responses. Nat Commun. 
2017;8(1):902.

16. Zhuang WR, Wang Y, Lei Y, Zuo L, Jiang A, Wu G, Nie W, Huang LL, Xie HY. Phy-
tochemical engineered bacterial outer membrane vesicles for photodynamic 
effects promoted immunotherapy. Nano Lett. 2022;22(11):4491–500.

17. Dong Z, Feng L, Hao Y, Li Q, Chen M, Yang Z, Zhao H, Liu Z. Synthesis of 
CaCO3-based nanomedicine for enhanced sonodynamic therapy via amplifi-
cation of tumor oxidative stress. Chem. 2020;6(6):1391–407.

18. Liu Y, Li Z, Fan F, Zhu X, Jia L, Chen M, Du P, Yang L, Yang S. Boosting antitumor 
sonodynamic therapy efficacy of black phosphorus via covalent functional-
ization. Adv Sci. 2021;8(20):e2102422.

19. Yuan M, Liang S, Zhou Y, Xiao X, Liu B, Yang C, Ma P, Cheng Z, Lin J. A robust 
oxygen-carrying hemoglobin-based natural sonosensitizer for sonodynamic 
cancer therapy. Nano Lett. 2021;21(14):6042–50.

20. Zhang Z, Li B, Xie L, Sang W, Tian H, Li J, Wang G, Dai Y. Metal-phenolic 
network-enabled lactic acid consumption reverses immunosuppres-
sive tumor microenvironment for sonodynamic therapy. ACS Nano. 
2021;15(10):16934–45.

21. Wu J, Liu Y, Cao M, Zheng N, Ma H, Ye X, Yang N, Liu Z, Liao W, Sun L. Cancer-
responsive multifunctional nanoplatform based on peptide self-assembly 
for highly efficient combined cancer therapy by alleviating hypoxia and 
improving the immunosuppressive microenvironment. ACS Appl Mater Inter. 
2023;15(4):5667–78.

22. Fu LH, Wan Y, Qi C, He J, Li C, Yang C, Xu H, Lin J, Huang P. Nanocatalytic ther-
anostics with glutathione depletion and enhanced reactive oxygen species 
generation for efficient cancer therapy. Adv Mater. 2021;33(7):e2006892.

23. Gao S, Jin Y, Ge K, Li Z, Liu H, Dai X, Zhang Y, Chen S, Liang X, Zhang J. Self-
supply of O2 and H2O2 by a nanocatalytic medicine to enhance combined 
chemo/chemodynamic therapy. Adv Sci. 2019;6(24):1902137.

24. Lu J, Jiang Z, Ren J, Zhang W, Li P, Chen Z, Zhang W, Wang H, Tang B. One-pot 
synthesis of multifunctional carbon-based nanoparticle-supported dispersed 
Cu2+ disrupts redox homeostasis to enhance CDT. Angew Chem Int Ed Engl. 
2021;61:e202114373.

25. Lu K, He C, Guo N, Chan C, Ni K, Lan G, Tang H, Pelizzari C, Fu YX, Spiotto MT, 
Weichselbaum RR, Lin W. Low-dose X-ray radiotherapy-radiodynamic therapy 
via nanoscale metal-organic frameworks enhances checkpoint blockade 
immunotherapy. Nat Biomed Eng. 2018;2(8):600–10.

26. Wang J, Li J, Wu Y, Xu X, Qian X, Lei Y, Liu H, Zhang Z, Li Y. ROS-Responsive 
nanocomplex of aPD-L1 and cabazitaxel improves intratumor delivery 
and potentiates radiation-mediated antitumor immunity. Nano Lett. 
2022;22(20):8312–20.

27. Ma XY, Ren XL, Guo XD, Fu CH, Wu Q, Tan LF, Li H, Zhang W, Chen X, Zhong 
H, Meng XW. Multifunctional iron-based metal-organic framework as biode-
gradable nanozyme for microwave enhancing dynamic therapy. Biomaterials. 
2019;214:119223.

28. Kim J, Cho HR, Jeon H, Kim D, Song C, Lee N, Choi SH, Hyeon T. Con-
tinuous O2-evolving MnFe2O4 nanoparticle-anchored mesoporous silica 



Page 15 of 15Wu et al. Journal of Nanobiotechnology          (2023) 21:399 

nanoparticles for efficient photodynamic therapy in hypoxic cancer. J Am 
Chem Soc. 2017;139(32):10992–5.

29. Phua SZF, Yang G, Lim WQ, Verma A, Chen H, Thanabalu T, Zhao Y. Catalase-
integrated hyaluronic acid as nanocarriers for enhanced photodynamic 
therapy in solid tumor. ACS Nano. 2019;13(4):4742–51.

30. Wang J, Sun J, Hu W, Wang Y, Chou T, Zhang B, Zhang Q, Ren L, Wang H. A 
porous Au@Rh bimetallic core-shell nanostructure as an H2O2-driven oxy-
generator to alleviate tumor hypoxia for simultaneous bimodal imaging and 
enhanced photodynamic therapy. Adv Mater. 2020;32(22):e2001862.

31. Chang J, Qin X, Li S, He F, Gai S, Ding H, Yang P. Combining cobalt ferrite 
nanozymes with a natural enzyme to reshape the tumor microenviron-
ment for boosted cascade enzyme-like activities. ACS Appl Mater Inter. 
2022;14(40):45217–28.

32. Chen S, Zhao R, Sun X, Wang H, Li L, Liu J. Toxicity and biocompatibility of 
liquid metals. Adv Healthc Mater. 2023;12:e2201924.

33. Wang D, Gao C, Wang W, Sun M, Guo B, Xie H, He Q. Shape-transform-
able, fusible rodlike swimming liquid metal nanomachine. ACS Nano. 
2018;12(10):10212–20.

34. Chechetka SA, Yu Y, Zhen X, Pramanik M, Pu K, Miyako E. Light-driven 
liquid metal nanotransformers for biomedical theranostics. Nat Commun. 
2017;8:15432.

35. Zhu X, Duan M, Zhang L, Zhao J, Yang S, Shen R, Chen S, Fan L, Liu J. Liquid 
metal-enabled microspheres with high drug loading and multimodal imag-
ing for artery embolization. Adv Funct Mater. 2023;33:2209413.

36. Wang X, Li X, Duan M, Shan S, Zhu X, Chai Y, Wang H, Sun X, Sheng L, Qing 
G, Rao W, Hu L, Chen J, Liu J. Endosomal escapable cryo-treatment-driven 
membrane-encapsulated Ga liquid-metal transformer to facilitate intracel-
lular therapy. Matter. 2022;5:219–36.

37. Qiao C, Yang Z, Liu X, Zhang R, Xia Y, Wang L, Chen Z, Jia Q, Wang R, Yang Y, 
Wang Z. Post-remedial oxygen supply: a new perspective on photodynamic 
therapy to suppress tumor metastasis. Nano Lett. 2022;22(20):8250–7.

38. Murayama T, Gotoh N. Patient-derived xenograft models of breast cancer and 
their application. Cells. 2019;8(6):621.

39. Chen X, Shen C, Wei Z, Zhang R, Wang Y, Jiang L, Chen K, Qiu S, Zhang 
Y, Zhang T, Chen B, Xu Y, Feng Q, Huang J, Zhong Z, Li H, Che G, Xiao K. 
Patient-derived non-small cell lung cancer xenograft mirrors complex tumor 
heterogeneity. Cancer Biol Med. 2021;18(1):184–98.

40. Jung J, Seol HS, Chang S. The generation and application of patient-derived 
xenograft model for cancer research. Cancer Res Treat. 2018;50(1):1–10.

41. Cong Y, Xiao H, Xiong H, Wang Z, Ding J, Li C, Chen X, Liang XJ, Zhou D, 
Huang Y. Dual drug backboned shattering polymeric theranostic nanomedi-
cine for synergistic eradication of patient-derived lung cancer. Adv Mater. 
2018;30(11):1706220.

42. Wei D, Yu Y, Zhang X, Wang Y, Chen H, Zhao Y, Wang F, Rong G, Wang W, Kang 
X, Cai J, Wang Z, Yin JY, Hanif M, Sun Y, Zha G, Li L, Nie G, Xiao H. Breaking the 
intracellular redox balance with diselenium nanoparticles for maximizing 
chemotherapy efficacy on patient-derived xenograft models. ACS Nano. 
2020;14:16984–96.

43. Rao L, Yu GT, Meng QF, Bu LL, Tian R, Lin LS, Deng H, Yang W, Zan M, Ding J, Li 
A, Xiao H, Sun ZJ, Liu W, Chen X. Cancer cell membrane-coated nanoparticles 
for personalized therapy in patient-derived xenograft models. Adv Funct 
Mater. 2019;29(51):1905671.

44. Ren SZ, Wang B, Zhu XH, Zhu D, Liu M, Li SK, Yang YS, Wang ZC, Zhu HL. 
Oxygen self-sufficient core-shell metal-organic framework-based smart 
nanoplatform for enhanced synergistic chemotherapy and photodynamic 
therapy. ACS Appl Mater Inter. 2020;12(22):24662–74.

45. Sun X, Sun M, Liu M, Yuan B, Gao W, Rao W, Liu J. Shape tunable gallium 
nanorods mediated tumor enhanced ablation through near-infrared photo-
thermal therapy. Nanoscale. 2019;11(6):2655–67.

46. Pan Y, Ma X, Liu C, Xing J, Zhou S, Parshad B, Schwerdtle T, Li W, Wu A, Haag 
R. Retinoic acid-loaded dendritic polyglycerol-conjugated gold nanostars 
for targeted photothermal therapy in breast cancer stem cells. ACS Nano. 
2021;15(9):15069–84.

47. Xia N, Li N, Rao W, Yu J, Wu Q, Tan LF, Li H, Gou L, Liang P, Li LF, Meng XW. Mul-
tifunctional and flexible ZrO2-coated EGaIn nanoparticles for photothermal 
therapy. Nanoscale. 2019;11(21):10183–9.

48. Wang Q, Yu Y, Pan K, Liu J. Liquid metal angiography for mega contrast X-ray 
visualization of vascular network in reconstructing in-vitro organ anatomy. 
IEEE Trans Biomed Eng. 2014;61(7):2161–6.

49. Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, Arcaroli JJ, Mess-
ersmith WA, Eckhardt SG. Patient-derived tumour xenografts as models for 
oncology drug development. Nat Rev Clin Oncol. 2012;9(6):338–50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Engineering liquid metal-based nanozyme for enhancing microwave dynamic therapy in breast cancer PDX model
	Abstract
	Introduction
	Materials and methods
	Materials
	Characterization and measurements
	Preparation of LM@PVP
	Preparation of CoNi-ZIF
	Preparation of LM@ZIF (LZ)
	Preparation of LM@ZIF@HA (LZH)
	Load of rhodamine 6G
	The catalase-like activity of LZ
	Endocytosis of LZH and ZIF@HA
	Hyperspectral imaging
	ROS test in vitro
	Young’s modulus
	Study of cytotoxicity in vitro
	Oxygen generation of LZH nanozyme
	ROS test at cell level
	Targeting of HA
	Inhibition of 4T1 cells
	Live/dead staining assay
	Acute toxicity study
	Construction of PDX model
	In vivo experiment of LZH nanozyme
	Statistical analysis

	Results and discussion
	Synthesis and characterization of LZH nanozyme
	Evaluation of oxygen generation
	In vitro study of ROS production
	Evaluation of oxygen generation at cellular level
	Targeting ability of LZH
	Study on cellular endocytosis
	Cell cytotoxicity in vitro and acute toxicity in vivo
	Anticancer study in vitro
	Computed tomography (CT) imaging
	Anticancer efficiency in vivo

	Conclusion
	References


