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Abstract
Calcium ions (Ca2+) are indispensable and versatile metal ions that play a pivotal role
in regulating cell metabolism, encompassing cell survival, proliferation, migration, and
gene expression. Aberrant Ca2+ levels are frequently linked to cell dysfunction and a
variety of pathological conditions. Therefore, it is essential to maintain Ca2+ homeosta-
sis to coordinate body function. Disrupting the balance of Ca2+ levels has emerged as a
potential therapeutic strategy for various diseases, and there has been extensive research
on integrating this approach into nanoplatforms. In this review, the current nanoplat-
forms that regulate Ca2+ homeostasis for cancer therapy are first discussed, including
both direct and indirect approaches tomanage Ca2+ overload or inhibit Ca2+ signalling.
Then, the applications of these nanoplatforms in targeting different cells to regulate their
Ca2+ homeostasis for achieving therapeutic effects in cancer treatment are systemat-
ically introduced, including tumour cells and immune cells. Finally, perspectives on
the further development of nanoplatforms for regulating Ca2+ homeostasis, identifying
scientific limitations and future directions for exploitation are offered.
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 INTRODUCTION AND BACKGROUND

As the most abundant second messenger in the human body,
calcium (Ca2+) plays a diverse and substantial role in numer-
ous biological processes, such as gene expression, cell cycle
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regulation, cell proliferation, autophagy and apoptosis.[1] To
achieve specific cellular outcomes, Ca2+ homeostasis is main-
tained by the coordinated regulation of Ca2+ channels, Ca2+
pumps, transporters, and exchangers.[2–5] Abnormal levels
of Ca2+ have been closely linked to a variety of diseases
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including tumours, cardiovascular disease, neurodegenerative
disorders, hypertension, and diabetes.[6–8] Notably, cancer
cells exhibit greater sensitivity to Ca2+ regulation than normal
cells during tumourigenesis and tumour progression. Disrup-
tion of Ca2+ homeostasis can lead to irreversible cell damage
and even cell death, making it a topic of increasing inter-
est in recent years. Firstly, Ca2+ is the most abundant metal
ion in the human body and plays a crucial role in regulating
various cellular processes such as proliferation, differentia-
tion, metabolism, and cell death. Secondly, the preparation
method of Ca2+-based nanomaterials is simple, cost-effective,
and biosecure, with degradation products that are harmless
to human beings. Thirdly, by utilizing endogenous Ca2+,
regulatory Ca2+-mediated cancer therapies can selectively
trigger tumour cell death without relying on exogenous cyto-
toxic drugs. Moreover, Ca2+ homeostasis-based therapies
do not require external stimuli like photothermal therapy
(PTT), photodynamic therapy (PDT), and sonodynamic ther-
apy (SDT), favouring a wide range of biomedical applications
and clinical translation. Therefore, regulatingCa2+ homeosta-
sis is crucial for the treatment of malignant tumours among
various therapeutic approaches.
With the rapid advancement of nanoscience and nanotech-

nology in biomedicine, Ca-containing nanomaterials have
demonstrated immense potential for disease therapy.[9–14]
These materials have garnered significant attention due to
their ability to directly release Ca2+ into cells and regu-
late intracellular Ca2+ content.[15] The majority of the Ca2+
present in these nanoparticles exists as biominerals, such as
calcium carbonates (CaCO3), calcium peroxide (CaO2), cal-
cium hydride (CaH2), calcium phosphates (CaP), calcium
fluoride (CaF2) and so on. They demonstrate exceptional bio-
compatibility, bioactivity and biodegradability, making them
promising platforms for delivering small molecules that regu-
late Ca2+ homeostasis or directly transport Ca2+ to modulate
its content.
Ca2+-based nanomaterials have been utilized as disruptors

of Ca2+ homeostasis, either by inducing Ca2+ overload to
amplify cancer therapy or by reducing Ca2+ levels to reverse
drug resistance in tumours.[16-18] Specifically, Ca2+ overload
can lead to mitochondrial dysfunction, elevated reactive oxy-
gen species (ROS) level, cellular and organelle membrane
damage and cytoskeletal destruction, thus causing cancer cell
death.[19,20] Conversely, high levels of Ca2+ in tumours can
induce drug resistance,[21] thereby reducing Ca2+ levels in a
controlled manner using Ca2+ antagonists and small inter-
fering RNA (siRNA) can reverse this drug resistance.[22–24]
Decreasing Ca2+ concentration can decrease mitochondrial
membrane potential (ΔΨ), promote apoptosis of tumour
cells, inhibit tumour metastasis, and sensitize drug-resistant
tumours to chemotherapy drugs.[25,26] Furthermore, Ca2+-
based nanomaterials can also be used to intervene in the
Ca2+ homeostasis of immune cells, augmenting immunity
and promoting cancer immunotherapy.[27–30] In this review,
we systematically introduce nanoplatforms as Ca2+ home-
ostasis disruptors for cancer therapy. We provide an overview
of diverse strategies and materials employed in the regulation

F IGURE  Schematic illustration of different strategies for regulating
Ca2+ balance in cancer treatment (Ca2+ overload/inhibition), and the
applications of Ca2+-related nanomaterials in different cells (cancer cells,
immune cells) to regulate their Ca2+ balance for achieving therapeutic
effects in cancer treatment.

of Ca2+ balance for cancer treatment. These include sub-
stances that directly or indirectly induce Ca2+ overload or
Ca2+ inhibition. Subsequently, we delve into the application
of these materials for targeting various cell types, aiming to
modulate their Ca2+ balance and achieve therapeutic effects
in cancer treatment. This encompasses both tumour cells and
immune cells (Figure 1). Additionally, we address the chal-
lenges and potential avenues for future research inCa2+-based
nanotherapies. We intend to stimulate the development of
novel nanoplatforms and present an optimistic outlook for
disease treatment.

 NANOPLATFORMAS A POTENTIAL
CA+ HOMEOSTASIS DESTROYER

. Ca+ overload

Ca2+ overload is characterized by the aberrant accumulation
of Ca2+ in the cytoplasm, which can cause various types of
cellular damage and even death. In recent years, Ca2+-based
biomineralized nanomaterials, such as CaCO3, CaO2, CaH2,
CaP, and CaF2 have been widely developed for biomedical
applications due to their biodegradability and biocompat-
ibility. Ca2+ overload could be directly achieved by using
the Ca2+-based biomineralized nanomaterials or other nano-
materials capable of loading Ca2+. However, excessive use
of exogenous Ca2+ can potentially lead to an acute rise in
plasma Ca2+ levels, resulting in a sharp decrease in blood
pH and an increase in the inflammatory reaction.[31,32] There-
fore, non-Ca2+ nanomaterials could also be used to indirectly
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regulate Ca2+ overload. For instance, plasmamembrane dam-
age can trigger extracellular Ca2+ influx, causing intracellular
Ca2+ overload and inducing cell death. Another approach
involves the utilization of nitric oxide (NO) to activate the
overexpressed ryanodine receptor (RyR) channels in cancer
cells, leading to abrupt Ca2+ elevation and intracellular Ca2+
overload, which ultimately induces cell apoptosis.

2.1.1 Nanoplatform-derived Ca2+ directly
triggers Ca2+ overload

Most of the nanomaterials utilized in Ca2+ overload-based
cancer therapy are Ca2+-based nanomaterials. They can
specifically accumulate at the tumour site via passive target-
ing and active targeting. Then, they can react with hydrogen
ion (H+) to release Ca2+ in the tumour environment, par-
ticipating in and inducing Ca2+ overload to kill the cancer
cells. These Ca2+-based nanomaterials have demonstrated
numerous advantages, including excellent biocompatibility,
long-term biodegradability, biosafety, and efficacy, rendering
them highly promising candidates for tumour treatment.

CaCO
It is well acknowledged that CaCO3, a naturally occurring
material, exhibits excellent biocompatibility and biodegrad-
ability. Its stability at neutral pH and susceptibility to decom-
position in the acidic tumour microenvironment (TME)
render it an ideal intelligent carrier to deliver different types
of cargos.[33–38] Recently, Li et al. developed pH-responsive
dsDNA-loaded CaCO3 (DNA@CaCO3) microparticles by
biomineralization, utilizing the strong affinity between Ca2+
and dsDNA (Figure 2A).[39] TheseDNA@CaCO3 microparti-
cles exhibited enhanced stability, retaining their nanogranular
structure and dispersity compared to conventional CaCO3
microparticles obtained through traditional mixing of cal-
cium chloride (CaCl2) and sodium carbonate (Na2CO3) solu-
tions (Figure 2B). TheDNA@CaCO3 microparticles displayed
pH-dependent decomposition properties to release DNA
(Figure 2C,D) and activate the cGAS-STING-TBK1-IRF3
pathway (Figure 2E). Consequently, they effectively reversed
tumour immunosuppression, inhibiting tumour growth in
both murine B16 and CT26 tumours in immune-competent
C57BL/6 and BALB/c mice (Figure 2F,G).
On the other hand, CaCO3 poses minimal risk of adverse

effects as its degraded byproducts comprise only Ca2+ and
carbon dioxide (CO2). The former can be eliminated from
the body via renal excretion or deposited in bones while the
latter can be exhaled by the lungs.[40,41] CaCO3 has shown
promise as a Ca2+ donor for achieving Ca2+ overload in
biological therapy. However, using CaCO3 NPs alone is not
sufficient to achieve satisfactory therapeutic outcomes due to
cells’ ability to self-regulate intracellular Ca2+ concentration.
Cells possess mechanisms such as the plasma membrane cal-
cium pump, mitochondria, and endoplasmic reticulum (ER)
to regulate and buffer intracellular Ca2+ levels.[42,43] These

mechanisms can pump out excess Ca2+ or absorb Ca2+ to
maintain cellular homeostasis. To disrupt cellular calcium
buffering and promote Ca2+ overload, it is necessary to impair
the capacity of mitochondria or ER to regulate Ca2+ levels.
This can be achieved by damaging these organelles. Addition-
ally, the efflux of Ca2+ can be inhibited by using curcumin
(CUR), a Ca2+ channel inhibitor.[44] Zheng et al. devel-
oped a nanoplatform for Ca2+-overload-dominated cancer
therapy using CaCO3 nanocarriers co-loaded with CUR and
cisplatin (CDDP), which were prepared using polydopamine
(PDA) as a template (Figure 3A).[45] This nanoplatform
caused multilevel mitochondrial impairment by inducing
Ca2+ overload. Specifically, a massive amount of Ca2+ was
released from CaCO3 component to achieve intramitochon-
drial Ca2+ overload (Figure 3B); Subsequently, the released
CUR further promoted Ca2+ release from the ER to the cyto-
plasm and inhibited Ca2+ efflux. Lastly, CDDP destructed
the mitochondrial structure and metabolic function, result-
ing in mitochondrial dysfunction and final tumour inhibition
(Figure 3C). Additionally, the nanoplatform was endowed
with dual imaging capabilities of photoacoustic (PA) and fluo-
rescence using PDA and CUR, respectively. The integration of
imaging and treatment holds immense potential for advanc-
ing cancer therapy. In another work, Dong et al. developed
CaCO3@COF-BODIPY-2I@GAG, which consists of a cova-
lent organic framework (COF), a photosensitizer-modified
BODIPY2I, glycosaminoglycans (GAGs), and nano-CaCO3
(Figure 3D,E).[46] The use of nano-CaCO3 ensured the safe
delivery of drugs to the TME without premature leakage.
Upon reaching lysosomes with pH = 5.0, the nano-CaCO3
broke down and released Ca2+ to induce Ca2+ overload. Fur-
thermore, when exposed to light, CaCO3@COF-BODIPY-
2I@GAG demonstrated PDT performance, destroying cell Ca
buffering capacity and amplifying the cell damage in vitro and
in vivo caused by Ca2+ overload (Figure 3F).

CaO
Currently, CaO2 is widely used in disinfection and degrada-
tion of contaminants. As a solid, it is sometimes referred to
as “solid hydrogen peroxide (H2O2)” as it produces H2O2
when reacting with H2O. The reaction between CaO2 and
H2Odepends on the pHof the reaction system, enabling them
to instantaneously decompose into Ca2+ and H2O2:[47]

CaO2 + 2H2O
H+

���→ Ca(OH)2 +H2O2

CaO2 +H2O → Ca(OH)2 +
1
2O2

CaO2 could induce direct oxidative stress through Ca2+
overload and H2O2 production, ultimately leading to cell
death.[48–50] Additionally, the generated H2O2 can inhibit
Ca2+ efflux, enhancing the Ca2+ overload efficiency. More-
over, because CaO2 could produce a high level of H2O2, it is
a promising strategy to combine CaO2-based Ca2+ overload
with chemodynamic therapy (CDT), which could catalyze
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F IGURE  CaCo3 as intelligent carrier to deliver different types of cargos. (A) Scheme illustration of the biomineralization processes of DNA@CaCO3
with cGAS-STING activating abilities to inhibit tumour recurrence. (B) TEM image of DNA@CaCO3 microparticles. (C) pH-responsive decomposition
properties of DNA@CaCO3 microparticles and (D) time-dependent release curves of DNA from DNA@CaCO3 microparticles. (E) Western blotting of the
proteins correlated with cGAS-STING-TBK1-IRF3 signalling pathways. (F) Tumour growth curves of B16 tumours in C57BL/6 mice and (G) CT26 tumours in
BALB/c mice. Reproduced with permission.[39] Copyright 2023, American Chemical Society.

H2O2 into toxic hydroxyl radical (•OH) through Fenton or
Fenton-like reactions.[51–53] Liu and co-workers prepared a
sodium hyaluronate (HA) modified CaO2 and copper per-
oxide (CuO2) nanocomposite (denoted as CaO2–CuO2@HA
NC) for tumour therapy (Figure 4A,B).[54] CaO2–CuO2@HA

NC could mitigate the release of H2O2 under physiological
conditions and undergo rapid decomposition upon reaching
the tumour site due to its acidic microenvironment. Cu2+
could act as a catalyst to facilitate the generation of abun-
dant •OH from self-supplying H2O2 through the Fenton-type
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F IGURE  CaCO3 based nanoplatform for Ca2+ overload. (A) Scheme of CaCO3@PDA@CUR@CDDP-based synergistic Ca2+ overload and
chemotherapy. (B) Mitochondrial Ca2+ concentrations quantification after treated with various Ca2+ nanomodulators. (C) Tumour growth curves of
MCF-7-tumour-bearing nude mice. Reproduced with permission.[45] Copyright 2021, John Wiley & Sons. (D) Schematic diagram of the synthesis process of
CaCO3@COF-BODIPY-2I@GAG NMs. (E) Molecular structure of DMTP, TPB, BODIPY-2I, GAG, AND TPB-DMTP-COF (1). (F) Synergistic induction of
intracellular Ca2+ overload by singlet oxygen (1O2) and exogenous Ca2+ delivery. Note: (A) CD44-mediated cellular uptake; (B) CaCO3 decomposition in
lysosomes; (C) BODIPY-2I induce 1O2 production under green LED. (D) Mitochondrial impairment. (E) Cell blebbing induced by oncosis. Reproduced with
permission.[46] Copyright 2020, John Wiley & Sons.
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F IGURE  CaO2-based nanoplatform for Ca2+ overload and CDT. (A) Schematic illustration of the synthesis process of CaO2-CuO2@HA NC and (B)
antitumour properties of CaO2-CuO2@HA NC for Ca2+ overload and CDT. Reproduced with permission.[54] Copyright 2022, American Chemical Society.
(C) Schematic illustration of the synthesis process of CaZFCP and (D) therapeutic mechanism of pH-responsive CaZFCP for Ca2+ overload, CDT and PDT.
(E) Hypoxia-inducible factor-1α (HIF-1α) staining of tumour tissues after treated with PBS, ZFCP, and CaZFCP. Reproduced with permission.[55] Copyright
2021, John Wiley & Sons.

reaction, while simultaneously depleting the overexpressed
GSH through a redox reaction, thus further enhancing CDT.
Overloaded Ca2+ caused mitochondria injury, which fur-
ther exacerbated the oxidative stress in tumour cells. In
addition, the therapeutic process could be effectively mon-
itored through dual supervision of Cu2+-induced magnetic
resonance imaging (MRI) and Ca2+-overloading-promoted
computed tomography (CT) imaging. In short, CaO2 rep-
resents a breakthrough in the development of Ca2+-based
nanomaterials for tumour treatment, as it not only syner-
gistically harnesses the dual functions of Ca2+ and H2O2
to induce apoptosis but also serves as a mediator of Ca2+
overload and Cu-mediated CDT, both of which rely on the
important role of intracellular ions in cell function. Further-
more, due to the high level of oxygen (O2) produced by CaO2,
CaO2-based composites could serve as a source of O2 to
improve PDT efficiency. Shen et al. developed a CaO2@ZIF-
Fe/Ce6@PEG (CaZFCP) composite to simultaneously achieve
the Ca2+ overload, CDT and PDT (Figure 4C,D).[55] The
generated O2 from CaO2 could alleviate the hypoxic tumour
environment, thereby improving the efficacy of PDT by pro-
ducingmore 1O2 (Figure 4E). This approach holds promise for
enhancing the therapeutic outcomes of PDT by addressing the
hypoxia-related limitations in tumour treatment.

Besides, CaO2 could also be utilized as a drug carrier for
loading drugs that destroy cellular Ca2+ buffering capacity,
promote Ca2+ influx, or inhibit Ca2+ efflux, thereby enhanc-
ing the Ca2+ overload efficiency.[56,57] For instance, it was
found that the Transient Receptor Vanilloid 1 (TRPV1) ther-
mosensitive cation channel could promote Ca2+ influx when
the temperature exceeds 43◦C. Based on this finding, Zhou
and colleagues designed a near-infrared (NIR)-responsive
DPPC-DSPE-PEG2000-NH2@PDPP@CaO2@doxorubicin
NPs to acquire chemotherapy, Ca2+ overload and PTT.[58]
With NIR irradiation, the PTT effect could elevate the local
temperature at the tumour site, activating the TRPV1 channel
and promoting Ca2+ influx to achieve more efficient Ca2+
overload therapy.

CaH
CaH2 is a portable hydrogen (H2) source that has shown
promising results in biomedical applications in recent years.
Upon reaction with H2O, CaH2 produces Ca2+, H2, and
hydroxide ions (OH−). The resulting Ca2+ can induce Ca2+
overload, which can trigger various cellular processes, while
OH− can neutralize the acidic TME. Additionally, the high
efficiency of H2 can also trigger H2 therapy, which can
inhibit the energy supply of cancer cells, downregulate the
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expression of vascular endothelial growth factor in tumours,
and elicit a systemic immune response.[59] Therefore, CaH2
has great potential as a multifunctional nanoplatform for
cancer treatment.
Due to the functions of H2 and Ca2+ in antitumour

therapies, respectively, Gong and co-workers designed and
synthesized CaH2 nanomaterials using liquid-phase exfolia-
tion technology and employed them as a type of anticancer
agent (Figure 5A).[60] The nano-CaH2 was modified with
PEG200 to enhance dispersion, and then employed to react
with H2O to produce H2 and Ca2+ and OH−. In vitro
experiments showed that CaH2 induced mitochondrial dys-
function and decreased adenosine 5′-triphosphate (ATP)
content (Figure 5B), which ascribe to the increased intracel-
lular Ca2+ level (Figure 5C). Moreover, CaH2 could trigger
strong immunogenic cell death (ICD) effects for colon and
breast cancer cells (Figure 5D). Therefore, local injection of
nano-CaH2 could effectively eradicate tumours (Figure 5E)
through combination therapy including Ca2+ overload, H2
therapy, TME regulation and immune system activation.
Increased pH value inside the tumour was observed after
CaH2 treatment (Figure 5F). Combined with cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) checkpoint,
nano-CaH2 effectively eradicates both primary and distant
tumours. The CaH2/CTLA-4 group could increase the cyto-
toxic T lymphocyte (CTL) infiltration (Figure 5G), decrease
the percentage of Treg cells (Figure 5H) and promote the
polarization of macrophages to M1 type (Figure 5I) in both
tumours, leading to a robust immune response. In vivo inter-
ventional embolization studies demonstrated that nano-CaH2
could alleviate tumour hypoxia and metastasis. In addition,
when dispersed in lipiodol to obtain CaH2-lipiodol disper-
sion, they demonstrated promising potential for enhancing
the therapeutic effect of transarterial embolization treatment
of liver cancer in rabbits compared to that used in situ lipiodol
alone.[61] As a metal hydride material, nano-CaH2 plays a
significant role in cancer therapy by enabling H2 therapy and
inducing anti-tumour immunity. Moreover, its degradation
products of Ca2+, OH−, and H2, do not have any long-term
adverse effects on the body, therefore, nano-CaH2 holds
significant potential for future clinical applications.

CaP
CaP is a promising nanocarrier for Ca2+ release, due to
its good biosafety, bioactivity, and biodegradability.[62] It
has been extensively employed in the fields of bone tis-
sue engineering and tumour treatment.[63–68] What’s more,
CaP nanoparticles have been found to release abundant
Ca2+ in an acidic pH environment,[69] making them one of
the most promising Ca2+-based materials. Xu et al. devel-
oped a dual-enhanced Ca2+ nanogenerator (DECaNG) that
triggers intracellular Ca2+ elevation through three distinct
pathways (Figure 6A).[70] Firstly, they used CaP-doped hol-
low mesoporous copper sulphide (CuS) as the basic Ca2+
nanogenerator that directly and persistently releases Ca2+
responding to the lower pH in TME. Secondly, NIR light

radiation could disturb the crystal lattice of hollow meso-
porous CuS, leading to accelerated Ca2+ generation from
the nanocarriers. Finally, CUR could promote Ca2+ release
from ER to the cytoplasm and inhibit the outflow of Ca2+
in the cytoplasm, thereby causing excessive Ca2+ flow into
mitochondria, disrupting mitochondrial Ca2+ homeostasis
and resulting in cell apoptosis (Figure 6B). The nanoplat-
form exhibited excellent tumour targeting and cancer cell
apoptosis in vivo (Figure 6C) by disrupting mitochondrial
Ca2+ homeostasis and PTT. Furthermore, the metabolism
of CaNG could be accelerated through its breakdown into
smaller nanoparticles, thereby shortening the retention time
of the nanoplatform in vivo. The CaP-mediated Ca2+ over-
load can be used in conjunction with other cancer treatments,
making it a promising strategy for tumour treatment. In
addition to their ability to regulate Ca2+ levels, amorphous
CaP nanosystems can also be utilized for drug delivery
in the treatment of cancers. Qiu et al. designed an amor-
phous CaP nanosystem modified with Arg-Gly-Asp (RGD)
and loaded doxorubicin (RGDCaPO/DOX) for disseminated
ovarian cancer therapy (Figure 6D).[67] The RGDCaPO/DOX
nanosystem exhibited its antitumour effect through two pri-
mary mechanisms: the exacerbation of ER stress (Figure 6E)
and the induction of Ca2+ overload (Figure 6F). The nanosys-
tem was administered via intraperitoneal injection, and this
delivery method resulted in a positive antitumour effect
(Figure 6G,H).

CaS
CaS can undergo decomposition in an acidic environment,
making it a promising nanomaterial for regulating Ca2+
homeostasis. The degradation products of CaS, namely Ca2+
and hydrogen sulphide (H2S), can serve as chemical mes-
sengers for intracellular transduction signals, and play an
important role in regulating cellular activity. Thus, Liu et al.
employed CaS to inhibit tumour growth through signalling
transduction cascades (Figure 7A).[71] The poly(acrylic acid)
(PAA)-stabilized CaS nanoparticles were utilized to construct
nanomessengers, which were further loaded with zinc pro-
toporphyrin (ZnPP) (Figure 7B) to amplify the messenger
signal. Within acidic endosomes, the resulted ZnPP@PAA-
CaS nanomessengers gradually released chemical messengers
Ca2+ and H2S to induce Ca2+ overload within tumour cells.
Additionally, ZnPP produced ROS to further inhibit the cel-
lular defence mechanism of the endogenous cytoprotective
enzyme HO-1. The restoration of inhibited signalling path-
ways subsequently triggered a series of signal transduction
cascades that induced Ca2+-overloaded tumour cell death,
resulting in the release of tumour-associated antigens.[72]
These antigens could activate anti-tumour immunity and
establish immune memory to prevent tumour metastasis
and recurrence (Figure 7C–E). Therefore, this chemical
messenger-based nanoplatform amplified the regulation of
cell behaviour mediated by chemical messengers (Ca2+, H2S)
through cascade engineering to treat tumours and mediate
immunotherapy.
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F IGURE  CaH2-based nanoplatform for Ca2+ overload, H2 therapy and acidic TME modulation. (A) Schematic illustration of the application of
nano-CaH2 for mouse xenograft and interventional transarterial embolization (TAE) therapy of rabbit liver tumours through the combination of Ca2+
overload, H2 immunotherapy and neutralization of acidic tumour microenvironment. (B) Mitochondrial dysfunction and ATP generation inhibition. (C)
Intracellular Ca2+ content after different treatment. (D) characterization of ICD. (E) Tumour volume monitoring. (F) pH values inside the tumours. (G) CTL
infiltration, (H) quantification of Treg cells, and (I) the polarization of macrophages within the primary and distant tumours after different treatments.
Reproduced with permission.[60] Copyright 2022, Elsevier.

CaF
The CaF2 nanosystem has been widely recognized as an
exceptional optical substrate for diagnosis and cancer therapy
because of its high biocompatibility, idiographic chemical
stability and optical light transmission feature.[73,74] Recently,

Li and co-workers discovered that CaF2 nanocrystals exhib-
ited peroxidase (POD)-mimicking activity by generating
ROS such as hydroxyl radicals (•OH), derived from the facet
and crystal structure.[75] Building on this discovery, Chang
et al. demonstrated that ultrasound (US) could amplify the
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F IGURE  CaP-based nanoplatform for Ca2+ overload. (A) Schematic illustration of dual enhanced Ca2+ nanogenerator (DECaNG) synergized with
Ca2+ overload and PTT. DECaNG induces tumour cell apoptosis both (B) in vitro and (C) in vivo. Reproduced with permission.[70] Copyright 2018, American
Chemical Society. (D) Schematic illustration of the anti-tumour mechanism of RGD-CaPO/DOX in tumour cells and peritoneal cavity of mice. (E) Western
blotting of the proteins correlated with endoplasmic reticulum stress. (F) Fluorescent images to detection the intracellular Ca2+. (G) Survival proportions of
mice after different treatments. (H) Hematoxylin−eosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) images of
tumour tissues after different treatments. Reproduced with permission.[67] Copyright 2022, American Chemical Society.
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F IGURE  CaS-based nanoplatform for Ca2+ overload. (A) Schematic illustration of the preparation process of ZnPP@PAA-CaS and (B)
ZnPP@PAA-CaS mediated Ca2+ overload and signalling cascade antitumour immunotherapy. (C) characterization of ICD. (D) The polarization of
macrophages. (1) blank; (2) PAA-Ca; (3) ZnPP; (4) PAA-CaS; (5) ZnPP@PAA-CaS. (E) Digital photos of metastatic nodules in lungs after different treatments
and corresponding H&E staining images. All groups: (1) blank; (2) PAA-Ca; (3) ZnPP; (4) αPD-1; (5) PAA-CaS; (6) ZnPP@PAA-CaS; (7) PAA-CaS + αPD-1;
(8) ZnPP@PAA-CaS + αPD-1. Reproduced with permission.[71] Copyright 2021, American Chemical Society.

POD-mimicking properties of CaF2 nanocrystals to produce
ROS (Figure 8A).[76] Combined with the release of exoge-
nous Ca2+ from CaF2 nanocrystals, this system could prompt
intracellular Ca2+ accumulation to induce mitochondrial
dysfunction and apoptosis in breast (4T1) and hepatic carci-

noma (H22) tumours both in vitro and in vivo (Figure 8B and
C). This indicates that the CaF2 nanosystem holds significant
potential in cancer therapy by its capacity to generate ROS
and trigger Ca2+ overload, which can disrupt mitochondrial
function and induce apoptosis in cancer cells.
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F IGURE  CaF2-based nanoplatform for Ca2+ overload. (A) Schematic illustration for the underlying mechanism of US-amplified CaF2 nanozyme for
Ca2+-overload-assisted catalytic tumour therapy. (B) Intracellular Ca2+ ions in 4T1 cancer cells and H22 cancer cells. (C) H&E, Ki-67, and TUNEL staining
images of 4T1-tumour and H22-tumour sections from the tumour-bearing mice in different treatment groups. Reproduced with permission.[76] Copyright
2019, John Wiley & Sons.

Other forms of Ca+-based nanomaterials
Aside from the direct use of Ca2+-based nanomaterials to
induce Ca2+ overload, certain nanomaterials can load Ca2+
and disrupt intracellular Ca2+ homeostasis to trigger can-
cer cell death. Especially, the unique layered structure of

CaxCoO2 (CCO) provides active vacancies that allow M ions
(M = alkali metal or alkaline earth metals) to escape from
the interlaminar layer, making it a potential candidate as a
Ca2+ nanocarrier. Chen et al. developed a nanoagent with a
layered structure that linked chlorin e6 (Ce6) photosensitizer
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F IGURE  Other forms of Ca2+-based nanomaterials for Ca2+ overload (CaxCoO2). (A) Schematic diagram of the synthesis procedure of
CCO@ss-SiO2-Ce6 and (B) tumour therapy of synergistic induction of CCO@ss-SiO2-Ce6 heat-enhanced Ca2+ overload and PDT/PTT. (C) Intracellular ROS
generation in HepG2 cells treated with CCO@ss-SiO2-Ce6 under 660 nm laser irradiation. (D) Cell viability of HepG2 cells after incubated with different
concentrations of CCO@ss-SiO2-Ce6. (E) Tumour volume, (F) body weight, and (G) H&E staining images of tumour slices from mice treated with various
treatments after 15 days. Reproduced with permission.[77] Copyright 2021, American Chemical Society.

(CCO@ss-SiO2-Ce6) to release Ca2+ between layers to induce
Ca2+ overload and enhance PTT and PDT therapies under
808 and 660 nm laser irradiation (Figure 9A,B).[77] Elevated
temperatures also promoted the release of Ca2+. Moreover,
CCO@ss-SiO2-Ce6 could catalyze the decomposition of
intracellular H2O2 into O2 to alleviate hypoxia, promoting
the production of singlet oxygen via Ce6 photosensitizer

under 660 nm laser irradiation (Figure 9C). Finally, with
synergetic Ca2+ release capacity as well as PTT and PDT
effects, CCO@ss-SiO2-Ce6 exhibited significant tumour
elimination ability both in vitro and in vivo (Figure 9D–G).
This nanoagent opens up a new path for the develop-
ment of emerging Ca2+-overloaded nano agents in tumour
therapy.
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F IGURE   Other forms of Ca2+-based nanomaterials for Ca2+ overload (Ca2+-based MOF). (A) Schematic illustration for the synthesis process of PCa
and (B) mechanism of PCa for amplified Ca2+ overload and activated immunotherapy. Fluorescent images to detect the (C) intracellular Ca2+ concentration
and (D) ROS generation. (E, F) BMDCmaturation analysis by flow cytometry. (G) Tumour growth curves and (H) photographs of collected tumours at the end
of treatment after various treatments. Reproduced with permission.[78] Copyright 2023, American Chemical Society.
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F IGURE   Plasma membrane damage to trigger Ca2+ overload. (A) Schematic diagram of the preparation process of CMA-nPS and (B) their capacity to
generate abundant ROS and introduce intracellular Ca2+ overload for enhanced antitumour efficiency. (C) Fluorescent images to detect cell membrane
integrity and (D) intracellular Ca2+ concentration. (E) TEM images of H1299 cells after different treatments to observe mitochondrial integrity. (F) H&E and
TUNEL staining images of H1299 tumour-bearing mice after different treatments. Reproduced with permission.[79] Copyright 2022, John Wiley & Sons.

Recently, metal-organic framework (MOF) has gained
considerable attention in biomedical applications, offering
exciting prospects for the development of novel Ca2+-based
MOFs for expanded Ca2+ overload therapy. By exploiting
this potential, Yu et al. developed mineralized porphyrin
MOF (PCa) (Figure 10A) capable of achieving PDT and Ca2+
overload for enhanced therapeutic outcomes.[78] The gen-
erated ROS after PDT could destroy cell calcium buffering
capacity, amplifying the cell damage caused by Ca2+ over-
load (Figure 10B). Treatment of 4T1 cells with PCa and
subsequent 630 nm irradiation showed increased intracellu-
lar Ca2+ concentration (Figure 10C) and elevated oxidative
stress levels (Figure 10D). Furthermore, they could effectively
enhance the maturation of bone marrow-derived dendritic
cells (BMDC) (Figure 10E,F), which could achieve obvious
antitumour activity (Figure 10G,H).

2.1.2 Non-calcium nanomaterials indirectly
trigger Ca2+ overload

Plasma membrane damage to trigger Ca+ overload
Recent studies suggest that the damage to the plasma mem-
brane could trigger an influx of extracellular Ca2+, leading

to intracellular Ca2+ overload and subsequent cell death.
He et al. developed an approach for tumour-specific Ca2+
overload therapy and PDT by constructing a cell membrane-
anchored nano-photosensitizer (CMA-nPS) (Figure 11A).[79]
Through the targeting ability of two types of functionalized
cell membranes, CMA-nPS was able to primarily anchor to
the membrane of lung cancer cells and generate local ROS
under laser irradiation (Figure 11B). This process directly
damaged the lung cancer cell membrane (Figure 11C), causing
Ca2+ influx (Figure 11D), disrupting Ca2+-buffering capacity,
leading to mitochondrial dysfunction (Figure 11E), and accel-
erating cell death (Figure 11F). This strategy offers a promising
new synergistic strategy for indirect Ca2+-overload-based
cancer therapy.

Nitric oxide (NO) to trigger Ca+ overload
It has been reported that NO can activate the overexpressed
RyR channels in cancer cells, resulting in abrupt Ca2+ release
from ER and ultimately inducing cell apoptosis.[80,81] Build-
ing on this knowledge, Chu et al. developed a Ca2+ regulating
system that utilized non-toxic internal Ca2+ in cancer cells
for Ca2+ release, which consisted of upconversion nanopar-
ticles (UCNPs), nanosized zeolitic nitro-/nitrile-imidazole
framework-82 (ZIF-82) (denoted as UC-ZIF) and the loaded
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F IGURE   NO to trigger Ca2+ overload. (A) Schematic illustration of intracellular calcium stores modulated by NO for Ca2+ overload-initiated cancer
therapy. (B) Aggregation quenching effect of 2 nitroimidazole (2nIm) molecules (top). The photochemical activity of 2nIm could be improved by ZIF-82 (low).
(C) Mechanisms of NO activating RyRS. Fluorescent images to detect (D) intracellular Ca2+ concentration and (E) ROS generation. Reproduced with
permission.[82] Copyright 2021, John Wiley & Sons.

berberine (BER) (denoted as UC-ZIF/BER). The system
involved synchronous channel “ON” in calcium storage,
Ca2+ pump “OFF” for inhibitory Ca2+ efflux, and rationally
designed nanoparticles for NIR-triggered NO generation and
BER release.[82] Upon NIR laser irradiation, the ultravio-
let (UV) emission from UCNPs triggered BER release and
NO production (Figure 12A,B). The lipophilic NO rapidly
spread and invaded the overexpressed RyRs in breast can-
cer cells for protein S-nitrosylation, which opened RyRs to
allow Ca2+ flow out from the ER.[83] Meanwhile, as a Ca2+
pump inhibitor, BER bound to Ca2+-excreted pumps to
inhibit the excretion of Ca2+ in the cell membrane, result-
ing in high intracellular Ca2+ levels (Figure 12C,D).[84,85]
This Ca2+ overload disturbed cellular metabolism, causing
an increase in ROS production (Figure 12E) and ultimately
inducing apoptosis in cancer cells without systemic toxicity.
This approach utilizes the endogenous Ca2+ signalling sys-
tem of cells to selectively trigger tumour cell death, providing

a novel strategy for cancer treatment that circumvents the use
of exogenous cytotoxic drugs.

. Ca+ inhibition

Studies have demonstrated that the overexpression of trans-
membrane Ca2+ channels and the hyperactivity of Ca2+-
related proteins in tumour cells result in abnormally high
intracellular Ca2+ concentrations, which are crucial for
tumourigenesis and tumour progression. Moreover, these ele-
vated levels of intracellular Ca2+ can promote tumour cell
proliferation and migration and induce the expression of
drug resistance-related protein P-glycoprotein (P-gp). The
mechanism allows tumour cells to withstand drug treat-
ment and acquire resistance, resulting in poor treatment
outcomes. Recently, nanoparticles have been designed to reg-
ulate Ca2+ signalling negatively by blocking Ca2+ influx,
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F IGURE   PA chelating to capture Ca2+ for Ca2+ inhibition. (A) Schematic illustration of the synthesis of CePA and their antitumour mechanism
through PA-chelated Ca2+ for overcoming drug resistance and chemotherapy. (B, C) Intracellular Ca2+ concentration after different treatments. (D) H&E
staining and (E) immunofluorescence staining of ROS, (F) P-gp and Dox. Reproduced with permission.[90] Copyright 2022, Springer.

decreasing Ca2+ signalling, or directly capturing Ca2+. This
strategy holds great potential in reversing tumour drug resis-
tance and enhancing the therapeutic efficacy of drugs against
drug-resistant tumours.

2.2.1 Ca2+ chelation agent capture of Ca2+

Phytic acid (PA) chelating
PA, also known as inositol hexaphosphoric acid, is an organic
acid that can be extracted from various plant sources such as
seeds, beans, cereals, vegetables, and fruits. It is an abundant,
low-cost, and environmentally friendly natural compound
that offers numerous health benefits, such as acting as an

antioxidant, anticancer agent, and chelating agent.[86–88]
Structurally, PA contains six phosphates and exhibits potent
chelating activity against diverse metal cations like Mg2+ and
Zn2+. Moreover, it has been approved by the Food and Drug
Administration (FDA) in the US as a generally recognized
safe (GRAS) material. Previous studies have demonstrated
that oral administration of PA at a dose of up to 200 mg kg−1
does not induce any intestinal irritation in rats.[89] In recent
research, Tian et al. designed PA-modified CeO2 (CePA)
nano-inhibitors as a safe and effective Ca2+ inhibitor to
overcome drug resistance in tumours that overexpress intra-
cellular Ca2+ (Figure 13A).[90] CePA was found to effectively
decrease excessive levels of free Ca2+ in cells (Figure 13B and
C). In vivo experiments showed CePA+Dox could induce
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F IGURE  EGTA chelating to capture Ca2+ for Ca2+ inhibition. (A) Schematic illustration of the synthesis of AEPF NPs and their antitumour
performance via EGTA-captured Ca2+ and photothermal therapy. (B) TEM images of AEPF NPs in Ca2+ solution before adding esterase. (C) TEM images of
AEPF NPs in Ca2+ solution after adding esterase. (D) UV–vis spectrum and corresponding photographs of AEPF NPs solution with and without Ca2+ and
esterase. (E) H&E and Ki-67 staining images of tumour sections in different treatment groups. Reproduced with permission.[94] Copyright 2021, Elsevier.

tumour cell apoptosis (Figure 13D), strengthened the ROS
generation intratumour (Figure 13E), downregulated intratu-
moural P-gp expression (green fluorescence) and enhanced
intratumoural ROS level (red fluorescence) (Figure 13F), sig-
nificantly enhance drug accumulation in drug-resistant
tumours. Furthermore, as a pH-regulated nanozyme,
nanoceria considerably alleviated the harmful effects of
chemotherapeutic drugs on normal cells and organs, thereby

enhancing the survival rate of mice. The co-administration
of Dox and CePA exhibited a remarkable enhancement in
the efficacy of chemotherapy while concurrently mitigat-
ing its adverse effects. This strategy of negative regulation
of intracellular Ca2+ presents an interesting approach for
treating drug-resistant tumours and has the potential to
overcome the limitations of conventional chemotherapy
drugs.
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F IGURE   Knockdown of T-type Ca2+ channel for Ca2+ inhibition. (A) Schematic illustration of the synthesis process of MSNCs and their application
in tumour therapy through downregulation of T-type Ca2+ channel expression, reduction in intracellular Ca2+ concentration, and chemotherapy. Fluorescent
images to detect (B) Cav 3.1 and Cav 3.2 T-type Ca2+ channels and (C) intracellular Ca2+ concentration. (D) H&E and TUNEL staining images of tumour
sections after different treatments. Reproduced with permission.[23] Copyright 2019, American Chemical Society.

... Ethylene glycol bis (-aminoethyl
ether)-N,N,N′,N′-tetra-acetic acid (EGTA) chelating
As a typical Ca2+ chelating agent, EGTA can capture
Ca2+ effectively in tumour cells, thus regulating Ca2+
concentration.[91–93] Guo and colleagues synthesized
FA-PEG-EGTA-AuNPs nanoparticles (AEPF NPs) by co-
modifying gold nanoparticles (Au NPs) with EGTA and folic
acid (FA), and connecting them with polyethylene glycol
4000. These nanoparticles were designed to regulate intra-
cellular Ca2+ levels and trigger PTT for synergistic tumour
treatment (Figure 14A).[94] AEPF NPs maintained a stable
“off state” during blood circulation post-injection due to the
conjugation of Au-EGTA with FA-PEG via an ester bond,
which deactivated the nanoparticles and prevented unex-
pected interference from systemic Ca2+ and non-specific
protein adsorption before reaching tumour tissue. Following
FA-mediated tumour accumulation[95] and endocytosis,[96]
PEG-FA could be removed by over-expressed esterase in
tumour cells, recovering the Ca2+ chelating functions of
EGTA to truncate Ca2+ signalling for tumour inhibition.
Moreover, the chelation of Ca2+ would trigger intracellular
aggregation of small Au nanoparticles (Figure 14B and C),
leading to a shift in their absorbance peak from 500 to 660 nm

(Figure 14D) and enabling superior PTT upon irradiation at
660 nm, thereby enhancing tumour treatment. This approach
not only took advantage of the tumour-specific environment
(abnormally high Ca2+ concentration) to achieve precise tar-
geting, but also modified the tumourigenic environment by
Ca2+ regulation to enhance therapeutic efficacy, thereby offer-
ing a promising strategy for tumour treatment development
(Figure 14E).

2.2.2 Knockdown of T-type Ca2+ channel

Several studies have demonstrated that blocking the T-type
Ca2+ channel using antagonists[22,24] or siRNA[24] could
enhance the sensitivity of cancer cells to cytotoxic drugs
in vitro. Nonetheless, the employment of antagonists and
siRNA is hindered by their high toxicity and instability in
vivo, which present significant challenges to their practicality
and may result in undesirable side effects. To overcome these
limitations and enhance specificity and stability, Wang et al.
fabricated silica nanocapsules (MSNCs) with a mesoporous
and hollow structure as a drug carrier for co-delivery of
T-type Ca2+ channel siRNA and DOX (Figure 15A).[23] This
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F IGURE  Ca2+ inducing ICD of cancer cells to produce tumor-associated antigens. (A) Schematic illustration of US-augmented collaborative Ca2+
overload and immunotherapy utilizing PEGCaCUR. (B) Fluorescent images to detect mitochondrial membrane potential. (C) Immunofluorescence staining of
intratumoural CD4 (red fluorescence) and CD8 (green fluorescence) T cells after different treatments. (D) H&E and TUNEL staining images of tumour
sections after different treatments. (E) H&E-staining of lung sections at the end of different treatments. Tumour metastasis was indicated by red arrows.
Reproduced with permission.[29] Copyright 2021, American Chemical Society.

co-loading system exhibited high drug-loading efficiency
and potent treatment efficacy against drug-resistant breast
cancer. The synergistic therapeutic effect on MCF-7/ADR
cells was attributed to the knockdown of the overexpressed
T-type Ca2+ channel (Figure 15B), which reduced cytoso-
lic Ca2+ concentration (Figure 15C), induced G0/G1 phase
cell cycle arrest, and enhanced intracellular drug accumu-
lation. Finally, this system demonstrated favourable effects
on drug-resistant breast cancer, resulting in a tumour sup-
pression rate that increased by over 46% compared to drugs
alone (Figure 15D). These findings offer novel targets and
approaches for drug and gene delivery to drug-resistant
tumours.

 NANOPLATFORMSMODULATING
CA+ HOMEOSTASIS IN TARGETING
VARIOUS CELLS

After introducing various strategies for Ca2+ regulation,
our next focus is on studying Ca2+ regulation for cancer
treatment targeting different cells. In addition to the methods
mentioned above for directly regulating tumour cell death
in cancer treatment (which will not be reiterated in this
section), Ca-based nanoplatforms can also participate in
tumour immune response, by directly or directly regulating
Ca2+ of immune cells. Increasing evidence suggests that Ca2+
plays a crucial role in immune cell activation and phenotypic
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F IGURE   Ca2+ mediating autophagy of DCs to promote the presentation of antigens. (A) Schematic illustration of HOCN overcoming multiple
barriers in DCs’ antigen cross-presentation for chemo-immunotherapy by neutralizing tumour acidity, inducing autophagy in DCs, and promoting Ca2+
overload to enhance DAMPs released from tumour cells. (B) Tumour growth curves and (C) representative tumour tissues from each group after different
treatments. (D) DC maturation rates and (E) CD8+ and CD4+ T lymphocytes were examined by flow cytometry. Reproduced with permission.[30] Copyright
2020, American Chemical Society.

modulation. Specifically, Ca-based nanoplatforms have the
potential to target cancer cells and induce ICD to generate
antigens.[29] They can also regulate immune cells, such as
dendritic cells (DCs) to enhance antigen presentation,[30] T
cells to boost immune responses[27] as well as macrophages
to amplify anticancer effects.[28]

. Ca+ inducing ICD of cancer cells to
produce tumour-associated antigens

ICD plays a pivotal role in the tumour immune cycle by
inducing the generation of multiple tumour-associated anti-
gens (TAAs), and has been a focal point of immunotherapy
for many years.[97] ICD inducers elicit damage-associated
molecular pattern (DAMP) signalling in the treated tumour,

resulting in the translocation of calreticulin to the cell surface,
the secretion of adenosine triphosphate (ATP), and the passive
secretion of high mobility group protein B1 (HMGB1).[98,99]
Although various ICD inducers have been reported, such as
chemotherapeutic drugs[100] and photosensitizers,[101] they
may present serious side effects with limited ICD induction
efficiency, requiring relatively high doses and frequent dos-
ing, and a lack of selectivity for cancer cells.[102,103] Recently,
Ca2+ has emerged as a promising inducer of ICD due to its
high efficacy and biosafety. Because Ca2+ is mainly stored in
mitochondria and ER, the disruption of mitochondrial Ca2+
homeostasis could precisely regulate ROS generation, which
would stimulate DAMPs to trigger ICD and initiate defen-
sive anti-tumour immunity. To harness its potential, Zheng
et al. developed a multifunctional Ca2+ nanomodulator by
combining acid-sensitive PEG-modified CaCO3 with CUR
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F IGURE   Ca2+ functioning as a vaccine adjuvant to enhance T cell responses. (A) Schematic illustration of the fabrication of Fe/Se-CaP nanohybrid
and their antitumour mechanisms involving GSH depletion, ROS generation, and vaccine adjuvant functions. Fluorescent images to detect (B) intracellular
GSH level and (C) ROS generation. (D) Western blotting of apoptosis-associated proteins. (E) Schematic illustration of the cell apoptosis mechanism. (F)
Immunofluorescence staining of intratumoural CD4 (yellow fluorescence) and CD8 (red fluorescence) T cells after different treatments. Intratumoural
IL-12p70 (G), IFN-γ (H), and TNF-α (I) expression examined by enzyme-linked immunosorbent assay (ELISA). Reproduced with permission.[113] Copyright
2022, Elsevier.

in a simple one-pot method (PEGCaCUR) (Figure 16A).[29]
Upon exposure to acidic conditions, a significant amount
of Ca2+ was released, leading to an increase in intracellular
Ca2+ levels. Furthermore, the liberated CUR facilitated Ca2+
release from the endoplasmic reticulum into the cytoplasm
while inhibiting Ca2+ efflux and inducing mitochondrial dys-
function (Figure 16B) through Ca2+ overload, which could
be further augmented by the US. Moreover, PEGCaCUR was
found to induce ICD (Figure 16C) because of mitochondrial
Ca2+ overload to effectively suppress tumour growth and
metastasis (Figure 16D,E).

. Ca+ mediating autophagy of DCs to
promote the presentation of antigens

Ca2+ also plays a crucial role in the autophagy process,
whereby damaged organelles or proteins are encapsulated
in autophagy vacuoles and transferred to lysosomes for
degradation and recycling.[104] Autophagy facilitates the
digestion and processing of antigens during DCs antigen
presentation.[105,106] However, the autophagy ability of DCs
is inhibited in the TME, resulting in inefficient antigen
processing,[107] which may restrict the efficacy of cancer
chemotherapy and immunization due to the insufficient anti-
gen presentation capacity of DCs.[108] Therefore, regulating
Ca2+ levels inDCs has the potential to improve autophagy and
thus enhance immunotherapy.[109] An et al. developed a Ca2+

nanogenerator, named honeycomb OVA@CaCO3 nanopar-
ticles (HOCN), to improve the immune responses induced
by chemotherapy (Figure 17A).[30] The HOCN was designed
to provide an effective therapeutic effect (Figure 17B,C) by
overcoming the barriers in DCs antigen cross-presentation by
augmenting Ca2+ production and disrupting the autophagy
inhibitory conditions of DCs. Additionally, the HOCN miti-
gated tumour acidity and revitalized DCs, thereby contribut-
ing to improved immune response (Figure 17D,E).

. Ca+ functioning as a vaccine adjuvant
to enhance T cell responses

In the development of vaccines, the selection of appropriate
adjuvants is a crucial step. Among various nanoparti-
cles developed as immune adjuvants,[110,111] CaP has
demonstrated significant potential and has undergone
extensive research.[112,113] Extensive studies have demon-
strated that Ca-based nanomaterials could avoid lysosomal
degradation and promote cross-presentation of antigens to
exert the therapeutic action of CTLs. Especially, CaP, when
used as an adjuvant, can stimulate the immune response
of helper T cells[27,114] and activate NOD-like receptor pro-
tein 3 (NLRP-3) inflammasomes, thereby promoting the
production of cytokines such as IL-1β and facilitate T cell
responses.[115,116] Recently, Peng et al. constructed a ferric
ion and selenite-codoped calcium phosphate (Fe/Se-CaP)
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F IGURE  Ca2+ regulation of macrophage M1 polarization. (A) Schematic illustration of the synthesis of OMV@CaP. (B) Ca2+ release profile at different
pH values. (C) pH value changes inside tumour tissues after different treatments. (D) Macrophage polarization analysis by flow cytometry. Intratumoural (E)
IL-12, (F) IL-6, (G) TNF-α, and (H) IFN-γ expression were examined by ELISA. Reproduced with permission.[123] Copyright 2020, John Wiley & Sons.

nanohybrid (Figure 18A) to catabolize endogenous GSH
(Figure 18B), and generate abundant ROS (Figure 18C) for
tumour cells apoptosis (Figure 18D,E).[113] Wherein, CaP
acted as a vaccine adjuvant and was beneficial to the prolifer-
ation of DCs, the increase of CD4+/CD8+ T cells (Figure 18F),
the production of interleukin-12p70 (Figure 18G), interferon-
γ (IFN-γ) (Figure 18H) and tumour necrosis factor-α (TNF-α)
(Figure 18I). The Fe/Se-CaP system effectively activated the
adaptive immune response and induced a robust immune
response for tumour inhibition.

. Ca+ regulation of macrophage M
polarization

Tumour-associated macrophages (TAMs) predominantly dis-
play an anti-inflammatory M2 macrophage phenotype in
the TME, which facilitates immune evasion and metastasis
of tumour cells.[117,118] To optimize tumour immunotherapy,
it is imperative to reprogram the macrophage phenotype
from M2 to pro-inflammatory M1. Various signals, including
chemical and mechanical stimuli, can regulate macrophage
polarization.[119] Notably, Ca2+ levels have been implicated
in the regulation of macrophage phenotype through regulat-
ing the phosphorylation of protein kinase or blocking Ca2+
outflow to inhibit M1 polarization of macrophages.[120,121] In
this regard, Ca2+-based bionanomaterials have been devel-
oped to manipulate intracellular Ca2+ levels for regulating
macrophage polarization phenotypes.[122] For example, Qing
et al. developed a bionanomaterial consisting of bacterial outer
membrane vesicles (OMV) mineralized with CaP (OMV-

CaPs) (Figure 19A),[123] which effectively alleviated systemic
inflammation caused by OMVs. The results revealed that
the pH-sensitive CaP shells could be dissolved to release
Ca2+ over time at a weakly acidic pH (Figure 19B). More-
over, acidic-pH-induced Ca2+ release could neutralize the
acidic pH of tumours (Figure 19C). In addition, CaP alone
could induce M2-M1 polarization, while OMV-CaPs further
improved the M1/M2 ratio (Figure 19D) and elevated intra-
tumoural cytokine secretion including IL-12, IL-6, TNF-α,
and IFN-γ) (Figure 19E–H), indicating that Ca2+-based nano-
materials could participate in immune cell reprogramming,
promote anti-tumour immune response, and improve the
anti-tumour effect.

 CONCLUSIONS AND FUTURE
OUTLOOKS

Metal ions play a vital role in various biological processes
such as cell metabolism, proliferation, migration, and death.
Intracellular ion imbalances can lead to abnormal cell func-
tion and even cell death. Therefore, interfering with ion
homeostasis is an attractive strategy to avoid systemic tox-
icity. Ion interference therapy is a promising and effective
antitumour technology that has gained increasing attention
due to its biosafety and lack of drug resistance. In particular,
Ca2+ is crucial for cell survival and death, and tumour cells
are more sensitive to changes in Ca2+ levels than normal
cells. Therefore, researchers are exploring this exciting field
to gain new insights into designing materials for cancer
treatment.
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TABLE  A summary of the therapeutics performance of Ca2+-based biomaterials.

Host
materials Name Therapeutics Ref.

CaCO3 CaCO3-IDO-1(denoted AIM NPs) Nanocarrier for controlled release, neutralize tumour acidity [37]

mPEG–PEI–AuNRs and mPEG–PEI/CaNPs Generate carbon dioxide (CO2) bubbles to enhance photoacoustic
(PA) signals

[41]

CaCO3@COF-BODIPY-2l@GAG Ca2+ overload, PDT [46]

CuS@CaCO3-PEG Ca2+ overload [133]

Cu2O@CaCO3 Ca2+ overload, PTT, PDT, CDT [134]

CaCO3-ALGMSs Ca2+ overload, artery-blocking, immunoenhancement [135]

Alg-CaCO3-PDA-PGED (ACDP) Gene carriers with pH-responsive degradation, dual-modal US and
photoacoustic (PA) imaging

[136]

BSO-TCPP-Fe@CaCO3-PEG Ca2+ overload, oxidative stress, SDT [137]

CaNPCAT+BSO@Ce6-PEG Ca2+ overload, PDT [138]
PEGCaCUR Ca2+ overload, ICD [29]

M@CaCO3@KAE NPs Ca2+ overload [130]

CaNMs Ca2+ overload, Pyroptosis (GSDME cleavage), immunotherapy [139]

OVA@CaCO3 Neutralize tumour acidity, induce autophagy of DCs, promote DAMPs
release

[30]

OVA@NP Promote lysosome escape-mediated antigen cross-presentation,
induce autophagy

[140]

OVA/CaCO3/PLY Enhance the immunogenicity, promote lysosome escape-mediated
antigen cross-presentation

[141]

CaO2 CMFO Ca2+ overload, oxidative stress [142]

CaO2-Lbuthionine sulfoximine (BSO)- chloroperoxidase
(CPO) (denoted BHCHC NC)

Ca2+ overload, oxidative stress, enzyme dynamic therapy (EDT) [50]

LA-CaO2@PDA Ca2+ overload, PTT, NO aggravate the abnormal retention of Ca2+,
ICD

[80]

CaO2-Cu/ICG@PCM Ca2+ overload, oxidative stress, CDT, PDT [143]

CaO2/Tf/CUR Ca2+ overload, ferroptosis [57]

SH-CaO2 NPs Ca2+ overload, oxidative stress [144]

CaO2@TA-FeIII Ca2+ overload, oxidative stress, CDT [53]

PCN-224-CaO2-HA Ca2+ overload, PDT [145]

Fe-GA/CaO2@PCM Ca2+ overload, oxidative stress, PTT/CDT [146]

PLT@MCC/CUR Ca2+ overload [147]

CaO2/Cu-ferrocene Ca2+ overload, oxidative stress [148]

HPB-CaO2 (HC) Ca2+ overload, ferroptosis [149]

SA-CaO2 Ca2+ overload, PDT, tumour calcification, neutralize tumour acidity [150]

CaO2@ZIF-Fe/Ce6@PEG(CaZFCP) Ca2+ overload, oxidative stress, CDT, PDT [55]

CaO2@ZIF-8/DOX@HA Ca2+ overload, oxidative stress, chemotherapy [151]

(Continues)

This review delves into a range of nanoplatforms that have
been developed to interfere with Ca2+ homeostasis for com-
bined tumour therapy. These nanoplatforms can be classified
into two categories: Ca2+ overload therapy and Ca2+ inhi-
bition therapy. Notably, the regulation of Ca2+ homeostasis
has the potential to target various cells, including cancer cells
and immune cells, to initiate or enhance therapeutic out-
comes (Table 1). These designs have been developed based
on a comprehensive understanding of the deleterious impact

of Ca2+ in tumours. The efficacy of Ca2+ overload has been
demonstrated when used in conjunction with other ther-
apies, and Ca2+ inhibition therapy has yielded remarkable
results in treating drug-resistant tumours. Moreover, given
that Ca2+ plays a critical role in immune regulation, cur-
rent research is exploring the potential of Ca2+ inducers as a
new approach to immunotherapy. By utilizing these nanoplat-
forms, researchers can develop novel and effective strategies
for the treatment of cancer.
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TABLE  (Continued)

Host
materials Name Therapeutics Ref.

CaO2@Mn-PDA Ca2+ overload, oxidative stress, PTT, CDT, hypoxia relief [152]

CaO2-CuO2@HA NC Ca2+ overload, CDT, tumour calcification [54]

DCC-HA NCs Ca2+ overload, tumour calcification, enzyme dynamic therapy (EDT) [153]

CaNP@cAD-PEG “Ca2+ interference” induced reset M2-like TAMs to M1 phenotype,
induce ICD

[154]

CaH2 nano-CaH2 Ca2+ overload, neutralize tumour acidity, hydrogen therapy,
immunomodulation

[60]

CaP TiO2@CaP Ca2+ overload, SDT [155]

lipid-CaP-Cu2+-disulfiram (DSF)(Cu-LCP/DSF NPs) CaP as nanocarrier, ICD [62]

CaBPs Ca2+ overload, changing the osmotic pressure [156]

Fe/Se-CaP Boost adaptive immune response [113]

CM@CaP NGs Increase the delivery and uptake efficiency of antigens, induce
immune responses

[27]

OMV@CaP Neutralize tumour acidity, M2-to-M1 polarization [123]

CaS ZnPP@PAA-CaS Ca2+ overload, tumour calcification, induce ICD [71]

CaF2 CaF2 Ca2+ overload, peroxidase (POD)-mimicking activity by generating
ROS

[76]

CaF2:Eu NPs Carrier, scintillator, Ca2+-induced radiosensitization [157]

Compared to traditional therapies that use drugs to control
Ca2+ levels, these burgeoning nanoplatform-based strategies
for regulating Ca2+ homeostasis have several advantages.
Firstly, nanomaterials can be precisely targeted to reduce the
adverse effects of Ca2+ on normal cells and tissues. Passive tar-
geting, which exploits the distinctive characteristics of TME,
such as the enhanced permeability and retention (EPR) effect,
can facilitate the accumulation of nanomaterials at the tumour
site. Additionally, nanomaterials can be actively targeted by
binding to specific molecules, such as antibodies or ligands,
for improved selectivity. Secondly, nanoplatforms offer stabil-
ity and controllability, as their physicochemical structure can
be tailored to prevent Ca2+ degradation before reaching the
tumour site and promote nanomaterial aggregation at the tar-
get location for controlled release. This ensures sustained ther-
apeutic efficacy of Ca2+ and optimized delivery to the tumour.
Finally, nanomaterials can be synergistically combined with
other therapeutic modalities such as PTT, PDT, SDT, and
chemotherapy drugs, to enhance their antitumour efficacy.
The combination of different therapies using nanoplatforms
offers a synergistic effect that results in enhanced efficacy
against cancer. In summary, the use of nanomaterials for reg-
ulating Ca2+ homeostasis represents a promising strategy for
treating cancer that surpasses conventional therapies.
Despite the significant progress made in the treatment of

Ca2+-related tumours, there remain several challenges that
need to be addressed to further enhance therapeutic out-
comes. First, inadequate delivery of Ca2+ to target areas may
result in the distribution of Ca2+ levels throughout the body,
potentially leading to various side effects such as cardiac
arrest and renal injury. The ubiquitous existence of Ca2+
signalling calls for precise therapeutic targets to avoid dam-

age to normal cells. Therefore, the development of specific
substrates that can precisely target tumours while avoiding
uptake by normal cells and only activating within the TME
is crucial. Current research focuses on surface functionaliza-
tion to enhance target efficiency and routinely tests the cell
viability to normal cells in vitro as well as systemic toxic-
ity and immune responses in mice in vivo. However, these
approaches are insufficient for a comprehensive assessment of
biosafety and further exploration is needed in future research.
Therefore, the development of specific substrates that can
precisely target tumours while avoiding uptake by normal
cells and only activating within the TME is crucial. Mor-
phological regulation[124–126] and surface modification[127,128]
of nanomaterials have been found could enhance the cel-
lular internalization capacity and better target cancer cells
rather than normal cells, which is beneficial to improve
biosafety and promote further clinical applications. How-
ever, detailed studies on how the morphology of Ca2+-based
nanomaterials modulates intracellular Ca2+ overload are still
lacking. Moreover, extra efforts are required to systemati-
cally investigate the long-term toxicological effects including
pharmacokinetics (absorption, distribution, metabolism, and
excretion), biocompatibility and toxicity, and immunogenic-
ity in mice and even in large animal models. This is essential
to achieve safe and versatile Ca2+-based nanomaterials for
clinical translation.
Second, It is well known that the main barrier to efficient

Ca2+ homeostasis destroyer is the self-regulatory pathways
cells itself to buffer the intracellular calcium concentration.
Once the intracellular Ca2+ concentration becomes over-
loaded, the excess Ca2+ can be pumped out by the plasma
membrane calcium pump. Alternatively, mitochondria and
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the ER can serve as Ca2+ reservoirs and absorb Ca2+ to buffer
cellular Ca2+ levels.[42,43] As a result, monotherapy focusing
solely on Ca2+ overload may not achieve satisfactory ther-
apeutic effects. Combining Ca2+-based nanomaterials with
other Ca2+ inducers could present a strategic opportunity
to improve cancer treatment efficacy by regulating Ca2+
homeostasis changes. For instance, lonafarnib, known to acti-
vate caspase family proteins and trigger ER stress to release
Ca2+,[129] can be combined with Ca2+-based nanomaterials
that act as delivery vehicles to achieve a more potent dis-
ruption of Ca2+ homeostasis. The same approach can be
applied to other Ca2+ efflux inhibitors, such as Ca2+ channel
inhibitors (CUR, T-type calcium channel blockers). Like-
wise, Ca2+ influxes like kaempferol-3-O-rutinoside (KAE)
and capsaicin (CAP) can be integrated with Ca2+-based
nanomaterials.[130,131] Furthermore, Ca2+-based nanomateri-
als can be combined with other therapeutic modalities, such
as PTT, PDT, SDT, US, and gas therapies, to obtain syn-
ergistic antitumour efficacy. PTT can activate the TRPV1
to promote Ca2+ influx.[131] PDT and SDT can disrupt the
Ca2+ pool in mitochondria, impair cell calcium buffering
capacity and amplify the cell damage caused by Ca2+
overload.[78] US, an exogenously physical stimulus, has been
used to induce Ca2+ influx.[29] NO molecules can stimu-
late Ca2+ release from the ER by activating cellular channels,
leading to intracellular Ca2+ overload.[80] H2S molecules also
could down-regulate the permeability of theCa2+ channel and
inhibit Ca2+ efflux.[132]
Third, a simplistic approach to Ca2+ interference therapy

may not yield the desired therapeutic outcome, necessitat-
ing consideration of other metal ions’ involvement in cellular
function. The combination of Ca2+ with other ions can
potentiate ion therapy’s efficacy. Last, given the pivotal role
of Ca2+ in immune regulation, further investigation into
its underlying mechanisms is imperative for achieving clin-
ical translation and efficacy. Overall, achieving a balance
between biosafety and therapeutic efficacy is crucial in utiliz-
ing nanoplatforms tomodulate Ca2+ levels for cancer therapy.
In the future, combining Ca2+-based nanomaterials with
other Ca2+ inducers could offer a strategic opportunity to
improve cancer treatment efficacy through Ca2+ homeosta-
sis changes. These nanomaterials have the potential to serve
as delivery vehicles for specific genes, such as siRNAs, to
modulate Ca2+ concentrations at the tumour site and impede
tumour growth. Considering the remarkable biological func-
tions of Ca2+, novel approaches for regulating Ca2+ in cancer
therapy are expected to emerge. Collaborative efforts across
disciplines such as biochemistry, oncology, and materials sci-
ence will be crucial in devising more efficacious Ca2+-based
nanomaterials that can augment.
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N. Smith, J. Molgó, J. A. Diehl, T.W. Ridky, J. K. Foskett, Cell Rep. ,
, 2313.

[27] M. Li, M. Qin, G. Song, H. Deng, D. Wang, X. Wang, W. Dai, B. He, H.
Zhang, Q. Zhang, Asian J. Pharm. Sci. , , 97.

[28] H. Kang, K. Zhang, D. S. H. Wong, F. Han, B. Li, L. Bian, Biomaterials
, , 681.

[29] P. Zheng, B. Ding, Z. Jiang, W. Xu, G. Li, J. Ding, X. Chen, Nano Lett.
, , 2088.

https://orcid.org/0000-0003-4857-4567
https://orcid.org/0000-0003-4857-4567
https://orcid.org/0000-0002-9622-0870
https://orcid.org/0000-0002-9622-0870


 of 

[30] J. An, K. Zhang, B. Wang, S. Wu, Y. Wang, H. Zhang, Z. Zhang, J. Liu,
J. Shi, ACS Nano , , 7639.

[31] C. S. Shin, K. M. Kim, Endocrinol. Metab. , , 27.
[32] I. R. Reid, Nutrients , , 2522.
[33] Z. Dong, L. Feng, Y. Hao, M. Chen, M. Gao, Y. Chao, H. Zhao, W.

Zhu, J. Liu, C. Liang, Q. Zhang, Z. Liu, J. Am. Chem. Soc. , ,
2165.

[34] X.Wan, H. Zhong,W. Pan, Y. Li, Y. Chen, N. Li, B. Tang,Angew. Chem.,
Int. Ed. , , 14134.

[35] Y. Zhao, L. N. Lin, Y. Lu, S. F. Chen, L. Dong, S. H. Yu,Adv.Mater. ,
, 5255.

[36] Y. Zhao, Z. Luo, M. Li, Q. Qu, X. Ma, S. H. Yu, Y. Zhao, Angew. Chem.,
Int. Ed. , , 919.

[37] C. Wang, Z. Dong, Y. Hao, Y. Zhu, J. Ni, Q. Li, B. Liu, Y. Han, Z. Yang,
J. Wan, K. Yang, Z. Liu, L. Feng, Adv. Mater. , , 2106520.

[38] Y. Li, C. Huang, Y. Xu, Front. Bioeng. Biotechnol. , , 1069676.
[39] Q. Li, Z. Dong, Z. Cao, H. Lei, C. Wang, Y. Hao, L. Feng, Z. Liu, ACS

Nano , , 10496.
[40] K. H.Min, H. S.Min, H. J. Lee, D. J. Park, J. Y. Yhee, K. Kim, I. C. Kwon,

S. Y. Jeong, O. F. Silvestre, X. Chen, Y. S. Hwang, E. C. Kim, S. C. Lee,
ACS Nano , , 134.

[41] C. Xu, Y. Wang, E. Wang, N. Yan, S. Sheng, J. Chen, L. Lin, Z. Guo, H.
Tian, X. Chen, Adv. Funct. Mater. , , 2009314.

[42] W. Choi, N. Clemente, W. Sun, J. Du, W. Lü, Nature , , 163.
[43] G. Favaro, V. Romanello, T. Varanita, M. Andrea Desbats, V.

Morbidoni, C. Tezze, M. Albiero, Nat. Commun. , , 2576.
[44] R. A. Sharma, A. J. Gescher, W. P. Steward, Eur. J. Cancer , ,

1955.
[45] P. Zheng, B. Ding, R. Shi, Z. Jiang, W. Xu, G. Li, J. Ding, X. Chen, Adv.

Mater. , , e2007426.
[46] Q. Guan, L. L. Zhou, F. H. Lv, W. Y. Li, Y. A. Li, Y. B. Dong, Angew.

Chem., Int. Ed. , , 18042.
[47] H. Wang, Y. Zhao, T. Li, Z. Chen, Y. Wang, C. Qin, Chem. Eng. J. ,

, 450.
[48] X. Rui, Y. Yang, J. Wu, J. Chen, Q. Chen, R. Ren, Q. Zhang, Y. Hu, D.

Yin, Photodiagn. Photodyn. Ther. , , 101642.
[49] Z. Li, L. Rong, Biomater. Sci. , , 6272.
[50] B. Liu, Y. Bian, M. Yuan, Y. Zhu, S. Liu, H. Ding, S. Gai, P. Yang, Z.

Cheng, J. Lin, Biomaterials , , 121746.
[51] C. He, X. Zhang, C. Chen, X. Liu, Y. Chen, R. Yan, T. Fan, Y. Gai, R. J.

Lee, X. Ma, J. Luo, Y. Lu, T. Yang, G. Xiang, Acta Biomater. , ,
354.

[52] S. Xie, W. Sun, C. Zhang, B. Dong, J. Yang, M. Hou, L. Xiong, B. Cai, X.
Liu, W. Xue, ACS Nano , , 7179.

[53] F. Chen, B. Yang, L. Xu, J. Yang, J. Li, ChemMedChem , , 2278.
[54] B. Liu, Y. Bian, S. Liang, M. Yuan, S. Dong, F. He, S. Gai, P. Yang, Z.

Cheng, J. Lin, ACS Nano , , 617.
[55] J. Shen, H. Yu, Y. Shu, M. Ma, H. Chen, Adv. Funct. Mater. , ,

2106106.
[56] F. Zhang, C. Xin, Z. Dai, H. Hu, Q. An, F. Wang, Z. Hu, Y. Sun, L. Tian,

X. Zheng, ACS Appl. Mater. Interfaces , , 40633.
[57] Y. Yin, T. Jiang, Y. Hao, J. Zhang,W. Li, Y. Hao,W. He, Y. Song, Q. Feng,

W. Ma, Int. J. Pharm. , , 120937.
[58] M. Zhou, B. Li, N. Li, M. Li, C. Xing, ACS Appl. Bio Mater. , ,

2834.
[59] P. Zhao, Z. Jin, Q. Chen, T. Yang, D. Chen, J. Meng, X. Lu, Z. Gu, Nat.

Commun. , , 4241.
[60] F. Gong, J. Xu, B. Liu, N. Yang, L. Cheng, P. Huang, C. Wang, Q. Chen,

C. Ni, Z. Liu, Chem , , 268.
[61] T. Knuschke, V. Sokolova, O. Rotan, M. Wadwa, M. Tenbusch, W.

Hansen, P. Staeheli, M. Epple, J. Buer, A. M. Westendorf, J. Immunol.
, , 6221.

[62] Q. Li, Y. Chao, B. Liu, Z. Xiao, Z. Yang, Y.Wu, Z. Liu,Biomaterials ,
, 121880.

[63] O. Castaño, N. Sachot, E. Xuriguera, E. Engel, J. A. Planell, J. H. Park,
G. Z. Jin, T. H. Kim, J. H. Kim, H. W. Kim, ACS Appl. Mater. Interfaces
, , 7512.

[64] S. Barinov, V. Komlev, Inorg. Mater. , , 339.

[65] Y. Ding, K. Zhai, P. Pei, Y. Lin, Y. Ma, H. Zhu, M. Shao, X. Yang,W. Tao,
J. Colloid Interface Sci. , , 181.

[66] X. Xu, Z. Li, X. Zhao, L. Keen, X. Kong, Regen. Biomater. , , 187.
[67] M. Qiu, J. Chen, X. Huang, B. Li, S. Zhang, P. Liu, Q. Wang, Z. R. Qian,

Y. Pan, Y. Chen, J. Zhao, ACS Appl. Mater. Interfaces , , 21954.
[68] X. Wang, Y. Li, X. Deng, F. Jia, X. Cui, J. Lu, Z. Pan, Y. Wu, ACS Appl.

Mater. Interfaces , , 39112.
[69] X. Hao, X. Hu, C. Zhang, S. Chen, Z. Li, X. Yang, H. Liu, G. Jia, D. Liu,

K. Ge, X. J. Liang, J. Zhang, ACS Nano , , 9614.
[70] L. Xu, G. Tong, Q. Song, C. Zhu, H. Zhang, J. Shi, Z. Zhang, ACS Nano

, , 6806.
[71] H. Zhao, L. Wang, K. Zeng, J. Li, W. Chen, Y. N. Liu, ACS Nano ,

, 13188.
[72] M. Mayerhofer, K. V. Gleixner, J. Mayerhofer, G. Hoermann, E. Jaeger,

K. J. Aichberger, R. G. Ott, K. Greish, H. Nakamura, S. Derdak, P.
Samorapoompichit, W. F. Pickl, V. Sexl, H. Esterbauer, I. Schwarzinger,
C. Sillaber, H. Maeda, P. Valent, Blood , , 2200.

[73] W. Zheng, S. Zhou, Z. Chen, P. Hu, Y. Liu, D. Tu, H. Zhu, R. Li, M.
Huang, X. Chen, Angew. Chem., Int. Ed. , , 6671.

[74] G. Chen, J. Shen, T. Y. Ohulchanskyy, N. J. Patel, A. Kutikov, Z. Li, J.
Song, R. K. Pandey, H. Ågren, P. N. Prasad, G. Han, ACS Nano , ,
8280.

[75] B. Fu, T. Liu, J. Chen, K. Li, Anal. Chim. Acta , , 119.
[76] C. Dong, X. Dai, X. Wang, Q. Lu, L. Chen, X. Song, L. Ding, H. Huang,

W. Feng, Y. Chen, M. Chang, Adv. Mater. , , 2205680.
[77] X. Chen, T. Xu, X. Zhu, L. Chen, L. Yang, S. Wang, Z. Yu, L. Wang, J.

Zhang, H. Zhou, ACS Appl. Bio Mater. , , 7993.
[78] Y. Yu, B.-R. Xie, X.-H. Liu, J.-J. Ye, Z. Zhong, X.-Z. Zhang, ACS Nano

, , 12471.
[79] M. Gao, T. Yang, W. Qin, Q. Wang, M. Huang, H. Peng, M. Shao, W.

Yao, X. Yi, G. Sun, X. He, Small , , 2270262.
[80] H. Hao, M. Yu, Y. Yi, S. Sun, X. Huang, C. Huang, Y. Liu, W. Huang, J.

Wang, J. Zhao, M. Wu, Chem. Eng. J. , , 135371.
[81] R. Zalk, O. B. Clarke, A. des Georges, R. A. Grassucci, S. Reiken, F.

Mancia, W. A. Hendrickson, J. Frank, A. R. Marks, Nature , ,
44.

[82] X. Chu, X. Jiang, Y. Liu, S. Zhai, Y. Jiang, Y. Chen, J. Wu, Y. Wang, Y.
Wu, X. Tao, Adv. Funct. Mater. , , 2008507.

[83] J. P. Eu, J. Sun, L. Xu, J. S. Stamler, G. Meissner, Cell , , 499.
[84] P. Caroni, E. Carafoli, J. Biol. Chem. , , 3263.
[85] Y. H. Xu, J. Liu, S. P. Zhang, L. H. Liu, Biochem. J. , , 985.
[86] C. N. Kunyanga, J. K. Imungi, M.W. Okoth, H. K. Biesalski, V. Vadivel,

Ecol. Food Nutr. , , 452.
[87] A. M. Shamsuddin, I. Vucenik, K. E. Cole, Life Sci. , , 343.
[88] R. J. Jariwalla, Drugs Exp. Clin. Res. , , 17.
[89] Y. Xie, H. Luo, J. Duan, C. Hong, P. Ma, G. Li, T. Zhang, T. Wu, G. Ji,

Fitoterapia , , 216.
[90] Z. Tian, J. Zhao, S. Zhao, H. Li, Z. Guo, Z. Liang, J. Li, Y. Qu, D. Chen,

L. Liu, Nano Res. , , 4334.
[91] F. Kong, A. J. García, A. P. Mould, M. J. Humphries, C. Zhu, J. Cell Biol.

, , 1275.
[92] G. B. Awatramani, G. D. Price, L. O. Trussell, Neuron , , 109.
[93] H. Fu, L.Wang, Q. Bao, D. Ni, P. Hu, J. Shi, J. Am. Chem. Soc. , ,

8987.
[94] X. Guo, Q. Su, T. Liu, X. He, P. Yuan, R. Tian, B. Li, Y. Zhang, X. Chen,

Chem. Eng. J. , , 133850.
[95] Z. Jin, K. T. Nguyen, G. Go, B. Kang, H.-K. Min, S.-J. Kim, Y. Kim, H.

Li, C.-S. Kim, S. Lee, S. Park, K.-P. Kim, K. M. Huh, J. Song, J.-O. Park,
E. Choi, Nano Lett. , , 8550.

[96] N. Qiu, X. Liu, Y. Zhong, Z. Zhou, Y. Piao, L. Miao, Q. Zhang, J. Tang,
L. Huang, Y. Shen, Adv. Mater. , , 10613.

[97] S. Sen, M. Won, M. S. Levine, Y. Noh, A. C. Sedgwick, J. S. Kim, J. L.
Sessler, J. F. Arambula, Chem. Soc. Rev. , , 1212.

[98] X. Duan, C. Chan, W. Lin, Angew. Chem., Int. Ed. , , 670.
[99] P. Liu, L. Zhao, J. Pol, S. Levesque, A. Petrazzuolo, C. Pfirschke, C.

Engblom, S. Rickelt, T. Yamazaki, K. Iribarren, L. Senovilla, L. Bezu,
E. Vacchelli, V. Sica, A. Melis, T. Martin, L. Xia, H. Yang, Q. Li, J. Chen,
S. Durand, F. Aprahamian, D. Lefevre, S. Broutin, A. Paci, A. Bongers,



 of 

V. Minard-Colin, E. Tartour, L. Zitvogel, L. Apetoh, Y. Ma, M. J. Pittet,
O. Kepp, G. Kroemer, Nat. Commun. , , 1486.

[100] S. Bai, L. L. Yang, Y. Wang, T. Zhang, L. Fu, S. Yang, S. Wan, S. Wang,
D. Jia, B. Li, P. Xue, Y. Kang, Z. J. Sun, Z. Xu, Small , , e2000214.

[101] H. Deng, Z. Zhou,W. Yang, L. S. Lin, S.Wang, G. Niu, J. Song, X. Chen,
Nano Lett. , , 1928.

[102] F. S. Carvalho, A. Burgeiro, R. Garcia, A. J. Moreno, R. A. Carvalho, P.
J. Oliveira,Med. Res. Rev. , , 106.

[103] L. Zhao, B. Zhang, Sci. Rep. , , 44735.
[104] Y. Shen, M. J. Czaja, Hepatology (Baltimore, Md.) , , 446.
[105] Y. Shi, G. Lin, H. Zheng, D.Mu, H. Chen, Z. Lu, P. He, Y. Zhang, C. Liu,

Z. Lin, G. Liu, J. Nanobiotechnol. , , 447.
[106] Y. Shi, J. Wang, J. Liu, G. Lin, F. Xie, X. Pang, Y. Pei, Y. Cheng, Y. Zhang,

Z. Lin, Z. Yin, X. Wang, G. Niu, X. Chen, G. Liu, Biomaterials ,
, 119753.

[107] Y.H.Guan,N.Wang, Z.W.Deng, X.G.Chen, Y. Liu,Biomaterials ,
, 121434.

[108] A. Gardner, B. Ruffell, Trends Immunol. , , 855.
[109] S. E. Crawford, M. K. Estes, Autophagy , , 797.
[110] J. Wang, P. Li, Y. Yu, Y. Fu, H. Jiang, M. Lu, Z. Sun, S. Jiang, L. Lu, M. X.

Wu, Science (New York, N.Y.) , , 0810.
[111] L. Xu, X. Wang, W. Wang, M. Sun, W. J. Choi, J. Y. Kim, C. Hao, S. Li,

A. Qu, M. Lu, X. Wu, F. M. Colombari, W. R. Gomes, A. L. Blanco, A.
F. de Moura, X. Guo, H. Kuang, N. A. Kotov, C. Xu, Nature , ,
366.

[112] J. D. Masson, M. Thibaudon, L. Bélec, G. Crépeaux, Expert Rev.
Vaccines , , 289.

[113] S. Y. Peng, X. H. Liu, Q. W. Chen, Y. J. Yu, M. D. Liu, X. Z. Zhang,
Biomaterials , , 121358.

[114] Y. Lin, X. Wang, X. Huang, J. Zhang, N. Xia, Q. Zhao, Expert Rev.
Vaccines , , 895.

[115] H. Khong, W. W. Overwijk, J. Immunother. Cancer , , 56.
[116] M. Hayashi, T. Aoshi, Y. Kogai, D. Nomi, Y. Haseda, E. Kuroda, K.

Kobiyama, K. J. Ishii, Vaccine , , 306.
[117] Y. Qiu, T. Chen, R. Hu, R. Zhu, C. Li, Y. Ruan, X. Xie, Y. Li, Biomark

Res. , , 72.
[118] A. Mantovani, F. Marchesi, A. Malesci, L. Laghi, P. Allavena, Nat. Rev.

Clin. Oncol. , , 399.
[119] P. J. Murray, Annu. Rev. Physiol. , , 541.
[120] D. V. Krysko, K. S. Ravichandran, P. Vandenabeele, Nat. Commun.

, , 4644.
[121] D. Chen, J. Xie, R. Fiskesund, W. Dong, X. Liang, J. Lv, X. Jin, J. Liu, S.

Mo, T. Zhang, F. Cheng, Y. Zhou, H. Zhang, K. Tang, J. Ma, Y. Liu, B.
Huang, Nat. Commun. , , 873.

[122] P. Zhou, D. Xia, Z. Ni, T. Ou, Y. Wang, H. Zhang, L. Mao, K. Lin, S. Xu,
J. Liu, Bioact. Mater. , , 810.

[123] S. Qing, C. Lyu, L. Zhu, C. Pan, S. Wang, F. Li, J. Wang, H. Yue, X. Gao,
R. Jia, W. Wei, G. Ma, Adv. Mater. , , e2002085.

[124] J.Wang, H. J. Chen, T. Hang, Y. Yu, G. Liu, G. He, S. Xiao, B. R. Yang, C.
Yang, F. Liu, J. Tao, M. X. Wu, X. Xie, Nat. Nanotechnol. , , 1078.

[125] Y. Feng, X. Ning, J. Wang, Z. Wen, F. Cao, Q. You, J. Zou, X. Zhou, T.
Sun, J. Cao, Adv. Sci. , , e2204842.

[126] W. Wang, P. Wang, X. Tang, A. A. Elzatahry, S. Wang, D. Al-Dahyan,
M. Zhao, C. Yao, C.-T. Hung, X. Zhu, T. Zhao, X. Li, F. Zhang, D. Zhao,
ACS Cent. Sci. , , 839.

[127] J.Wang, L. Hu, H. Zhang, Y. Fang, T.Wang, H.Wang,Adv.Mater. ,
, e2104704.

[128] T. Burnouf, P.-R. Jheng, Y.-H. Chen, L. Rethi, L. Rethi, L.-S. Lu, Y.-C.
Ho, E.-Y. Chuang,Mater. Des. , , 110481.

[129] S. Y. Sun, X. Liu,W. Zou, P. Yue, A. I. Marcus, F. R. Khuri, J. Biol. Chem.
, , 18800.

[130] Y. Li, S. Zhou, H. Song, T. Yu, X. Zheng, Q. Chu, Biomaterials , ,
121080.

[131] M. Xu, J. Zhang, Y. Mu, M. F. Foda, H. Han, Biomaterials , ,
121520.

[132] H. Zhao, L. Wang, K. Zeng, J. Li, W. Chen, Y.-N. Liu, ACS Nano ,
, 13188.

[133] Z.Ma, J. Zhang,W. Zhang,M. F. Foda, Y. Zhang, L. Ge, H. Han, iScience
, , 101049.

[134] M. Chang, Z. Hou, D. Jin, J. Zhou,M.Wang,M.Wang,M. Shu, B. Ding,
C. Li, J. Lin, Adv. Mater. , , e2004647.

[135] A. Zhang, Z. Xiao, Q. Liu, P. Li, F. Xu, J. Liu, H. Tao, L. Feng, S. Song,
Z. Liu, G. Huang, Adv. Healthcare Mater. , , e2100748.

[136] Y. Liu, B. Yu, X. Dai, N. Zhao, F.-J. Xu, Biomaterials , ,
120885.

[137] Z. Dong, L. Feng, Y. Hao, Q. Li, M. Chen, Z. Yang, H. Zhao, Z. Liu,
Chem , , 1391.

[138] J. Zhu, A. Jiao, Q. Li, X. Lv, X. Wang, X. Song, B. Li, Y. Zhang, X. Dong,
Acta Biomater. , , 252.

[139] P. Zheng, B. Ding, G. Zhu, C. Li, J. Lin, Angew. Chem., Int. Ed. , ,
e2204904.

[140] S. Wang, D. Ni, H. Yue, N. Luo, X. Xi, Y. Wang, M. Shi, W. Wei, G. Ma,
Small , , e1704272.

[141] J. Lu, Y. Jiao, G. Cao, Z. Liu, Chem. Eng. J. , , 129746.
[142] X. Wang, C. Li, H. Jin, X. Wang, C. Ding, D. Cao, L. Zhao, G. Deng, J.

Lu, Z. Wan, Chem. Eng. J. , , 134438.
[143] Q. Sun, B. Liu, Z. Wang, L. Feng, R. Zhao, S. Dong, Y. Dong, L. Zhong,

S. Gai, P. Yang, Chem. Eng. J. , , 131485.
[144] M. Zhang, R. Song, Y. Liu, Z. Yi, X. Meng, J. Zhang, Z. Tang, Z. Yao, Y.

Liu, X. Liu, Chem , , 2171.
[145] X. Sun, K. Chen, Y. Liu, G. Zhang, M. Shi, P. Shi, S. Zhang, Nanoscale

Adv. , , 6669.
[146] S. Zhang, C. Cao, X. Lv, H. Dai, Z. Zhong, C. Liang, W. Wang, W.

Huang, X. Song, X. Dong, Chem. Sci. , , 1926.
[147] Y. Zhang, X. Feng, X. Jia, J. Zhao, Y. Hao, H. Wang, R. Chen,

S. Wang, S. Du, Q. Feng, X. Zhang, J. Drug Targeting , ,
1094.

[148] H. Kong, Q. Chu, C. Fang, G. Cao, G. Han, X. Li, Adv. Sci. , ,
e2100241.

[149] K. Zhang, J. Wu, X. Zhao, J. Qin, Y. Xue, W. Zheng, L. Wang, H.
Wang, H. Shen, T. Niu, Y. Luo, R. Tang, B. Wang, ACS Nano , ,
19838.

[150] Y. Jiang, W. Meng, L. Wu, K. Shao, L. Wang, M. Ding, J. Shi, X. Kong,
Adv. Healthcare Mater. , , e2100789.

[151] Q. Sun, B. Liu, R. Zhao, L. Feng, Z. Wang, S. Dong, Y. Dong, S. Gai, H.
Ding, P. Yang, ACS Appl. Mater. Interfaces , , 44096.

[152] L. Ruan, G. Song, X. Zhang, T. Liu, Y. Sun, J. Zhu, Z. Zeng, G. Jiang,
Biomater. Sci. , , 6830.

[153] B. Liu, S. Liang, Z.Wang, Q. Sun, F. He, S. Gai, P. Yang, Z. Cheng, J. Lin,
Adv. Mater. , , e2101223.

[154] J. An, M. Liu, L. Zhao, W. Lu, S. Wu, K. Zhang, J. Liu, Z. Zhang, J. Shi,
Adv. Funct. Mater. , , 2201275.

[155] X. Tan, J. Huang, Y.Wang, S. He, L. Jia, Y. Zhu, K. Pu, Y. Zhang, X. Yang,
Angew. Chem., Int. Ed. , , 14051.

[156] T. Pan, W. Fu, H. Xin, S. Geng, Z. Li, H. Cui, Y. Zhang, P. K. Chu, W.
Zhou, X. F. Yu, Adv. Funct. Mater. , , 2003069.

[157] Y. C. Wang, S. H. Tsai, M. H. Chen, F. Y. Hsieh, Y. C. Chang, F. I. Tung,
T. Y. Liu, ACS Appl. Mater. Interfaces , , 5586.

How to cite this article: Y. Feng, J. Wang, J. Cao, F.
Cao, X. Chen, Exploration , , 20230019.
https://doi.org/10.1002/EXP.20230019

https://doi.org/10.1002/EXP.20230019


 of 

AUTHOR BIOGRAPHIES

Yanlin Feng received her
Ph.D. in inorganic chemistry
from University of Science
and Technology of China in
2019 under the guidance of
Prof. Haiyuan Zhang. Then,
she worked at Key Laboratory
of Cellular Physiology, Min-
istry of Education, Shanxi
Medical University. Her
recent research interests focus

on the design and synthesis of inorganic nanomaterials
for biomedical applications.

Jianlin Wang received his
bachelor’s degree from
Mudanjiang Medical Uni-
versity in 2020 and is
currently pursuing for his
master’s degree at Shanxi
Medical University. He is
co-supervised by Profes-
sors Jimin Cao and Yanlin
Feng. His research interests
focus on the synthesis and

biomedical applications of nanomaterials.

Jimin Cao obtained his Ph.D.
in medicine from Peking
Union Medical College in
1995. He then went to the
Department of Cardiology,
Cedars-Sinai Medical Center
(LA, USA) to do arrhythmia
study as a research fellow
(director: Prof. Peng-Sheng
Chen) during 1996.1–1999.6.
He then went back to Bejing

and took the position of professor and director of the
Department of Physiology, Peking UnionMedical College
in the period of 1999.7–2017.7. He was selected as an
outstanding young investigator by NSFC in 2000. He was
appointed as a professor and department chair (physiol-
ogy) in Shanxi Medical University since 2017. His research

fields include cardiovascular physiology, arrhythmia and
sudden cardiac death, circadian rhythm and nanobiology.

Fangfang Cao obtained her
Ph.D. in inorganic chemistry
from theUniversity of Science
and Technology of China in
2019. Subsequently, she began
her postdoctoral research at
the National University of
Singapore under the guidance
of Prof. Xiaoyuan Chen. Her
recent research has centred
on the use of nanozymes to

regulate bacterial and cellular metabolism, function, and
fate.

Prof. Xiaoyuan (Shawn)
Chen received his Ph.D.
degree in chemistry from the
University of Idaho (1999).
After being a faculty at
the University of Southern
California and Stanford
University and then Senior
Investigator/Lab Chief at the
National Institutes of Health,
he is now Nasrat Muzayyin

Professor in medicine and technology, Yong Loo Lin
School of Medicine and Faculty of Engineering, National
University of Singapore. His current research interests
are mainly on various forms of theranostics (radio-
theranostics, nanotheranostics, immunotheranostics,
magnetotheranostics, phototheranostics, etc.) that are
clinically translatable. He has published over 1000 papers
and numerous books.


	Manipulating calcium homeostasis with nanoplatforms for enhanced cancer therapy
	Abstract
	1 | INTRODUCTION AND BACKGROUND
	2 | NANOPLATFORM AS A POTENTIAL CA2+ HOMEOSTASIS DESTROYER
	2.1 | Ca2+ overload
	2.1.1 | Nanoplatform-derived Ca2+ directly triggers Ca2+ overload
	2.1.2 | Non-calcium nanomaterials indirectly trigger Ca2+ overload

	2.2 | Ca2+ inhibition
	2.2.1 | Ca2+ chelation agent capture of Ca2+
	2.2.2 | Knockdown of T-type Ca2+ channel


	3 | NANOPLATFORMS MODULATING CA2+ HOMEOSTASIS IN TARGETING VARIOUS CELLS
	3.1 | Ca2+ inducing ICD of cancer cells to produce tumour-associated antigens
	3.2 | Ca2+ mediating autophagy of DCs to promote the presentation of antigens
	3.3 | Ca2+ functioning as a vaccine adjuvant to enhance T cell responses
	3.4 | Ca2+ regulation of macrophage M1 polarization

	4 | CONCLUSIONS AND FUTURE OUTLOOKS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	AUTHOR BIOGRAPHIES


