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A B S T R A C T   

The overexpression of heat shock proteins (HSPs) in tumor cells can activate inherent defense mechanisms during 
hyperthermia-based treatments, inducing thermoresistance and thus diminishing the treatment efficacy. Here, 
we report a distinct “non-inhibitor involvement” strategy to address this issue through engineering a calcium- 
based nanocatalyst (G/A@CaCO3-PEG). The constructed nanocatalyst consists of calcium carbonate (CaCO3)- 
supported glucose oxidase (GOD) and 2D antimonene quantum dots (AQDs), with further surface modification by 
lipid bilayers and polyethylene glycol (PEG). The engineered G/A@CaCO3-PEG nanocatalyst features prolonged 
blood circulation, which is stable at neutral pH but rapidly degrades under mildly acidic tumor microenviron-
ment, resulting in rapid release of drug cargo in the tumor microenvironment. The integrated GOD effectively 
catalyzes the depletion of glucose for reducing the supplies of adenosine triphosphate (ATP) and subsequent 
down-regulation of HSP expression. This effect then augments the therapeutic efficacy of photothermal hyper-
thermia induced by 2D AQDs upon irradiation with near-infrared light as assisted by reversing the cancer cells’ 
thermoresistance. Consequently, synergistic antineoplastic effects can be achieved via low-temperature photo-
thermal therapy. Systematic in vitro and in vivo evaluations have demonstrated that G/A@CaCO3-PEG nano-
catalysts feature potent antitumor activity with a high tumor-inhibition rate (83.92%). This work thus paves an 
effective way for augmenting the hyperthermia-based tumor treatments via restriction of the ATP supply.   

1. Introduction 

Numerous emerging anticancer treatments are currently in clinical 
trials [1,2], with the aim to achieve more effective and targeted treat-
ments than conventional chemo- or radiotherapy can deliver. In 
particular, hyperthermia-based treatments, principally 
nanomedicine-involved photothermal therapy (PTT) and magnetic hy-
perthermia, have received ever-increasing attention owing to their 
physical targeting feature, noninvasiveness and high therapeutic 

efficacy [3–6]. Photothermally-active nanoparticles (NPs) can induce 
hyperthermia under light irradiation, enabling them to ablate tumors by 
photonic irradiation, which have been extensive explored in cancer 
treatment [7,8]. Also, combination strategies with PTT provide a 
promising treatment method to overcome some impediments of single 
PTT, which has increasingly attracted extensive attention [9]. The 
generated heat during PTT also improves the intracellular delivery and 
release of drugs, immunologic adjuvant, genes, and photosensitizer, 
which allows PTT to combine with other treatments for enhanced 
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efficacy. However, there exists some undesirable limitations hindering 
the clinical translation of PTT. For instance, the induction of high local 
temperatures at the tumor site and nonspecific heat diffusion can result 
in damage to surrounding healthy tissues [10]. Also, the inadequate 
generation of heat deeply inside the tumor may cause the recurrence of 
cancer and metastasis [11,12]. The intrinsic thermoresistance of cancer 
cells is inescapably problematic [13,14]. Heat shock proteins (HSPs), 
including HSP90 and HSP70, play a key role in initiating the defense 
mechanism of tumor in thermoresistance [15,16]. 

To solve these critical issues, several strategies have been proposed 
to reverse the resistance of cancer cells to thermal stresses. HSP in-
hibitors (e.g., gambogic acid [17], siRNA [18], 17-allylamino-17-deme-
thoxygeldanamycin [19,20]) have been extensively employed to 
circumvent the issue of thermoresistance, resulting in effective 
low-temperature PTT. A combination of HSP inhibitors and photo-
thermal agents is thus expected to enhance the PTT efficiency. However, 
these cookie-cutter approaches generally require high dose of HSP in-
hibitors, which have some significant limitations, such as high dose, 
undesirable toxic side effects, uncontrollable inhibitor release, etc. 
These issues thus hinder the further clinical translation of PTT. Intrin-
sically, HSP expression depends on energy supply of adenosine 
triphosphate (ATP), which is critically important to guarantee protein 
synthesis and cell growth [21,22]. Based on this aspect, restricting ATP 
supply can indirectly inhibit the hyperthermia-induced upregulation of 
HSPs, thereby reversing the HSP-dependent tumor thermoresistance. 
This strategy also enables efficient low-temperature PTT without in-
hibitors involvement. Therefore, coupling photothermal-conversion 
agents with ATP-regulation nanosystem that can disrupt energy sour-
ces has been regarded as a distinct and effective strategy to deal with the 
tumor thermoresistance in PTT. 

Two-dimensional (2D) nanomaterials have recently been sub-
staintially explored for diverse biomedical applications, including gene/ 
drug delivery, photonic nanotherapy, bioimaging, and biosensing 
[23–26]. As a typical emerging material, black phosphorus recently 
attracted scientific interest for comprehensive applications, especially in 
biomedical fields [27]. A great deal of phosphorus-based nanomaterials 
has been conducted and widespread use [28,29]. Given the similarities of 
morphological characteristics between black phosphorus and other 2D 
materials of group VA (e.g. arsenene, antimonene, and bismuthene), these 
2D materials are expected to exhibit are expected to show great potential 
in a variety of applications [30]. Of these, one emergent nanosystem is 2D 
antimonene, which comprises sheets of sp3-hybridised Sb atoms with a 
structure analogous to graphene [31]. Antimonene can be generally 
prepared through liquid exfoliation from bulk antimony, which features 
the distinct thermoelectric property, chemical stability, optical absorption 
and superconductivity [32]. Meanwhile, the honeycomb structure of 
antimonene makes it suitable for drug/gene/immunosuppressor loading 
and delivery, indicates its promising potentials for applications in cancer 
chemo/gene-photothermal or photothermal/immune combination ther-
apy [23,33]. Particularly, Sb-based nanomaterials exhibit the 
near-infrared (NIR) absorption, endowing them with desirable photo-
thermal property and contrast-enhanced photoacoustic (PA) imaging 
capability [34,35]. For example, the previously reported antimonene 
nanosheet and quantum dots (AQDs) possessed superior thermal con-
ductivity and high photothermal conversion efficacy of 41.8% and 45.5%, 
respectively [23,34]. In addition, the Sb nanocrystal even demonstrated 
good photothermal property in the near-infrared-II window [36]. Hence, 
we expected that 2D antimonene may induce excellent photothermal ef-
fects similar to those of emerging 2D nanomaterials. However, their po-
tential for application in reversing the thermoresistance of the cancer cells 
and realizing low-temperature PTT remains unexplored. 

Calcium carbonate (CaCO3) NPs have been explored extensively in 
biomedicine due to the intrinsic biocompatibility, pH-sensitivity, and 
biodegradability [37,38]. In this work, the rational integration of 
calcium-based biomineral and single-element 2D nanomaterials was 
conducted to engineer a “non-inhibitor involvement” nanosystem for 

photonic hyperthermia-based tumor nanotherapy. CaCO3 NPs were 
employed as a nanocarrier matrix to fabricate a pH-sensitive nano-
catalyst (G/A@CaCO3-PEG) comprising CaCO3 loaded with AQDs and 
glucose oxidase (GOD), with additional surface PEGylation. This 
formulation was further explored for enhanced low-temperature PTT 
(Scheme 1). CaCO3 NPs synthesized via a gas diffusion method were 
utilized as a template to direct the formulation of G/A@CaCO3 by 
co-precipitation. The engineered G/A@CaCO3 nanocatalyst is expected 
to be rapidly degraded under the mildly acidic pH within the tumor 
microenvironment, leading to the release of the loaded GOD and AQDs 
components. The integrated AQDs effectively converted NIR laser to 
localized heat upon irradiation, allowing for PTT. Simultaneously, the 
released GOD catalyzes the oxidation of glucose. This glucose-depletion 
process is capable of restricting ATP supply and consequently leading to 
HSP down-regulation [39], which attenuates the thermoresistance of the 
tumor cells. In addition, based on the strong NIR absorption of 2D AQDs, 
the G/A@CaCO3 system acts as the contrast agents for PA imaging. The 
enhanced, synergistic and PA imaging-guided photonic hyperthermia 
was systematically demonstrated both in vitro at cellular level and in vivo 
on SW1990 tumor-bearing mice. 

2. Materials and methods 

2.1. Materials 

Pulverized antimony (Sb) powder, calcium chloride (CaCl2⋅2H2O), 
1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt; DOPA), ammonium 
bicarbonate (NH4HCO3), and 1,2-dipalmitoyl-snglycero-3-phosphocho-
line (DPPC) were purchased from the Aladdin Reagent Co. (Shanghai, 
China). Cholesterol was purchased from J&K Scientific Ltd (Shanghai, 
China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 
(poly ethylene glycol)] (DSPE-PEG5000) was acquired from Yanyi 
Biotech, Inc. (Shanghai, China). GOD, calcein acetoxymethyl ester-AM 
(Calcein-AM) and propidium iodide (PI) were purchased from Sigma- 
Aldrich Trading Co., Ltd. (Shanghai, China). Cell Counting Kit-8 (CCK- 
8), ATP, BCA protein and Annexin V/PI cell assay kits were purchased 
from Dojindo Laboratories (Kumamoto, Japan). Bradford protein assay 
kits were bought from Beyotime Biotechnology (Shanghai, China). RIPA 
lysate was ordered from Beyotime (Shanghai, China). Dulbecco’s 
modified eagle medium (DMEM), Roswell park memorial institute 
(RPMI-1640) medium, fetal bovine serum (FBS), and penicillin/strep-
tomycin were supplied by Thermo Scientific (Beijing, China). Deionized 
(DI) water (18.2 MΩ cm) was used in all experiments. All the other 
chemicals and reagents were of analytical grade and used as received. 

2.2. Characterization 

Transmission electron microscopy (TEM) images and corresponding 
elemental mapping images were measured for the morphology and 
elemental composition of the NPs using a JEM-2100F field emission 
TEM (JEOL, Tokyo, Japan). X-ray diffraction (XRD, D8 ADVANCE, 
Bruker, Germany) and X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250Xi, ThermoFisher, Waltham, MA, USA) were used to determine 
the physical form and chemical composition of AQDs. Raman spectra 
were measured using a Horiba Jobin Yvon Labram HR-800 Raman 
spectrometer (Paris, France). The hydrodynamic particle size was 
determined on a Malvern Zetasizer Nanoseries (Nano ZS90, Malvern, 
UK). Ultraviolet–visible–near-infrared (UV–vis–NIR spectra) were 
recorded by using a UV-1700 PC spectrometer (Shimadzu, Tokyo, 
Japan). The contents of Ca2+ and AQDs were quantified by inductively 
coupled plasma optical emission spectroscopy (ICP-OES, Prodigy 7, 
Leeman Laboratories, Hudson, NH, USA). 

2.3. Fabrication of PEG-Coated AQDs 

AQDs were prepared through a top-down approach by coupling bath 
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and probe sonication liquid phase exfoliation [34]. A commercial Sb 
powder with initial concentration of 20 mg/mL was dispersed in 
ethanol. The Sb solution was sonicated for 10 h in an ice-bath at 500 W 
with ultrasound probe, and then for another 5 h at 300 W in an ultra-
sonic bath. Subsequently, the mixture was further exfoliated via probe 
sonication at 500 W for 8 h in an ice-bath. The resultant suspension was 
centrifuged (3000 rpm) for 30 min and the supernatant containing AQDs 
was collected for future use. For surface PEGylation, AQDs (5 mg) were 
dispersed in chloroform (50 mL), followed by the addition of DSPE-PEG 
(50 mg). After probe sonication (100 W) for 20 min and stirring for 2 h, 
the mixture was filtered and chloroform was removed with a rotary 
evaporator. The obtained AQDs-PEG NPs were re-dispersed in water, 
centrifuged at 12000 rpm for 10 min, and washed with deionized water 
for three times. The final AQDs-PEG products were re-suspended in 
water and stored at 4 ◦C for future use. 

2.4. Synthesis of G/A@CaCO3-PEG 

CaCO3 NPs were synthesized via a gas diffusion method, and then 
were utilized as a template to direct the formulation of G/A@CaCO3 by 
co-precipitation [38]. Typically, CaCl2⋅2H2O (100 mg) was dissolved in 
anhydrous ethanol (100 mL) and the AQDs-PEG dispersion (250 μL, 1 
mg/mL) was added dropwise with rapid stirring for 1 h. Subsequently, 
GOD aqueous solution (5 mL, 10 mg/mL) was added. The reaction 
mixture was transferred into a glass bottle covered by aluminum foil and 
then placed in a sealed container with dry NH4HCO3 (5 g). After keeping 
the whole system under vacuum at 40 ◦C for 12 h, the product was 
collected by centrifugation (8000 rpm) and washed with ethanol for 
several times. Finally, the G/A@CaCO3 NPs were re-dispersed in ethanol 
for further use. 

To improve physiological stability, the obtained G/A@CaCO3 NPs 
were coated with DSPE-PEG5000 via a two-step method according to the 
previous work [40]. Briefly, G/A@CaCO3 dispersion (5 mL, 4 mg/mL) 
and DOPA solution in chloroform (1 mL, 4 mg/mL) were mixed, which 
was sonicated for 0.5 h in an ultrasonic bath (100 W). The 
DOPA-modified G/A@CaCO3 was then collected by centrifugation 
(6000 rpm) and re-dispersed in chloroform, followed by mixing with 4 
mL of chloroform solution of DPPC, cholesterol and DSPE-PEG5000 at a 
molar ratio of 5:5:2. After being vigorously stirred overnight, the 

chloroform was removed by rotary evaporation. The dried solid was 
dispersed in phosphate buffered saline (PBS) and sonicated for hydra-
tion. Finally, the obtained G/A@CaCO3-PEG NPs were purified by 
repeated centrifugation (13000 rpm) and re-dispersed in ethanol for 
further use. Meanwhile, bare CaCO3-PEG NPs, GOD loaded CaCO3-PEG 
(G@CaCO3-PEG), and AQD loaded CaCO3-PEG (A@CaCO3-PEG) were 
prepared by following the same procedure except that the relevant 
precursors were not added. The amount of GOD was measured by a 
Bradford protein assay kits according to the manufacturer’s instructions. 
Meanwhile, the Ca2+ and AQDs contents of G/A@CaCO3-PEG were 
detected by ICP-OES. 

2.5. Measurement of photothermal performance of G/A@CaCO3-PEG 

G/A@CaCO3-PEG aqueous dispersions (200 μL) at different con-
centrations (20, 50, 100 and 200 μg/mL) were loaded into an Eppendorf 
tube and each sample was exposed to an 808 nm NIR laser at different 
power densities (0.3, 0.5, 0.8, 1.0 W/cm2) for 5 min. During irradiation, 
the real-time temperatures of the solutions were recorded using an IR 
thermal camera (TI100 Infrared Camera FLKTI100 9HZ, FLUKE, 
Shanghai, China). DI water was used as a negative control. To evaluate 
the photostability of G/A@CaCO3-PEG NPs under NIR laser irradiation, 
an aqueous dispersion (100 μg/mL) was exposed to an 808 nm laser at 
0.8 W/cm2 for 5 min then naturally cooled for 5 min. This was repeated 
over five on-off cycles. The photothermal conversion efficiency of AQDs 
and G/A@CaCO3-PEG was ascertained using the literature procedure 
and calculated using the following equation. 

η= hS(Tmax − Tamb) − Q0

I
(
1 − 10− A

) (1) 

S and h represent the surface area and the heat transfer coefficient. 
Tmax is the equilibrium temperature and Tamb the ambient temperature. 
Q0 is the heat absorption of the quartz container, I is the laser power 
density, and A is the absorbency of the samples at 808 nm. 

2.6. In vitro degradation experiments 

G/A@CaCO3-PEG was dispersed in PBS at different pH values (pH 

Scheme 1. Schematic illustration of (a) the con-
struction of G/A@CaCO3-PEG nanocatalysts and (b) 
their detailed therapeutic procedure and mecha-
nism. The formulation is based on CaCO3 NPs, 
which co-encapsulate AQDs and GOD, followed by 
surface PEGylation. This system that integrates 
GOD can catalyze the depletion of glucose for 
reducing the supplies of ATP and subsequent down- 
regulation of HSP expression, and in turn the effi-
ciency of low-temperature photonic tumor hyper-
thermia is augmented.   
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5.0, 6.5 and 7.4) under constant shaking at 37 ◦C. At designated time 
intervals, 1 mL of medium was withdrawn from each sample and 
centrifuged for TEM analysis, and the released Ca2+ quantified by ICP- 
OES analysis. 

2.7. Catalytic activity of G/A@CaCO3-PEG 

A@CaCO3-PEG and G/A@CaCO3-PEG suspensions (100 μg/mL) at 
different pH values were added into glucose solution (1 mg/mL) with 
the addition of H2O2 (50 μM) at room temperature. At different time 
intervals, different samples were collected and the concentration of 
glucose was measured with an Accu-Chek Active glucometer (Roche, 
Shanghai, China). A pH meter (METTLER TOLEDO, Shanghai, China) 
was employed to determine the pH value of the samples. 

2.8. Measurement of intracellular ATP levels 

SW1990 cells were seeded in 6-well plates at a density of 1 × 105 

cells per well and incubated for 24 h. After incubation with A@CaCO3- 
PEG, free GOD or G/A@CaCO3-PEG for 12 h, the cells were then irra-
diated or not with an 808 nm laser (0.8 W/cm2) for 5 min, which were 
washed with PBS, and harvested with trypsin/EDTA. The cells were then 
collected by centrifugation (12000 g, 5 min), lysed on ice by RIPA buffer 
(100 μL/well) and the intracellular ATP level was measured in accor-
dance with the manufacturer’s instructions. 

2.9. In vitro low-temperature PTT 

To investigate the in vitro toxicity of G/A@CaCO3-PEG combined 
with NIR laser treatment to SW1990 cells, the original culture medium 
was replaced with fresh media containing varied concentrations of G/ 
A@CaCO3-PEG and incubated for 24 h at 37 ◦C in a humidified 5% CO2 
atmosphere. For the NIR laser treatment group, G/A@CaCO3-PEG was 
incubated with SW1990 cells at a final concentration of 50 μg/mL for 2 h 
and then subjected to 5 min laser irradiation at different power densities. 
After further culturing for a total incubation time of 22 h, a standard 
CCK-8 assay was used to measure cell viabilities relative to control un-
treated cells. 

To explore the therapeutic efficacy of the combination treatment 
(mild-temperature PTT and glucose depletion), SW1990 cells were 
seeded into 96-well plates and then treated with PBS (control), 
A@CaCO3-PEG (glucose depletion therapy), A@CaCO3-PEG + laser 
(mild-temperature PTT), G/A@CaCO3-PEG (GOD-mediated glucose 
depletion therapy), and G/A@CaCO3-PEG + laser (combination ther-
apy). After an additional 24 h incubation at 37 ◦C, the culture medium 
was removed and the cells were rinsed with PBS three times before 
relative cells viabilities were evaluated with the CCK-8 assay. 

Cell viabilities were additionally evaluated with a live/dead cell 
staining assay. After subjecting SW1990 cells to the various treatments 
detailed above, the cells were stained with calcein-AM (10 mM) and PI 
solutions (10 mM) in PBS for 15 min at 37 ◦C in the dark. The cells were 
washed with PBS three times, and subsequently visualized using 
confocal laser scanning microscopy (CLSM, FV1000, Olympus Com-
pany, Japan). 

2.10. Animals and tumor model 

BALB/c nude mice (4–5 weeks) and healthy female Kunming mice 
(6–7weeks) were provided by the Shanghai Slac Laboratory Animal Co., 
Ltd. (Shanghai, China). All animal experiments were conducted under 
approval of the Institutional Animal Care and Use Committee (IACUC) of 
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital (Ani-
mal Welfare Ethics acceptance number No: DWLL2020-0582). The 
SW1990 xenograft tumor model was established by inoculating 2 × 107 

SW1990 cells in 200 μL PBS into the right armpit region of each mouse. 
The tumor size was measured with a digital vernier caliper every other 

day and the tumor volume was calculated according to the formula: 
volume = (width2) × (length)/2. The tumor-inhibition rate of each 
treatment was calculated as (1-V/V0) × 100% (where V0 is the tumor 
volume of the control group and V is that of the treatment groups). 

2.11. In vitro and in vivo photoacoustic imaging 

For in vitro PA imaging, each individual hole on a home-made agar 
plate was filled with G/A@CaCO3-PEG dispersions at various Sb con-
centrations (0, 0.5, 1.0, 2.0, 5.0, 10 mM) and then imaged with inVis-
ion128 PA equipment (iThera Medical Inc., Germany). 

For in vivo PA imaging, SW1990-tumor bearing mice were anes-
thetized and injected with 100 μL of G/A@CaCO3-PEG dispersion (Sb: 
3.5 mg/kg) via the tail vein when the tumors were allowed grow to a 
uniform size of around 100 mm3. PA imaging was performed using a 
Vevo LAZR-X PA imaging system (Visual-Sonics Co. Ltd, Toronto, Can-
ada) before injection and then at predetermined time points post 
intravenous injection of the nanoparticles. The signal intensities of tu-
mors were quantified with the Image J software. 

2.12. In vivo antitumor therapy 

When the tumors reached the size of around 100 mm3 in volume, the 
SW1990-tumor bearing mice were divided at random into five groups 
and given various treatments: 1) saline, 2) saline + laser, 3) G/ 
A@CaCO3-PEG, 4) A@CaCO3-PEG + laser, 5) G/A@CaCO3-PEG + laser. 
These mice were injected with different formulations (saline, A@CaCO3- 
PEG or G/A@CaCO3-PEG) via the tail vein on day 0, 4, and 8. The 
injected doses of Sb and GOD were 3.5 mg/kg and 4.5 mg/kg, respec-
tively. At 12 h post-injection, Groups 2, 4 and 5 were irradiated with an 
NIR laser (0.8 W/cm2) for 5 min to trigger mild hyperthermia (43 ◦C). A 
thermal camera (FLIR E50, Fluke, Washington, USA) was employed to 
monitor the temperature and acquire thermal images. 

The weight of each mouse was also monitored every two days. On 
day 15, the mice from all groups were sacrificed and the tumors were 
excised and weighed. Then, the intratumoral ATP level was detected 
using an ATP assay kit. Meanwhile, the major organs including the 
heart, spleen, lung, liver and kidney were also recovered. All the tissue 
samples were fixed in a 10% formalin solution and embedded in paraffin 
for hematoxylin and eosin (H&E) staining. Additionally, the tumor 
samples were further stained with TdT-mediated dUTP nick-end label-
ing (TUNEL) for histological analysis, according to the manufacturer’s 
instructions. 

2.13. In vivo toxicity evaluation 

Female Kunming mice (n = 4) were injected with 200 μL of PBS or G/ 
A@CaCO3-PEG (40 mg/kg) through the tail vein. Blood samples were 
collected from the eye socket once a week and blood biochemistry 
analysis were performed using a fully automatic biochemistry analyzer 
(ADVIA2400, Siemens, Chicago, USA). Representative inflammatory 
cytokines were determined by enzyme-linked immunosorbent assay 
(PBL Biomedical Laboratories and BD Biosciences, Shanghai, China) 
according to the manufacturer’s instructions. 

2.14. Statistical analysis 

Data are presented as mean ± SD. Statistical significance was 
calculated with a Student’s t-test for two groups or one-way ANOVA for 
multiple groups, followed by a post hoc Tukey’s test. Statistical signif-
icances are indicated as: *P < 0.05, **P < 0.01, and ***P < 0.001. 

The other detailed experimental methods (including sectional in vitro 
study and in vivo animal experiments) can be found in the Supplemen-
tary Material. 
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3. Results and discussion 

3.1. Design, construction and characterization of G/A@CaCO3-PEG 
nanocatalyst 

AQDs and GOD were co-encapsulated in CaCO3 by employing a gentle 
co-precipitation method (Scheme 1). The main method to obtain 2D 
materials with single-layer morphology is mechanical exfoliation method. 
However, it is currently limited by the low yield [41]. Epitaxial growth 
methods typically refer to a crystalline layer is deposited on a crystalline 
substrate by depositing antimony atoms, which has been employed for the 
preparation of few-layer antimonene. But this method is still subject to 
various limitations including the high cost and complexity [42]. As a 
large-scale exfoliation strategy, liquid phase exfoliation has been suc-
cessfully applied to for mass production of single or few layers of anti-
monene [31]. In this work, uniform AQDs were initially synthesized by a 
liquid phase exfoliation approach [34]. In order to enable better physio-
logical dispersity and stability, the AQDs were further functionalized with 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine poly (ethylene glycol) 
(DSPE-PEG) via both hydrophobic interactions and van der Waals forces 
[43]. As expected, these PEGylated AQDs exhibit better dispersity in 
phosphate-buffered saline (PBS) and cell culture medium as compared to 
the bare AQDs (Fig. S1). TEM image indicates that the PEGylated AQDs 
feature high dispersity with an average diameter of 6.7 nm (Fig. 1a). The 
chemical composition of 2D AQDs was analyzed by XPS analysis. Survey 
XPS spectrum (Fig. 1b) and narrow scan XPS spectra (Figs. 1c and S2) 
confirm the O and Sb elemental composition of AQDs. Moreover, Raman 

spectra of the prepared PEGylated AQDs (Fig. S3) show a A1g peak at 
≈145 cm− 1 (out-of-plane vibrational mode) and Eg peak at ≈107 cm− 1 

(in-plane vibrational mode), which is similar to the bulk antimony power 
[32]. The XRD patterns of the PEGylated AQDs and AQDs were in 
accordance with the hexagonal phase of antimonene (JCPDS 35–0732, 
Fig. S4) [34]. Also, the PEGylated AQDs display broad and 
dose-dependent absorption ranging from the UV to NIR region (Fig. S5), 
which potentiates their PA imaging and PTT capabilities. 

To protect the AQDs and deliver them into tumor cells, the tumor 
microenvironment-sensitive CaCO3 NPs were used as a nanocarrier. The 
co-encapsulation of AQDs and GOD was conducted through a co- 
precipitation process. Typically, GOD and AQDs were added into an 
ethanol solution containing Ca2+ ions before any precipitate appeared, 
to ensure that GOD and AQDs were encapsulated effectively. Then, CO2 
and NH3 gas generated by the thermal decomposition of NH4HCO3 
would continuously diffuse into the ethanol solution, continually 
providing the carbonate ions and an alkaline environment to triggers the 
formation of G/A@CaCO3 NPs. The obtained G/A@CaCO3 NPs were 
coated with lipid bilayers composed of 1,2-dioleoyl-sn-glycero-3-phos-
phate (DOPA), cholesterol, and 1,2-dihexadecanoyl-sn-glycero-3-phos-
phocholine (DPPC) and were further modified with DSPE-PEG to 
improve physiological stability (Fig. S6) [38,44]. The bare CaCO3 NPs 
show uniform spherical shapes with an average diameter of 108 nm, as 
visualized under TEM (Fig. 1d). For G/A@CaCO3-PEG NPs, the encap-
sulated payloads had no obvious influence on the diameter and 
morphology of the initial CaCO3 structures (Fig. 1e). The G/A@Ca-
CO3-PEG NPs could be well dispersed in water, phosphate buffer saline 

Fig. 1. (a) TEM image and (b) XPS spectrum of the PEGylated AQDs. (c) Narrow scan XPS spectra of PEGylated AQDs for Sb 3d. (d) TEM image of CaCO3 NPs. (e) 
TEM (magnified image as inset) and (f) elemental-mapping images of G/A@CaCO3-PEG. (g) UV–vis absorption spectra of CaCO3, GOD, AQDs-PEG and G/A@CaCO3- 
PEG. (h) Particle-size distribution of G/A@CaCO3 and G/A@CaCO3-PEG. (i) Photothermal heating curves of water and G/A@CaCO3-PEG at different concentrations 
under 808 nm laser irradiation (0.8 W/cm2) for 5 min. (j) Photothermal heating curves of G/A@CaCO3-PEG (100 μg/mL) under varied power densities laser 
irradiation for 5 min. 
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(PBS), and cell-culture medium, without detectable aggregation 
(Fig. S7). Elemental mapping using high-angle annular dark field scan-
ning TEM (HAADF-STEM) analysis (Fig. 1f) clearly validates the uniform 
distribution of C, O, Ca, Sb, and N (present in GOD) throughout the 
G/A@CaCO3-PEG NPs. As shown in electron energy loss spectroscopy 
(EELS) spectrum (Fig. S8), a noticeable N–K edge is detected in the EELS 
spectrum of G/A@CaCO3-PEG, while is not present in A@CaCO3-PEG, 
indicating the successful encapsulation of GOD. Furthermore, the 
characteristic absorption peaks of GOD at 373 and 447 nm were 
observed in the UV–Vis absorption spectrum of G/A@CaCO3-PEG 
(Fig. 1g). The loading of GOD and Sb was calculated to be 16.8% ± 1.9% 
and 12.7% ± 2.6% (w/w) by using the Bradford protein assay and 
inductively coupled plasma optical emission spectrometer (ICP-OES), 
respectively. The hydrodynamic diameters of G/A@CaCO3-PEG and 
G/A@CaCO3 were 126 ± 6.3 and 114 ± 4.8 nm, respectively, as indi-
cated by DLS data (Fig. 1h). These results collectively signified the 
successful construction of G/A@CaCO3-PEG nanocatalyst. Meanwhile, 
the AQD-loaded CaCO3-PEG (A@CaCO3-PEG) NPs with an average 
diameter of ≈104 nm (Fig. S9) was prepared by following the same 
procedure except the adding of GOD. 

Due to the presence of AQDs, the resulting G/A@CaCO3-PEG fea-
tures strong NIR absorption (Fig. 1g). Then, the performance of G/ 
A@CaCO3-PEG on photothermal conversion was examined. As a result, 
both PEGylated AQDs and G/A@CaCO3-PEG NPs exhibited an obvious 
temperature elevation after exposure to NIR irradiation (Fig. S10). From 
the temperature vs time profiles (Fig. 1i and j) and photothermal images 
(Fig. S11), a concentration- and laser power density-dependent tem-
perature elevation was observed. The temperature of a 100 μg/mL G/ 
A@CaCO3-PEG solution changed from 23.7 to 45.2 ◦C after 808 nm laser 
(0.5 W/cm2) irradiation for 5 min. The photothermal-conversion effi-
ciency (η) of G/A@CaCO3-PEG was calculated to be as high as 42.4% 
(Fig. S12). The η values of other previously reported photothermal 
agents were summarized in Table S1. Clearly, the η of G/A@CaCO3-PEG 
is higher than some other previously reported 2D antimonenes-based 

nanomaterials and typical photothermal nanoagents such as Au nano-
rods (21%) [45], Cu2xSe nanocrystals (22%) [46], black phosphorus 
quantum dots (28.4%) [47], and comparable to Sb nanorod bundles 
(41%) [48]. Despite the encapsulation of CaCO3 lowered the 
photothermal-conversion efficiency to some extent (from 45.5% to 
42.4%), such a high η value is still sufficiently high to achieve desirable 
low-temperature PTT. In cyclic photothermal evaluation, the high 
photothermal stability was observed, with largely constant temperature 
changes during five heating/cooling cycles (Fig. S13). 

The decomposition profiles of the G/A@CaCO3-PEG NPs were then 
assessed in PBS at pH 5.0, 6.5 and 7.4. From the TEM images, G/ 
A@CaCO3-PEG in PBS reveals no significant degradation at pH 7.4 
during a 2 h incubation period (Fig. 2a). After co-incubation with PBS at 
pH 6.5, the time-dependent degradation was observed. The decompo-
sition rate was substantially accelerated at pH 5.0, and no intact CaCO3 
structures could be observed after 30 min. The hydrodynamic diameter 
of G/A@CaCO3-PEG exhibits a downward trend with dispersion time, 
which is accelerated under reduced pH conditions (Fig. 2b). 37.1% ±
1.8% and 43.6% ± 1.6% of the Ca2+ content of the nanocatalysts were 
released after being incubated at pH 6.5 and 5.0 for 12 h, respectively, 
whereas only 13.9% ± 3.3% was freed at pH 7.4 (Fig. 2c). Collectively, 
these results solidly demonstrated the biodegradability of the con-
structed G/A@CaCO3-PEG nanocatalyst under mildly acidic conditions. 

GOD is an endogenous oxido-reductase, which has been used as an 
“amplifier” for multimodal cancer treatments [39]. To identify that GOD 
encapsulated in the interior of CaCO3 particles could effectively catalyze 
the oxidization of glucose into H2O2 and gluconic acid, as required for 
such amplification, glucose decomposition was subsequently evaluated 
(Fig. 2d). The concentration of glucose decreased rapidly in the presence 
of G/A@CaCO3-PEG at pH 5.0, which also reflected a 
concentration-dependent catalytic performance. It is noted that free 
GOD induced more effective glucose consumption under the same 
conditions, but the difference is relatively not obvious. 

The pH of the glucose solution in the presence of free GOD rapidly 

Fig. 2. (a) TEM images of G/A@CaCO3-PEG after incubation in PBS (37 ◦C) at different pH values (5.0, 6.5 and 7.4) for 2 h. Inset: Schematic illustration showing the 
pH-responsive decomposition of G/A@CaCO3-PEG NPs. (b) Time-dependent size changes of G/A@CaCO3-PEG in PBS at different pH values, as measured by DLS. 
Error bars indicate standard deviation (n = 5). (c) Time-dependent Ca2+ release from G/A@CaCO3-PEG dispersed in buffer solutions at different pH values. Error bars 
indicate standard deviation (n = 5). (d) Glucose concentration vs time for different nanoparticle dispersions with the addition of glucose (1.0 mg/mL) and H2O2 (50 
μM). Error bars indicate standard deviation (n = 3). (e) The change in pH of the glucose solution (1.0 mg/mL) with the addition of A@CaCO3-PEG, G/A@CaCO3-PEG 
and free GOD. 

J. Wu et al.                                                                                                                                                                                                                                      



Bioactive Materials xxx (xxxx) xxx

7

decreased from 7.3 to 4.6, and then remained at a low level (Fig. 2e), 
thus confirming that gluconic acid was produced from glucose oxida-
tion. In the presence of G/A@CaCO3-PEG, the pH of the glucose solution 
decreased from 7.4 to 6.1 in the initial 6 min, and then decreased more 
slowly to 5.4 after reaction for 30 min, indicating that G/A@CaCO3-PEG 
could decompose glucose into gluconic acid, and H+ thereby generated 
could be further exploited for accelerating CaCO3 dissolution. Moreover, 
the stability of the enzymatic activity after CaCO3 encapsulation was 

evaluated by monitoring the UV–vis absorption of catalysate. As shown 
in Fig. S14, G/A@CaCO3-PEG exhibited a comparable catalytic activity 
by equivalent free GOD, demonstrating the inconspicuous conversion of 
enzymatic activity after encapsulated into CaCO3. These results eluci-
dated that the engineered G/A@CaCO3-PEG nanocatalyst retained suf-
ficient GOD bioactivity to catalyze the oxidation of glucose, which laid 
the foundation for subsequent effectively blocking the energy supply of 
ATP and starving the tumor cells. 

Fig. 3. (a) The uptake of Ca by SW1990 cells at different times (0, 1, 2, 4, 5, and 6 h) after treatment with G/A@CaCO3-PEG NPs (n = 5). (b) Confocal images of 
SW1990 cells incubated with G/A@CaCO3-PEG NPs (Ca2+: 4 mM) and stained with an intracellular Ca2+ indicator (Flura-3 AM). Scale bar: 50 μm. (c) ATP levels in 
SW1990 cells after different treatments (n = 6, ***P < 0.001). (d) Western blotting analysis of HSP70 and HSP90 expression in SW1990 cells. (e) Relative viabilities 
of SW1990 cells after different treatments, quantified by CCK-8 assay (n = 6). **P < 0.01, ***P < 0.001. (f) Confocal images of SW1990 cells stained with calcein-AM 
and PI after various treatments. (g) Flow cytometry analysis of annexin V-FITC/PI-stained SW1990 cells. In panels d, f, g treatment groups are denoted as: (I) 
untreated cells control, (II) A@CaCO3-PEG, (III) A@CaCO3-PEG + laser, (Ⅳ) G/A@CaCO3-PEG, and (Ⅴ) G/A@CaCO3-PEG + laser. 
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3.2. In vitro cellular uptake and intracellular ATP quantification 

Before evaluating the feasibility of G/A@CaCO3-PEG for synergistic 
therapy, cellular uptake and ATP inhibition efficacy were initially 
assessed. The cytotoxicity of CaCO3-PEG was examined on murine 
fibroblast cell line (L929), murine breast cancer cell line (4T1), human 
pancreatic carcinoma cell line (SW1990) and human prostate cancer cell 
line (PC3 cell) via a cell counting kit-8 (CCK-8) assay. No obvious 
cytotoxicity can be observed in these cell lines even at the co-incubation 
concentration of as high as 200 μg/mL (Fig. S15), indicating the high 
cytocompatibility. Also, the cytotoxicity of G/A@CaCO3-PEG was 
assessed in various normal somatic cells (L929 and HUVEC). After 
treated with different concentrations of G/A@CaCO3-PEG, there is no 
obvious differences on cytotoxicity detected in both L929 and HUVEC 
cells (Fig. S16), indicating the low cytotoxicity of G/A@CaCO3-PEG to 
normal somatic cells, even at the concentration of as high as 250 μg/mL 
for 24 h. Cellular uptake was evaluated by measuring total Ca and Sb 
levels within G/A@CaCO3-PEG-treated SW1990 cells by using ICP-OES. 
Fig. 3a shows that the cellular internalization of G/A@CaCO3-PEG 
increased with time, and the cellular Ca content reached about 20.4 pg/ 
cell after 6 h of incubation. Qualitative analysis of the cellular Sb uptake 
presented mirror results, with the highest Sb level (10.6 pg/cell) 
detected after 6 h co-incubation (Fig. S17). The intracellular uptake of 
G/A@CaCO3-PEG was monitored with the Flura-3 AM Ca2+ probe 
(Fig. 3b), which confirmed the uptake pattern. These results suggested 
that G/A@CaCO3-PEG could be efficiently uptaken by cells, allowing 
intracellular GOD release and subsequent ATP inhibition. 

To investigate ATP inhibition, we initially explored how it was 
affected by GOD concentration. A clear concentration-dependent 
decline in ATP levels was detected with the elevated GOD concentra-
tion (Fig. S18). The ATP level in SW1990 cells was then quantified after 
a range of different treatments. As shown in Fig. 3c, the ATP level in the 
GOD (43.3%) and G/A@CaCO3-PEG (35.3%) group has been signifi-
cantly reduced compared to the PBS group, and the ATP level in the G/ 
A@CaCO3-PEG + NIR group was even lower (28.1%). In addition, 
A@CaCO3-PEG treatment did not result in obvious ATP inhibition, 
which confirmed the GOD-induced restriction of ATP supply. 

3.3. Down-regulation of HSP expression at cellular level 

It has been demonstrated that tumor thermoresistance is dominantly 
caused by HSPs, a pathway which relies on energy supply from ATP [49, 
50]. Thus, retarding ATP generation is expected to surmount the tumor 
thermoresistance. The expression of HSPs (HSP70 and HSP90) in 
SW1990 cells receiving different treatments was evaluated by Western 
blot analysis. As expected, high HSP70 and HSP90 expression levels 
were detected in the cells treated with A@CaCO3-PEG after NIR laser 
irradiation (Fig. 3d), presumably because of the defensive heat shock 
response. Both GOD and G/A@CaCO3-PEG treatments significantly 
retarded the HSP70 and HSP90 expression levels, validating that inter-
fering ATP generation can inhibit the overexpression of HSP. Quanti-
fying the level of HSPs in SW1990 cells post various treatments 
(Fig. S19) reveals that HSP70 levels increased by 1.44-fold after the 
A@CaCO3-PEG + NIR treatment, while that of HSP90 was 1.12-fold 
greater. In comparison, the relative HSP70 and HSP90 levels were 
reduced dramatically to 1.93 and 2.38-fold with G/A@CaCO3-PEG. 
Furthermore, a similar trend has also been achieved for the expression of 
other HSP proteins (HSP60 and HSP110) after different treatments 
(Fig. S20), indicating the generality of GOD-induced restricted ATP 
strategy for consequent HSP inhibition. Collectively, these results 
demonstrate that G/A@CaCO3-PEG could be an effective adjuvant to 
augment Sb-based PTT by down-regulating HSPs expression. 

3.4. In vitro low-temperature PTT 

The strategy behind the G/A@CaCO3-PEG nanoplatform depends on 

the use of GOD to inhibit HSP expression through reducing ATP pro-
duction, thereby augmenting the low-temperature PTT efficacy of the 
AQDs. The in vitro anticancer efficacy of G/A@CaCO3-PEG was assessed 
on SW1990 cancer cells. As expected, the cell viabilities were dependent 
on the dose of G/A@CaCO3-PEG and the laser power density (Fig. S21). 
Based on these results, an NIR laser at 0.8 W/cm2 was utilized to trigger 
low-temperature PTT. The relative viabilities of the cells after treatment 
with A@CaCO3-PEG + laser and G/A@CaCO3-PEG were 71.4 ± 3.8% 
and 62.4 ± 3.7%, respectively (Fig. 3e). These relatively high values 
arise as result of the relatively small effect of low-temperature PTT or 
GOD induced-glucose depletion alone. This unsatisfactory therapeutic 
effect revealed that the monotherapy was ineffective. After treatment 
with G/A@CaCO3-PEG upon laser irradiation, cell viability decreased 
substantially to 24.8 ± 4.7%. Calcein AM/PI double staining assays also 
confirmed higher apparent cell death after treatment with G/A@CaCO3- 
PEG + laser than with the other treatments (Fig. 3f). In addition, we also 
investigated the apoptotic signaling pathway by Western blot assay 
(Fig. S22). It can be observed that the cell after treatment with G/ 
A@CaCO3-PEG under laser irradiation induces maximal Bcl-2 down- 
regulation and synchronously displays the largest up-regulations of both 
Bax and Caspase-3 protein expressions, which indicates the activation of 
low-temperature PTT-mediated apoptosis pathway. These findings were 
further verified by quantitative flow cytometry analysis (Fig. 3g). G/ 
A@CaCO3-PEG in the absence of laser irradiation induced moderate cell 
apoptosis (61.3%) due to the starvation effect of GOD. The G/A@CaCO3- 
PEG + laser treatment was most effective in promoting cell apoptosis/ 
necrosis (70.7%). These results uncovered that the G/A@CaCO3-PEG in 
combination with laser irradiation would induce apparent cell apoptosis 
via low-temperature PTT by ATP inhibition-induced HSP down- 
regulation and GOD-mediated glucose depletion. 

3.5. In vivo PA imaging performance, biodistribution, and metabolism 

PA imaging has become one of the most promising alternatives to 
conventional optical imaging, due to its high sensitivity, deep detection, 
and high spatial resolution [51]. Since G/A@CaCO3-PEG exerted 
excellent photothermal performance and intense NIR absorption, the 
potential of G/A@CaCO3-PEG as a PA-imaging contrast agent was 
assessed both in vitro and in vivo. A clear Sb concentration-dependent 
enhancement of PA signals was observed, with the PA values display-
ing linear correlation with the Sb concentration (Fig. 4a). For PA im-
aging in vivo, SW1990 tumor-bearing mice were intravenously 
administrated with G/A@CaCO3-PEG followed by PA imaging at 
different time points. Intuitively, the PA signal intensity from the tumor 
region strengthens gradually over time (Fig. 4b). The enhanced PA 
signals at the tumor site were apparent at 12 h post-injection, and sus-
tained for as long as 24 h, as evidenced by the quantitative analysis of 
each PA signal (Fig. S23). These results indicated potent PA imaging 
performance and significant tumor accumulation of G/A@CaCO3-PEG. 

The blood-circulation profile of G/A@CaCO3-PEG was evaluated 
using ICP-OES, by measuring the concentrations of Sb in blood taken 
from the mice at different time points (Fig. S24). The blood levels of G/ 
A@CaCO3-PEG decreased gradually over time in agreement with a two- 
compartment model with long circulation time (t1/2(α) = 1.98 ± 0.63 h, 
t1/2(β) = 15.72 ± 2.84 h). This prolonged circulation time should be 
advantageous for effective tumor accumulation of G/A@CaCO3-PEG via 
the enhanced permeability and retention (EPR) effect, which was further 
confirmed by the biodistribution experiments (Fig. 4c). Despite the G/ 
A@CaCO3-PEG NPs accumulate in reticuloendothelial system organs, 
such as the liver (16.4%) and spleen (14.8%), significant tumor accu-
mulation at ≈ 7.6% ID/g was observed 12 h post injection. By recording 
the Sb contents in feces and urine samples, it was found that both feces 
and urine exhibit highest Sb amounts at 2 days post-injection and the 
values then decreased with time (Fig. S25). This phenomenon indicates 
that G/A@CaCO3-PEG could be effectively and rapidly eliminated from 
the body. Such tumor accumulation and rapid clearance properties of G/ 
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A@CaCO3-PEG should enable effective cancer-combinatorial therapy. 

3.6. In vivo tumor therapy enabled by engineered G/A@CaCO3-PEG 
nanocatalyst 

To assess and reveal the therapeutic efficacy in vivo, SW1990 tumor- 
bearing mice were randomly divided into five groups (n = 3 in each 
group): 1) saline (control), 2) saline + laser (laser), 3) G/A@CaCO3- 
PEG, 4) A@CaCO3-PEG + laser (low-temperature PTT), and 5) G/ 
A@CaCO3-PEG + laser (synergistic therapy). Groups 2, 4 and 5 were 
irradiated with an NIR laser (0.8 W/cm2) for 5 min at 12 h post-injection 
to trigger low-temperature PTT (Fig. 4d). For mice receiving A@CaCO3- 
PEG and G/A@CaCO3-PEG, 5 min laser irradiation at a low power 
density resulted in an elevation of tumor temperature to about 43 ◦C 
(Fig. 4e), which is within the temperature range for low-temperature 
PTT. After different treatments, the volume of the tumors was calcu-
lated every 2 days (Fig. 5a). Rapid tumor growth was evident in the 
saline-treated group, and laser irradiation alone displayed a negligible 
inhibition effect. With regard to the treatment of G/A@CaCO3-PEG 
alone, tumor growth was also not effectively inhibited (inhibition rate: 
38.4%). This was additionally the case for mice treated with A@CaCO3- 
PEG plus laser irradiation (inhibition rate: 45.5%). These findings are 
attributed to the low efficacy of GOD-mediated glucose depletion or low- 
temperature PTT alone. 

In comparison, the tumor growth of mice in group 5 (G/A@CaCO3- 
PEG + laser) was efficiently suppressed (inhibition rate: 83.9%), which 
is due to the synergistic effect of GOD-mediated starvation therapy and 
low-temperature PTT. The tumor weights (Fig. 5b) and corresponding 
photographs (Fig. 5c) clearly substantiate the therapeutic effect of G/ 
A@CaCO3-PEG nanocatalysts with laser irradiation. The most signifi-
cant large-area cell shrinkage and karyopyknosis in hematoxylin and 
eosin (H&E) staining and the most distinct cancer-cell apoptosis as 
observed terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining are also observed after the treatment with G/ 
A@CaCO3-PEG combined with NIR laser irradiation (Fig. 5d). No sig-
nificant body-weight variations were observed during the therapeutic 
treatment regimens (Fig. S26), confirming that there was no systemic 

toxicity of G/A@CaCO3-PEG. 
To clarify the underlying mechanism of augmented PTT efficacy in 

the synergistic therapy group, the in vivo expression levels of HSP70 
(red) and HSP90 (green) were determined by immunofluorescence 
staining analysis (Fig. 5e). The expression was markedly increased after 
hyperthermia treatment (A@CaCO3-PEG + laser), while treatment with 
G/A@CaCO3-PEG led to dramatically down-regulated HSP90 expres-
sion, even after laser irradiation. By quantifying the intratumoral ATP 
levels post various treatments, it was observed that mice treated by G/ 
A@CaCO3-PEG, with or without NIR irradiation, had notably lower ATP 
levels (Fig. S27). In contrast, tumor ATP levels in the A@CaCO3-PEG +
laser treatment group remained at 90.6%, which is similar with the PBS 
control group. On basis of this proof-of-concept evaluation, it is clearly 
that the augmentation of PTT was attributed to HSP suppression medi-
ated by GOD-induced restrictions in ATP supply, which could effectively 
reverse thermoresistance during a hyperthermia treatment. 

To guarantee the potential for further clinical translation, the in vivo 
biosafety of G/A@CaCO3-PEG was evaluated by histological examina-
tions of main organs and a hematology assay. The H&E staining results 
reveals that no obvious organ damage occurred with the different 
treatments (Fig. S28), reflecting the high histocompatibility of G/ 
A@CaCO3-PEG at the dosage used (Sb: 3.5 mg/kg). For the hematology 
assay, the blood of healthy Kunming mice intravenously injected with 
PBS or G/A@CaCO3-PEG was collected at 1, 7 and 14 days post- 
injection. The G/A@CaCO3-PEG-treated group displayed no significant 
variation in the measured serum indexes as compared to the PBS control 
group, and all parameters laid in the normal range (Fig. S29). All these 
results confirm the high biosafety/biocompatibility of the engineered G/ 
A@CaCO3-PEG nanocatalysts. 

4. Conclusions 

In summary, a potent pH-sensitive nanocatalyst (G/A@CaCO3-PEG) 
has been constructed via the rational integration of calcium-based bio-
mineral and single-element 2D nanomaterials. The nanocatalyst was 
engineered to overcome the tumor thermoresistance for augmenting the 
therapeutic efficiency of photonic hyperthermia through a “non- 

Fig. 4. (a) In vitro PA images and signals of G/A@CaCO3-PEG in aqueous suspension at different concentrations of Sb (n = 3). (b) In vivo PA images of SW1990 
tumor-bearing mice at different time points after intravenous injection of G/A@CaCO3-PEG. The yellow circles indicate the tumor sites. (c) Biodistribution of Sb in 
the major organs and tumor after intravenous injection of G/A@CaCO3-PEG (n = 3). (d) Infrared thermal images and (e) temperature curves of tumor-bearing mice 
intravenously injected with saline (group 2), A@CaCO3-PEG (group 4) and G/A@CaCO3-PEG (group 5) and then irradiated with an 808 nm NIR laser (0.8 W/cm2) for 
5 min. 
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inhibitor involvement” strategy. A composite nanocatalyst was fabri-
cated by incorporating 2D antimonene QDs and glucose oxidase (GOD) 
into biodegradable CaCO3 NPs. Once internalized into the cancer cells, 
G/A@CaCO3-PEG underwent rapid decomposition within the mildly 
acidic tumor microenvironment. Subsequently, the released GOD 
effectively exhausted endogenous glucose to block the cells’ energy 
supply. The GOD-induced restriction on ATP supply could also down- 
regulate HSP expression, subsequently reversing the thermoresistance 
of the cancer cells. Extensive and systematic in vitro and in vivo evalu-
ations solidly confirmed that remarkable antitumor performance was 
achieved, originating from the glucose depletion and the augmented 
low-temperature PTT synergistic treatment, without obvious side ef-
fects. This engineered nanoplatform also featured intrinsic PA imaging 
capability, potentiating the therapeutic guidance and monitoring. This 
work not only broadens the biomedical use of pH-dissociable calcium- 
based nanomedicines, but also provides an intriguing strategy for 
reversing the thermoresistance of cancer cells in hyperthermia-related 
nanotherapies. 
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Fig. 5. (a) Tumor-volume changes as a function of time after varied treatments (n = 3). (b) Tumor weights of mice on the 15th day at the end of treatment. **P <
0.01 and ***P < 0.001. (c) Digital photographs of tumors collected on day 15. (d) H&E and TUNEL staining of tumor tissues collected from different treatments. The 
black arrow represents the site of cell shrinkage and karyopyknosis. (e) The HSP70 and HSP90 expression in tumors collected from mice after various treatments as 
determined by immunofluorescence staining. Scale bar: 50 μm. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bioactmat.2021.08.018. 
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