
R E V I E W

Next Generation Calcium Nanomaterials: 
Disrupting Tumor Ca2+ Homeostasis for 
Enhanced Cancer Therapy
Lekshmi Gangadhar1,*, Siva Sankar Sana 2,*, Raja Venkatesan 2,3, Richie R Bhandare4,5, Seong-Cheol Kim2, 
Haya Khader Ahmad Yasin 4,5

1Department of Nanotechnology, Nanodot Research Private Limited, Nagercoil, Tamil Nadu, India; 2School of Chemical Engineering, Yeungnam 
University, Gyeongsan, Republic of Korea; 3Department of Biomaterials, Saveetha Dental College and Hospitals, SIMATS, Saveetha University, 
Chennai, Tamil Nadu, India; 4College of Pharmacy & Health Sciences, Ajman University, Ajman, United Arab Emirates; 5Center of Medical and Bio- 
Allied Health Sciences Research, Ajman University, Ajman, United Arab Emirates

*These authors contributed equally to this work 

Correspondence: Seong-Cheol Kim; Haya Khader Ahmad Yasin, Email sckim07@ynu.ac.kr; haya.yasin@gmail.com

Abstract: Calcium-based nanotechnology is a rapidly growing field that leverages the unique properties of calcium compounds at the 
nanoscale to develop innovative materials and applications. This field centers around the manipulation and utilization of calcium 
compounds, such as calcium carbonate, calcium phosphate, and calcium oxide (CaO), when their dimensions are reduced to the 
nanoscale. Calcium compounds are generally biocompatible, biodegradable, cost-effective, and versatile, making them suitable for 
biomedical applications. Calcium homeostasis plays a critical role in cancer development and its progression. Understanding the 
mechanisms underlying cancer and calcium homeostasis disruption is crucial for developing effective strategies in cancer therapy. This 
review explores the therapeutic implications of intracellular calcium homeostasis, its crucial cancer development, and advances in 
therapy. The link between calcium homeostasis and tumor therapy is examined in this review, with particular attention paid to common 
calcium-based nanomaterials and their multifunctionality with other metals and compounds. Potential treatment options for disrupting 
calcium homeostasis include calcification therapy for tumor diagnosis, indirect prevention of tumor growth by altering the tumor 
microenvironment, and direct killing of tumor cells by inducing calcium overload. This review also examines the progress made in 
creating and using multifunctional calcium-based nanomaterials to treat cancer. Nanomaterials, which are categorized according to 
their main constituents (hydroxyapatite, carbonate, peroxide, and calcium phosphate), show great promise in ion interference, gene 
delivery, protein delivery, and drug delivery. Despite the challenges in this field, calcium-based nanotechnology holds immense 
potential for a wide range of applications, from healthcare to environmental remediation to energy. Continued research and develop
ment in this field will undoubtedly lead to more innovative and impactful technologies in the future. 
Keywords: calcium, homeostasis, cancer therapy, diagnosis, nanomedicine

Introduction
Currently, 10 million new cases of cancer are diagnosed worldwide each year, making it the second leading cause of death. 
Unless the number rises to 20 million in 17 years, the existing situation of an increase in cancer incidence necessitates an 
efficient prevention plan.1 Ions have been extensively employed for tumor therapy. Ions such as zinc (Zn2+), barium (Ba2+), 
potassium (K+), sodium (Na+), calcium (Ca2+) and so forth are essential for many biological processes, such as immune cell 
activation, yet they also disrupt intracellular communication, blood pH, intracellular osmotic pressure, and the inflammatory 
response.2 Ca2+ is an integral part of bone, which is composed of 5–10% water, 20–40% organic matrix, 50–70% minerals, 
and less than 3% lipids.3–5 About 90–95% of the bone organic matrix is made up of type I collagen fibers, with trace levels of 
other proteins, including alkaline phosphatase (ALP) and osteocalcin (OC).6 In order to give bone its mechanical rigidity and 
strength, tiny crystals of hydroxyapatite make up the majority of the mineral composition of bone. Additionally, tiny deposits 

International Journal of Nanomedicine 2026:21 557935                                                          1
© 2026 Gangadhar et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/ 
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing 

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. 
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                             

Open Access Full Text Article

https://doi.org/10.2147/IJN.S557935
Received: 2 August 2025
Accepted: 29 December 2025
Published: 11 February 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-1988-6772
http://orcid.org/0000-0002-5547-7477
http://orcid.org/0000-0002-1262-2507
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


of acid phosphate, magnesium, and carbonate accumulate on collagen fibers. Because they are more soluble than geologic 
hydroxyapatite crystals, these tiny, weakly crystalline, carbonate-substituted crystals can aid in mineral metabolism.7,8 As the 
primary extracellular signaling molecule Ca2+ serves as a universal secondary messenger used widely in signaling systems.9 It 
helps multiple living systems work through its participation in neural signaling and muscle activation. Ca2+ supports many cell 
tasks at the Deoxyribonucleic acid (DNA) level and assists in making proteins and controlling enzymes. Multiple body 
functions depend on the careful control of calcium levels. The body maintains a proper calcium balance through the action of 
calciotropic hormones. Disruptions in calcium homeostasis can have significant health consequences, as evidenced by the use 
of Ca2+ channel inhibitors in the treatment of conditions like pain and hypertension.10–12

Nanotechnology holds immense promise for revolutionizing cancer treatment.13 Continued research and development in 
this area are crucial for unlocking its full potential and improving the lives of cancer patients. The schematic diagram of cancer 
therapy strategies based on Ca2+ homeostasis, Figure 1. Recent developments in nanotechnology have led to the development 
of a wide spectrum of medicinal and diagnostic agents, which has increased interest in their intracellular administration. Most 
first-line cancer medications have dose-limiting adverse effects, are untargeted, and are water insoluble. Furthermore, several 
of these therapeutic agents, such as DNA or small interfering Ribonucleic acid (siRNA), are large, charged molecules that 
have difficulty passing through cell membranes to exert their intended effects. This is in addition to advancements in colloid 
technology. Therefore, in order to facilitate their trafficking and cellular uptake, a suitable delivery method is needed.14 

Despite the fact that recombinant viral vectors have shown great effectiveness in treating human diseases, their significant 
disadvantages and eventual clinical failure have caused a rapid transition to synthetic nonviral carriers. Numerous nanoparticle 
compositions, such as calcium phosphate-based mineral systems, silica, dendrimers, biodegradable polymers, gold, iron 
oxide, and liposomes, have been proposed to overcome the drawbacks of drug delivery methods. Potential bioactive 
substances should be physically or chemically incorporated into an ideal drug carrier, which would then shield them from 
the bloodstream. To improve therapeutic efficacy, the carrier complex should gradually deconstruct and offer continuous drug 
release over an extended period. To lessen their off-target effects and increase the on-site drug concentration, it should also 
offer a workable mechanism for selectively binding to target cells or tissues.15

Calcium nanocomposites combine nano-scale compounds of calcium (CaCO3 or CaPO4) with other substances for 
unique material development. Combining calcium nanocomposites creates stronger materials than their separate parts. 
Research has indicated that calcium nanocomposites have numerous benefits, including being very durable, rigid, 
nontoxic, and biodegradable. These materials hold promise for biomedical applications as well as potential environ
mental remediation and energy storage.16 When cells maintain appropriate levels of calcium, they can live multiply, and 
die appropriately. Cancer cells disrupt the good relationship between the calcium levels and tissues.17 This review is 
focused on examining the therapeutic implications of intracellular calcium hemostasis in addition to its significant role in 
cancer development, and therapy improvement. This review discusses the connection between calcium hemostasis and 
tumor therapy, and gives specific interest to the typical calcium-based nanomaterials and their multifunctionality with 
other metals and compounds. Possible treatment approaches to disorient calcium homeostasis include the diagnosis of the 
tumor by calcification therapy, indirect by prevention of tumor growth by manipulating the microenvironment and direct 
killing of tumor cells by inducing calcium overload. This review also examines the developments in the application of 
multifunctional calcium-based nanomaterials for cancer treatment.

Altered Calcium Homeostasis in Tumorigenesis
Since cancer still poses a serious threat to global health, there is a constant need to find new and effective therapeutic 
options.18,19 Although the role of altered Ca2+ regulation in cancer has long been known, this field of study has only recently 
acquired traction. Figure 2 demonstrates the calcium signaling and associated pathways in cancer. In Figure 2, section 
A represents the area near the cell membrane and cytosol, where extracellular growth receptors activate phosphoinositide 
signaling, leading to IP3 generation and initial signal transduction for cell cycle regulation. B is related to ATPase-mediated 
Ca2+ translocation and protein trafficking involving the Golgi complex and endoplasmic reticulum (ER). Calcium signaling 
influences protein modification and export. C indicates the mitochondrion, focusing on reactive oxygen species (ROS) 
generation, electron transport chain activity, and protein damage or proteolysis under stress conditions. D is centered at the 
ER, highlighting processes such as protein folding, import/export, calumenin involvement, and Ca2+ signaling. Human 
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Figure 1 The Schematic diagram of cancer therapy strategies based on Ca2+ homeostasis. [Image is created by Biorender.com].
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malignancies often exhibit altered expression and activity of Ca2+ pumps, channels, and exchangers. Increased cell motility, 
proliferation, apoptosis resistance, and immune evasion are the results of this imbalance.20–22 Ca2+ balance within cells is 
crucial and is tightly controlled by various mechanisms. However, disruptions to this balance, often triggered by external 
factors, can overwhelm the cell’s regulatory systems, leading to cell damage or death. Cell death due to Ca2+ imbalances is not 
solely caused by changes in Ca2+ movement but also by upstream signaling pathways, such as those involving G-protein- 
coupled receptors (GPCRs), receptor tyrosine kinase (RTK), ion channels, and nicotinic acid dinucleotide phosphate 
(NAADP), which significantly influence intracellular Ca2+ levels and ultimately determine cell fate.23 Cancer cells, due to 
their uncontrolled growth, are particularly vulnerable to Ca2+ imbalances. This makes Ca2+ signaling a promising target for 
cancer treatment.24,25 Therapeutic approaches can directly target tumor cells or indirectly influence tumor behavior by 
interacting with the tumor microenvironment (TME). To target cancer cells in therapy, Ca2+ overload treatment is used, 
which damages their cellular structure, resulting in metabolic breakdown followed by cell death. The behavior of TME cells 
depends on calcium homeostasis, which helps or hinders tumor development by managing immune responses and new blood 
vessel development.26 Ca2+ homeostasis influences TME behaviors, such as immune responses and blood vessel formation, 
indirectly impacting tumor development.27 Manipulating Ca2+-related organelle coordination and controlling Ca2+ entry and 
exit routes creates effective cancer treatments by altering Ca2+ overload and disequilibrium.28 Cancer cell death mechanisms 
involving Ca2+ are shown in Table 1.

Figure 2 Ca2+ signaling involved in calcium homeostasis [Image is created by Biorender.com].
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Aberrated Regulation of Intraorganellar Communication in Cancer
The survival and proliferation of cancer cells depend on the balanced functioning of their internal compartments, or 
organelles. These organelles play key roles in signaling pathways that promote cancer, such as increased energy 
production and protection from oxidative stress. Current cancer treatments, including chemotherapy, gene therapy, and 
therapies targeting ROS, often affect these organelles, as their intended targets reside within them. However, such 
therapies often interfere with the normal activity of healthy cells because they are not cell within the cell. There is still 
a strong demand for personalized approaches that are capable of precisely controlling subcellular organelles of cancer 
cells but causing minimal damage to healthy cells. Cell and tissue functions depend on the effective signaling of Ca2+ 

between cellular compartments. The proper functioning of cells and tissues depends on the efficient communication of 
Ca2+ between different cellular compartments. Disruptions in this intricate Ca2+ signaling network can have serious 
consequences, including the development of diseases such as cancer.35 Cancer cells exhibit altered cellular behavior, 
including uncontrolled growth, resistance to growth-inhibiting signals, and the ability to evade cell death. These 
alterations are driven by changes in communication between cellular organelles. Importantly, cellular metabolism, 
particularly the function of mitochondria, plays a critical role in supporting the growth and survival of cancer cells, 
interacting with various pathways that promote cancer development.36,37

Interplay of Endoplasmic Reticulum Stress and Calcium Dysregulation in Cancer
Endoplasmic Reticulum (ER) calcium depletion triggers protein misfolding, leading to chronic mitochondrial calcium 
overload and apoptosis through the B-cell leukemia/lymphoma 2- (Bcl-2) dependent pathway. ER stress induces the 
localization and oligomerization of pro-apoptotic Bcl-2 proteins (Bax and Bak), promoting calcium release from the ER 
into the cytosol via inositol-3 phosphate receptors (IP3Rs) and ryanodine receptors (RyRs).38 Increased cytosolic calcium 
activates muscle calpain, which cleaves and triggers ER-resident procaspase-12, initiating the ER stress-induced cell 
death pathway. Cytosolic calcium also enters the mitochondrial matrix, causing mitochondrial membrane depolarization, 
cytochrome release, and apoptosome activation, leading to apoptosis. C/EBP Homologous Protein (CHOP), a key 
regulator of ER stress-induced apoptosis, suppresses Bcl-2 expression and triggers pro-apoptotic gene transcription. 
The association of inositol requiring enzyme/ tumor necrosis factor receptor-associated factor 2 (IRE1/TRAF2) during 
ER stress triggers the release and activation of procaspase-12, ultimately leading to apoptosis.39

Misfolded proteins accumulating in ER membranes, which disturb homeostasis, lead to ER stress. ER stress develops 
from various sources, including disturbed Ca2+ concentrations, nutrient deficiencies, and oxidative damage. Significant 

Table 1 Summary of Research on Ca2+-Based Nanomaterials for Manipulating Calcium Homeostasis in Cancer

Sl 
No

Types Ca 2+ -Based 
Materials

Therapeutic Mechanisms Ref

1 Ca2+ overload induced by exogenous Ca2 

+ supply
PEGCaMnUA 
PEGCaMnUA 
PEGCaNMCUR 
+CDDP 
CaH2 NPs

Ca2+ overload 
Mitochondrial Ca2+ overload 
Tumor calcification

[29,30]

2 Ca2+ channels as therapeutic sites CaCO3@CAP 
CTC NPs

Activation of TRPV1 channels 
Inhibition of the Mg2+ channel TRPM7 antagonizes Ca2+.

[31,32]

3 Ca2+ pumps as therapeutic sites CaF2 nano enzyme 
M@ CaCO3@KAE

Exogenous Ca2+ supply/targeting Ca2+ PMCA4 ATPase 
Exogenous Ca2+ supply/targeting PMCA and SERCA pump

[31]

4 Ca2+-based materials alleviate THME LSCaFPCe6 

TCaNG
Ca2+ overload, and enhanced PDT with exogenous O2 supply. 
Disruption of Ca2+ homeostasis inhibits cellular respiration and downregulates 
HIF-1α levels, 
alleviating tumor hypoxia.

[33]

5 Ca2+-based materials for tumor imaging SH-CaO2 NPs. 
MSNPs 
UCRSPH+SA-CaO2

Ca2+ overload therapy and calcification, CT imaging 
MRI imaging, 
Calcification and fluorescence imaging

[31]

7 Ca2+-based nanomaterials disrupt TIM OVA@ CaCO3 

DNCaNPs.
Ca2+overload and neutralization of acidic TME promote ICD [34]
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Ca2+ deposits exist within the ER, and cell death occurs when ER stress leads to excessive cytoplasmic and mitochondrial 
Ca2+ accumulation.40 The uptake of Ca2+ ions into the ER occurs mostly through Sarco/Endoplasmic Reticulum Calcium 
ATPase (SERCAs). The IP3R and RyRs pathways control Ca2+ movement through ion channels during efflux events. 
Store-operated calcium entry (SOCEs) plays an essential role in sustaining the endoplasmic reticulum’s Ca2+ reserves. 
When ER stress affects ER Ca2+ homeostasis, it enables cancer development because high Ca2+ levels kill cells while 
simultaneously disrupting metabolic processes and energy production. The maintenance of Ca2+ homeostasis in cells is 
heavily influenced by ER stress. Research indicates that targeting calcium-regulatory mechanisms in the ER holds 
promise for the treatment of cancer.

Unravelling the Secrets of Endoplasmic Reticulum-Mitochondria Communication
Ca2+ serves as a signaling molecule that controls the communication dynamics between the ER and mitochondria.40 The 
interaction between these organelles facilitates various cellular processes, including lipid production and calcium transfer, 
and functions in promoting mitochondrial growth and division. Such organelle-to-organelle communication helps cells 
stay alive while determining the metabolic pathways and mechanisms to fight against dying cells. Improper calcium 
management results in cancer development. Three mechanisms contribute to cancer development: blocking excessive 
calcium entry into the mitochondria, blocking cellular death pathways, and inducing mitochondrial dysfunction. Tumor 
development depends on calcium signaling, which regulates the expression of cancer-promoting and tumor-blocking 
genes, while the protein Bcl-2 regulates these signaling mechanisms for tumor growth.41 Different forms of cancer such 
as lung cancer, myeloma, and lymphomas require Bcl-2 dysregulation for their development. Doctors use BIRD-2 as an 
inhibitor to treat B-cell malignancies. The anti-apoptotic protein Bcl-XL frequently shows increased expression levels in 
tumors.42 The protein acts as a survival protector by maintaining the regulation of cytochrome-C release and controlling 
mitochondrial membrane permeability. The IP3R channel functions as a direct target of Bcl-XL, which influences 
calcium flow.43 Research has directed investigators to examine the potential of the Bcl-XL inhibitor WEHI-539 for 
diverse solid tumors and lymphoma treatment. Phosphorylated K-Ras binds to IP3R1 to suppress channel sensitization as 
a mechanism to prevent mitochondrial calcium uptake alongside autophagy enhancement. Oncogenic Rat Sarcoma (Ras) 
variants bind with IP3Rs to control ER-calcium ion release, creating conditions favorable for cancer growth and cell 
survival. Tumors are more likely to survive due to the AK-strain transforming (Akt) pathway that drives phosphorylation 
events on IP3Rs, thus disrupting normal Ca2+ release mechanics.44 The pro-cancerous H-Ras and K-Ras strains modify 
calcium signaling pathways to block cellular apoptotic responses. Through Mitochondrial Associated Membranes 
(MAMs), H-Ras controls the movement of Ca2+ ions from the ER into the mitochondria but K-Ras reduces Ca2+ 

transfer to the mitochondria by altering the expression of IP3Rs in colorectal cancer cells. Cancer often shows 
deregulated Akt pathway activity, which contributes to improper calcium signaling in cells. The protein phosphorylation 
activity of Akt regulates both IP3 receptors and mitochondrial calcium uptake1 protein (MICU1), which controls ER 
calcium release and mitochondrial calcium uptake.

This results in abnormal levels of calcium inside the mitochondria, enhanced ROS production, and the enhancement 
of tumor growth. In turn, the mechanistic target of rapamycin C2 (mTORC2), another Akt-activating signaling pathway 
located at the interface between the ER and mitochondria, collaborates with Akt to ensure proper calcium homeostasis 
and regulate cell growth. These results highlight the key role of calcium signaling dysregulation in the development and 
progression of cancer. Tumor Suppressor proteins, such as phosphatase and tensin homolog (PTEN) and Promyelocytic 
Leukemia (PML), work at the ER-mitochondria interface, which inhibits the survival signaling pathways, such as 
phosphoinositide 3-kinase (PI3K)-Akt, and promotes the apoptotic response.45 Mitochondrial Dynamics also play 
a role in cancer development and progression. Abnormalities in mitochondrial morphology and function, influenced by 
proteins like mitofusin2 (MFN2) and protein tyrosine phosphatase interacting protein-51 (PTPIP51), have implications 
for tumorigenesis, affecting energy metabolism and apoptosis sensitivity. Orchestrating proteins, including voltage- 
dependent ion channels (VDAC), mitochondrial uniporter (MCU), and various oxysterol-binding proteins (ORPs), are 
highlighted for their roles in regulating the coupling between ER and mitochondria, influencing metabolic communica
tion and cell signaling, with alterations linked to cancer progression.46 Interestingly, melatonin, a hormone that controls 
the sleep-wake cycle, has anticancer properties. This is achieved by modifying the Akt phosphorylation, which inhibits 
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the growth of cancer cells. Therefore, it is a promising adjuvant therapy for the treatment of cancer because of its safety, 
nontoxicity, and efficacy. It has been demonstrated that MAMs are the location of the tumor suppressors PML and PTEN. 
Many primary human tumors have mutations in the deleted PTEN on chromosome 10, which causes PTEN function to be 
lost and constitutively activates the PI3K-Akt pathway. Changes in the physical connections between the ER and 
mitochondria can disrupt the Ca2+ flow, affecting cellular function. Changes in the expression of a protein called 
phosphofurin acidic cluster sorting protein 2 (PACS-2) have been associated with a type of lung cancer called non- 
small cell lung cancer (NSCLC). Furthermore, alterations in the shape and structure of mitochondria, such as fragmenta
tion, can limit the excessive accumulation of calcium within mitochondria, preventing cell death. This disruption of 
calcium signaling contributes to the “Warburg effect”, a metabolic shift observed in cancer cells where they rely heavily 
on glycolysis for energy production instead of efficient cellular respiration.47,48

Plasma Membrane-Endoplasmic Reticulum Junctions: Regulators of Calcium Dynamics and Cancer Progression
PM-ER junctions are crucial for regulating intracellular Ca2+ levels by controlling Ca2+ channels in both the plasma 
membrane (PM) and ER. Dysregulation of SOCE components (like STIM1 and Orai1) is common in various cancers. 
Increased stromal interaction module protein 1 (STIM1) expression is associated with poor prognosis in several 
cancers.49,50 SOCE plays a role in cell cycle progression, migration, and invasion of cancer cells. Caveolin-1 (Cav1), 
a protein found in caveolae, has both tumor-suppressing and tumor-promoting roles. These are small membrane 
invaginations found in the plasma membrane. They regulate calcium flux, and their structure and function are often 
altered in cancer cells. It influences Ca2+ homeostasis and contributes to cancer development in various tissues, including 
the lungs. Oncogenic Ras can alter intracellular Ca2+ levels through Cav1. Cav1 antagonists (like nitrendipine) could be 
used for cancer therapy. However, through controlling Ca2+ homeostasis and migration, it has been shown that Cav1 
affect the development of solid tumors.51 It is interesting to note that the oncogene Ras causes Cav1-mediated changes in 
intracellular Ca2+ levels, which result in changes to the mitochondria.52 Cav1 antagonists, including verapamil, 
nitrendipine, and nifedipine, are frequently used in treatments for various illnesses, suggesting that they may be used 
to treat cancer.53,54 Ca2+ plays a crucial role in regulating sphingosine kinase 1 (SK1) activity and localization within 
caveolae. Increased Ca2+ levels in caveolae, driven by oncogenic SK1 expression, disrupt focal adhesions and cytoske
letal organization, thereby affecting cell migration. Extended-synaptotagmin (E-Syt) proteins, which modulate ER/ 
plasma membrane contact sites and calcium exchange, are also implicated in cancer.55 The oncogenic lung cancer fusion 
kinase CD74-ROS targets E-Syt1, leading to increased tumor invasiveness. This phosphorylation event, conserved in 
other E-Syt proteins, has been observed in human NSCLC biopsies and other cancer cell lines. These findings suggest 
that E-Syt proteins and their post-translational modifications represent potential targets for cancer therapy.

Targeting Calcium Signaling at the Endoplasmic Reticulum-Endo Lysosome Interface for Cancer Therapy
The cellular space between the ER and end-lysosomes represents a crucial site for communication between these 
organelles. The interface serves a significant function in cellular operations, including lipid regulation, and calcium 
signaling, autophagy, and immune array activation.56 The interface operates as a crucial component that substantially 
initiates cancer onset and disease progression. The abnormal lipid metabolism of lipids at this interface activates cancer 
cell growth mechanisms, whereas disruptions in calcium signaling promote cellular survival and therapeutic resistance. 
The interface between endo-lysosomes and the ER plays an essential role in cellular processes, including endocytosis, 
autophagy, and lysosomal function. Dysregulated biomolecular interactions between these compartments are detected as 
leading to major alterations in cellular energy utilization and determining cell type development particularly, during 
tumorigenic processes. Cancer cells depend on lysosomes because these cellular compartments serve both to provide an 
energy supply and produce the necessary building blocks for their growth.57 Extracellular matrix remodeling allows 
lysosomes to facilitate tumor spreading with cancer cell movement alongside new blood vessel development. Drug 
resistance in cancer cells appears to be controlled by functional lysosomes. Studies indicate that elevated levels of two- 
pore channels TPC1 and TPC2 correlate with enhanced cancer cell migration, metastasis, and their expression affects Ca2 

+ channels.58 Transient Receptor Potential channels (TRPMLs) have been identified as a tumor progression mechanism 
that particularly affects glioma cells.59 Cells experience enhanced survival and show increased resistance to cell death 
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processes when TRPML2 protein expression levels rise in the cell. Toward novel cancer treatments, researchers propose 
focusing on Ca2+ signaling regulation of ER-endo lysosome interfaces specific to targets like TPCs and TRPMLs.31

Mitochondrial Calcium Ions Overload: A Therapeutic Target in Cancer
Modulation of calcium levels within mitochondria, along with the achievement of elevated cytoplasmic calcium signals, 
is an emerging approach in cancer research. Additional scientific investigations are essential for developing both safe and 
effective therapeutic approaches that exploit Ca2+ overload for cancer treatment. The cellular substance mitochondria 
control fundamental processes involving energy creation. When mitochondria contain excessive Ca2+, cells stop produ
cing ATP and eventually die. The MCU functions as a regulator to allow entry of Ca2+ into the mitochondria. Cancer 
treatment appears promising when researchers focus on manipulating Ca2+ regulatory dynamics between mitochondria 
and endoplasmic reticulum organelles through MAMs pathways. A malfunctioning cytoplasm calcium balance results 
from the abnormal accumulation of Ca2+ ions. The abnormal buildup of Ca2+ across multiple cell organelles creates 
concerning levels of cellular stress, increasing the risk of apoptosis. The compatibility between Ca2+ channel activators, 
including bepridil and DIM, serves as an additional treatment method specifically targeting cancer-causing cellular Ca2+ 

overload. Tumor calcification happens as a result of the process that makes cell functions more severe.54

Calcium-Based Nanotherapeutics: Exploiting Calcium Ions Overload for Cancer Therapy
Nanomaterials offer a new approach for the precise management of intracellular signaling pathways in the treatment of 
cancer. Research scientists can attain efficient cancer therapy outcomes through precise nanoparticle design, which 
controls cellular activities.55 Researchers have developed new innovative calcium phosphate (CaP) nanomaterials that 
utilize calcium overload. Scientists create nanostructures by combining CaP-based materials with other substances to 
trigger the ion release of Ca2+ through acidic tumor cell conditions. These nanostructures are designed to release Ca2+ in 
response to external exposure to near infra-red (NIR) light or the addition of therapeutic drugs. The delivery of cancer 
drugs through CaP nanoparticles represents an alternative therapeutic approach. Various cell death mechanisms emerge 
when drug-loaded CaP nanoparticles affect intracellular calcium homeostasis and create cellular stress patterns. 
Experimental findings display the broad applicability of CaP-based nanomaterials for cancer therapy and establish 
exciting routes for better targeted therapeutic development.56 Calcium sulphate nanoparticles are effective in the control 
of cancerous cell intracellular calcium amounts. The acidic breakdown of calcium sulphate nanoparticles generates 
cellular signaling molecules comprising Ca2+ and H2S, which shape various cellular processes. Scientific research teams 
have developed Calcium sulphate-based nanomaterials to deliver both Ca2+ and H2S directly to cancer cells. By entering 
cancer cells, the nanoparticles initiate an internal reaction that destroys tumor cells while creating defensive immune 
responses against tumors. Experimental studies have shown that cancer therapy benefits from the use of calcium fluoride 
(CaF2) nanocrystals. Such materials show compatibility with biological systems because they function like enzymes that 
generate ROS. Scientists have confirmed that the combined use of ultrasound technology considerably boosts ROS- 
generation. These findings indicate that CaF2 nanocrystals, in synergy with ultrasound, are a good approach to target and 
kill the cancer cells with minimal damage to the healthy tissue.57 All the above-mentioned compounds ultimately 
increase the Ca2+ levels within mitochondria, and thereby inducing apoptosis. Figure 3a reveals that the size range is 
small with an average diameter of approximately 3.89 nm, indicating that the synthesis is well controlled and can be used 
in biomedical applications.46 Pb2+ removal mechanism is shown in Figure 3b.46 The CaCO3 NPs can be taken up into red 
blood cells and chelate lead ions, which is their role in the systemic elimination of heavy-metals. SEM pictures of plate- 
like and flower-like CaCO3 morphologies are presented in Figure 3c, and the particles provide a high surface area and 
favourable architecture to load nucleic acids and presents their application as mRNA delivery carriers in glioma.47 

Figure 3d illustrates that the delivery of mRNA using CaCO3 in glioma immunotherapy induces the maturation and 
secretion of cytokines by the dendritic cells and this stimulates the production of potent anti-tumor immune responses.60 

Figure 3e shows in vivo images of bioluminescence of RGD-modified CaCO3 NPs accumulating specifically in tumors 
and having therapeutic efficacy in tumor-bearing mice, which is backed up by flux data.60 These show the role of CaCO3 

NPs as versatile platforms with an effective combination of metal ion scavenging, accurate tumor targeting, and effective 
immunomodulatory delivery of mRNA.
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Calcium Ion: A Key Regulator of the Tumor Microenvironment
Ca2+ homeostasis is a critical regulator of the tumor microenvironment (TME). Targeting Ca2+ signaling in immune and 
tumor cells can enhance anti-tumor immunity.61 Manipulating Ca2+ homeostasis to inhibit angiogenesis is a promising 
cancer treatment strategy. The TME is a complex that influences tumor growth. Ca2+ signaling plays a crucial role in 

Figure 3 (a) TEM image with the histogram of the nanoparticles size distribution of synthesized CaCO3, with an average value of ~3.89 nm (Reproduced with permission 
from ref.46), (b) Schematic diagram of mechanism of Pb2+ removal by CaCO3 NPs, with having the particles in red blood cells and chelating Pb (Reproduced with permission 
from ref.46), (c) SEM images of plate-like and flower-like CaCO3 particles and mRNA delivery based on CaCO3 nanoparticle used in glioma to activate immune responses 
(Reproduced with permission from ref.47), (d) Diagram showing applications of nanoparticle-based mRNA delivery of glioma immunotherapy, which triggers immune 
responses by maturation of dendritic cells and secretion of cytokines (Reproduced with permission from ref.60), (e) In vivo mouse bioluminescence to show targeted 
delivery and therapeutic effects of RGD-modified CaCO3 NPs with help of data on flux. (*P< 0.05) (Reproduced with permission from ref.60).
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regulating immune cell function in the TME. Ca2+ homeostasis influences immune cell functions, such as T cell 
activation, NK cell activity, and DC function. It regulates immune checkpoint molecules (such as CTLA-4 and PD-1), 
which help tumor cells evade immune surveillance. Ca2+ also affects the metabolism of immune cells. In addition, Ca2+ 

signaling is crucial for tumor angiogenesis. Various Ca2+ channels (TRPs and Orai1) and proteins promote angiogenesis. 
Ca2+ can modulate the release of pro-angiogenic factors. Understanding and manipulating Ca2+ homeostasis offers 
exciting new avenues for cancer therapy by improving immune responses and inhibiting tumor growth.62

Calcium Ion Signaling: A Key Player in the Hypoxic Tumor Microenvironment
Calcium signaling plays a critical role in tumor cell adaptation to hypoxic conditions. Targeting the pathways that control 
calcium signaling within the hypoxic tumor environment could be a promising approach to inhibit tumor growth, 
metastasis, and the development of resistance to cancer treatments.63 The tumor hypoxic microenvironment (THME), 
characterized by low oxygen levels, drives cancer progression. HIF-1α, a key regulator of cellular responses to hypoxia, 
plays a critical role in adapting to this environment. Figure 4 shows the Mechanisms of Ca2+ homeostasis disorders in 
cancer, including THME. Ca2+ signaling modulates HIF-1α activity. For instance, transient receptor potential melastatin 
(TRPM8), a Ca2+-related channel, enhances HIF-1α expression in prostate cancer, thereby promoting tumor growth. In 
hypoxic tumors, Ca2+ influx into endothelial cells induces angiogenesis to support tumor growth and metastasis. 
Dysregulated Ca2+signaling in THME disrupts mitochondrial function, thereby driving metabolic reprogramming, 
favoring tumor growth, and resistance to treatment.64 Ca2+ signaling is responsible for the advancement of cancer due 
to its ability to influence HIF-1α activity, induce angiogenesis, and drive metabolic reprogramming.65 A multifunctional 
microreactor by encapsulating catalase includes an enzyme that breaks down hydrogen peroxide, within calcium 
carbonate (CaCO3) nanoparticles. These microreactors, when injected into tumors, effectively neutralize the acidic 
environment, reduce hypoxia, and suppress the production of lactate, all of which are detrimental to the function of 
immune cells. This improved tumor microenvironment significantly enhanced the effectiveness of both immune 
checkpoint blockade therapy (using anti-PD-1 antibodies) and CAR-T cell therapy against various tumor models in 
mice. These findings demonstrate that by modifying the tumor microenvironment to be more favorable for immune cells, 
it is possible to significantly improve the success of immunotherapy in treating solid tumors.

Calcium-Based Nano Materials in Tumor Immunotherapy and Immunogenic 
Cell Death
Tumor immunotherapy is frequently hampered by the development of a complex immunosuppressive TME that prevents 
immune cell activation and shows low tumor immunogenicity. Ca2+ controls the charge characteristics of T cell lipids, 
resulting in T cell activation and proliferation in response to immunostimulants, whereas Ca-NMs directly trigger 
immunogenic cell death in tumors. Furthermore, Ca2+ can stimulate dendritic cell (DC) maturation and macrophage 
polarization, offering potential cancer therapeutic alternatives. Defensive mitochondrial autophagy attenuates cellular 
pyroptosis, while damaging the mitochondria can temporarily increase it.65 A nano system that uses a hybrid membrane 
consisting of an equivalent mitochondrial membrane and a homologous cell membrane, to reduce the adverse feedback of 
compensatory induction of mitochondrial autophagy in cellular death.66 Through the delivery of calcium-supported 
glucose oxidase (Ca@GOx) to mitochondria, the nano system caused cellular death through a large amount of ROS 
production and induction of mitochondrial Ca2+ excess. For even more promotion of cellular death, chloroquine, which 
prevents mitochondrial autophagy, was also added to the nanoparticles. This procedure combines targeted mitochondrial 
damage and mitochondrial autophagy blocking to achieve cell death-based successful treatment. Tumor immunogenic 
cell death (ICD) has gained considerable interest over the years and is critical in tumor immunotherapy. It is crucial to the 
tumor immune cycle and initiates the expression of many tumor-associated antigens. Control of ROS generation by Ca2+ 

overload is a significant mechanism of ICD, which triggers the release of damage-associated molecular patterns 
(DAMPs). As a consequence, it initiates an immune response that is protective against the tumor.67 Ca2+ are innovative, 
promising, and physiologically safe inducers of ICD in light of these findings. They are appealing for further research 
because of their capacity to alter the tumor immune microenvironment (TIM) and elicit anticancer immune responses. 
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Ca2+ plays multiple roles in ICD induction. Ca2+ acts as a nanomaterial’s gatekeepers, preventing other ingredients from 
premature release before they reach the tumor site and induce ICD.42

The pH-sensitive calcium phosphate-coated lanthanide-doped nanoparticles proved to be successful in protecting the 
ICD inducers from Adriamycin and Mn2+ ions, allowing their action only at the tumor site. This invention enables the 
prevention of lung metastases and distant tumors by overcoming photo dynamic therapy (PDT) limitations such as low 
potency, shallow tissue penetration, and phototoxicity. The CaCO3 @Pt-TiO2 nanocomposite releases a significant 
amount of Ca2+ in response to the TME.67 It led to the induction of high ICD activation and oxidative stress. To 
overcome hypoxia within the tumor, platinum nanoparticles were added to increase the production of ROS and catalyze 

Figure 4 Schematic illustration of mechanisms of Ca2+ homeostasis disorders of cancer [Image is created by Biorender.com].
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the degradation of hydrogen peroxide.68 The combined action of Ca2+ and platinum nanoparticles effectively shifted the 
tumor microenvironment from “cold” to “hot”, significantly increasing the infiltration of inflammatory cells.69 By 
combining combretastatin A4 phosphate with calcium nanoparticles to improve T cell infiltration and the ability of 
doxorubicin to induce ICD.70 Beyond the direct effects of calcium ion overload, other mechanisms contribute to cancer 
cell death.71 Nanoparticles that utilize Ca2+ to generate carbon dioxide bubbles and upon ultrasound activation, these 
bubbles rupture, damaging cancer cell membranes and triggering ICD.72 Furthermore, manganese and Ca2+ can enhance 
immune responses and improve the effectiveness of photothermal therapy combined with immunotherapy.

Calcium-Based Nano Materials in Modulating the Tumor Immune 
Microenvironment
Numerous immune-related cells, including T cells, DCs, and macrophages, are drawn into the microenvironment 
surrounding the tumor cells over the course of tumor formation.73 The TIM is formed by the interaction of these cells 
with vascular endothelial cells, immune cell-secreted substances, the extracellular matrix (ECM), and other 
components.60 To control the TIM, several Ca2+- based NM’s mainly target immune-related cells. Calcium-based 
nanomaterials can influence macrophage polarization, shifting them from the tumor-promoting M2 phenotype to the anti- 
tumor M1 phenotype. These nanomaterials can enhance DC maturation, improve antigen presentation and activate T cell 
responses. Ca2+- based NM’ s can promote T cell activation and infiltration into tumors. They can help overcome the 
immunosuppressive mechanisms within the TME, such as those mediated by M2 macrophages.

Some Ca2+-dependent NM’s may increase the levels of oxygen inside the tumor to increase the suitability for the 
functioning of immune cells. They enhance the delivery of chemotherapy drugs and other therapeutic drugs into the 
tumors. Calcium-based nanomaterials can initiate ICD in tumor cells, liberating DAMPs and initiating an antitumor 
immune response. Ca2+-based NM can be used in combination with other therapeutic modalities, such as PDT and 
chemotherapy, to provide synergistic antitumor effects. Nanocomposites include calcium ion nanogenerators, which 
enhance DC maturation and improve antitumor immunity. CaCO3-based nanoparticles induce ICD, regulate macrophage 
polarization, and enhance antigen presentation. Calcium-based nanoparticles with Toll-like receptor agonists activate 
innate and acquired immune responses. Ca2+-based NM’s can affect macrophage polarization, switching them from the 
tumor-promoting M2 phenotype to the anti-tumor M1 phenotype. These nanomaterials can enhance DC maturation, 
thereby improving antigen presentation and activating T cell response. Calcium-based nanomaterials can promote T cell 
activation and infiltration into tumors. Calcium-based nanomaterials can help overcome the immunosuppressive mechan
isms within the TME, such as those mediated by M2 macrophages. Some calcium-based materials enhance oxygen levels 
within the tumor, making the environment conducive to the proper functioning of immune cells.

Chemoimmunotherapy activates T cell immune responses that can produce targeted anticancer effects. However, the 
poor antigen presentation of DCs in the TIM reduces the efficacy of chemoimmunotherapy. The nanogenerator that can 
disrupt Ca2+ levels within dendritic cells (DCs) disrupts the immunosuppressive environment inside DCs and enhances 
their maturation and ability to recognize and attack tumor cells. This is attained through both the release of Ca2+ inside 
DCs and the concurrent promotion of the deleterious effects of calcium-derived molecular products from tumor cells. The 
most important immune cells in the TME are tumor-associated macrophages. They polarize to the M2 subtype, which 
induces immune suppression and supports tumor development by affecting lymphocyte infiltration. Calcium-based 
nanomaterial affects the intracellular calcium ion levels and, as a result, can modify the macrophage polarization. 
Studies have shown that increased CaP concentrations implicate the expression of genes related to M1 macrophages. 
More significantly, the immunomodulatory function of CaP materials may be dramatically affected by their crystalline 
form. To regulate macrophage polarization towards the M1 type, an upconverting nanocarrier that uses NIR light to alter 
intracellular calcium levels was used. The function of ECM in solid tumors has been studied.42 To shield tumor cells 
from cytotoxic T lymphocytes (CTL) and therapeutic medications, the ECM serves as a natural barrier. It is also 
necessary for create a hypoxic tumor microenvironment, which inhibits the immune system. Photodynamic therapy and 
calcium ion overburden may enhance the production of DAMPs, thereby facilitating CTL activation. CaP can alleviate 
tumor hypoxia by enhancing the oxygen supply capacity. ROS and the digesting enzyme chymotrypsin effectively 
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enhance CTL entry into tumors. These factors downregulate immunosuppressive factors and enhance the efficacy of 
photodynamic treatment. A better approach would be multimodal therapy applied at different stages of the tumor immune 
process, given the complexity of the TIM. Salmonella (Sal) was biomineralized with CaCO3 to modulate an immuno
suppressive tumor microenvironment (ITM) and perform in situ cancer vaccination.74 In the acidic tumor microenviron
ment, the shell of CaCO3 dissolves, lowering the acidity of the surrounding environment while simultaneously releasing 
the calcium ionophore A23187, Ca2+, and Sal. Sal enhances antigen presentation through ICD in cancer cells, thereby 
aiding the interaction between tumor cells and dendritic cells via gap junctions.

The calcium ionophore A23187 facilitates the uptake of Ca2+ by various immune cells and works synergistically with 
Sal to effectively regulate the immune system. This involves encouraging T cell activation, DC maturation, and 
macrophage polarization. In particular, in the acidic TME, multifunctional immunomodulatory calcium nanoparticles 
produce Ca2+ and DOX.75 The concentration of Ca2+ inside the tumor cells increases synergistically as a result of this 
special characteristic. These nanoparticles control the IFN-1 signaling system and aid in the ICD of tumor cells. Thus, 
they boost CD8+ T cell infiltration by promoting DC maturation and inducing M1-like macrophage polarization.76–78 

These successfully rewire the ITM. To achieve synergistic effects, CaCO3 and curcumin were co-loaded into nanopar
ticles coated with cancer cell membranes.79 This impact entails raising Ca2+ levels and encouraging the production of 
ROS in the ER and mitochondria, which results in ICD.80 Additionally, by antigen cross-presentation, this mechanism 
can trigger DC maturation and macrophage polarization. As a result, ionic-crosslinking poly aspartic acid was used to 
reprogram the TME and deliver antitumor treatment. In addition to cross-linking poly aspartic acid, calcium-based 
nanomaterials can enhance both innate and acquired immune responses within the tumor microenvironment.81 When 
combined with Toll-like receptor 7/8 agonists or pathogen-associated molecular patterns (PAMPs), these nanomaterials 
can activate the innate immune system. This approach leads to tumor warming, remodeling the tumor microenvironment. 
Ca-NMs can induce ICD by interacting with and cyclically amplifying the ROS generated by photothermal therapy 
(PTT) or chemo-dynamic therapy (CDT) and the resulting calcium overload. This activation enhances anti-cancer 
immunity in vivo by stimulating the development of dendritic cells, activating helper and cytotoxic T cells, and releasing 
pro-inflammatory cytokines.82

Calcium-based Nanomaterials in Calcification Therapy
Mineral buildup and calcification are basic biological processes observed in living organisms. An increase in intracellular 
Ca2+ levels during calcium overload causes metabolic problems and dysfunction, influences tumor cell metabolism and 
proliferation, and encourages tumor calcification.82 These factors contribute to the demise of tumor cells. A favorable 
prognostic sign is physiological calcification in the treated tumor region. Low Ca2+ concentrations in and around cancer 
tissues, high Ca2+ concentrations in the microenvironment, and the gradual and unpredictable nature of physiological 
calcification all affect the calcification process. Conversely, excessive systemic administration of calcium can lead to 
hypercalcemia, a potentially life-threatening condition characterized by elevated blood calcium levels, which can cause 
serious adverse effects such as cardiac arrest, organ failure, or even death.83 Consequently, a safe way to deliver 
significant exogenous Ca2+ into tumors is by using calcium-based nanomaterials. By disturbing calcium homeostasis 
and generating mitochondrial metabolic abnormalities, calcium-based nanomaterials are said to encourage tumor 
calcification. CaHPO4 covalently doped with L-ascorbic acid creates a biologically sensitive calcification initiator.84 

This initiator promotes calcification by increasing ROS levels and causing mitochondrial malfunction. Furthermore, 
because of its pro-oxidative properties, exogenous L-ascorbic acid indirectly disrupts the metabolic balance. By upsetting 
mitochondrial homeostasis, this sensitive calcium source also caused intratumoral calcification. Liu developed a sodium 
hyaluronate-modified hollow calcium peroxide sphere capable of encapsulating L-buthionine sulfoximine and delivering 
chloroperoxidase to enhance CDT. Excessive calcium ion loading from these nanospheres disrupts calcium transport 
within cells, damages mitochondria, and increases oxidative stress. This ultimately leads to the deposition of calcium 
within tissues (calcification) and accelerates the death of cancer cells. In addition, directly increasing intracellular 
calcium levels, other strategies can induce calcification. Sialic acid, a calcium chelator, can be incorporated into 
nanomaterials to bind excess Ca2+ within tumor mitochondria. This Ca2+ aggregation initiates mitochondrial calcifica
tion, enhancing treatment efficacy. Most research has focused on examining the precise processes by which calcium- 
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based nanomaterials cause tumor calcification; yet, a crucial avenue for treating tumor calcification is the connection to 
clinical prognosis. Fluorapatite nanoparticle surface modification of nanofibrous polyether sulfone scaffolds yielded 
advantageous results in osteosarcoma-related research.

Calcium Based Nano Composites in Cancer Therapy
Compared to other nanodrugs, Ca-NM’s offers a number of benefits. When it comes to production expenses, they are less 
expensive than those of expensive metals and polymer nanoparticles. Unreactive monomers or additives used in 
polymeric materials may have harmful side effects. Certain polymeric nanodrugs may accumulate in the body and 
have limited biodegradability, which could eventually result in negative side effects. Ca-NM drug delivery systems 
outperform liposomal nanodrugs because they effectively hold loaded medicine and maintain their structure and stability 
under heat. Their strong storage power, combined with sustained gene-protein-drug release makes NM’Ca an excellent 
choice for biological applications due to its biodegradability and compatibility with living tissue. The demonstrated 
nanomaterials show promising features to overcome material limitations from regular silica, carbon, and gold inorganic 
biomaterials. Traditional materials perform poorly when it comes to biochemical decomposition and can pose safety risks 
over time. Calcium-based nanomaterials dissolve into harmless ions during body metabolism, allowing them to be 
processed. Tests have shown that calcium-based nanomaterials work well to boost cancer cell’s calcium intake. These 
nanomaterials support multiple therapeutic options that work together with RT, PDT, gene therapy, chemotherapy, and 
hyperthermia treatments. Calcium nanomaterials show promise for cancer diagnostic imaging. Nano-composite com
pounds can combine with different imaging contrast agents to support multiple surgical imaging methods. Calcium-based 
nanomaterials are promising as a safer treatment option for medical professionals to detect and monitor illnesses during 
clinical management. Nanomaterials advance medical treatments and boost their effectiveness in delivering precise care 
to patients. Consequently, researchers are interested in creating multifunctional calcium-based nanomaterials.85,86 Given 
the progress made in personalized medicine, translating research on calcium-based biochemical processes into the 
development of new calcium-dependent clinical therapies would be highly advantageous for patients. An increasing 
amount of data highlights the possibility and efficacy of artificially regulating calcium as a cancer treatment technique. 
Table 2 shows the Ca2+ based nano constructs and their applications in therapy.

Table 2 Types of Ca2+ Based Nano Constructs and Their Features and Application Therapy

Sl no Ca Type Characteristics Applications Reference

1 CaPs Drug release sensitive to pH 

Simple functionalization Simple surface coating for additional 

nanoparticles Alterable composition and structure High capacity to 
load drugs Outstanding biodegradability and biocompatibility 

Doping with other ions is simple.

Drug delivery Protein adsorption Gene 

transfection efficiency Theranostics

[87]

2 CaCs Drug release that is sensitive to pH High capacity to load drugs 
Simple hybridisation with organic phases Detachable template for 

production of additional biomaterials High capacity for gene loading 

Biocompatibility and biodegradability Generating CO2 gas

Drug delivery Protein delivery Gene 
delivery Theranostics agent 

Theranostics delivery

[88]

3 CaO2 Produce O2 and H2O2 High drug-loading capability Mesoporous/ 

hollow structure

Theranostics agent Theranostics 

delivery Drug delivery Protein delivery

[89]

4 CaF2 High capacity to load drugs A specific phosphor host Fluorescent 
features that can be changed Doping with lanthanide ions is simple. 

Simple coating of up-converting nanoparticles’ surface

Drug delivery Theranostics delivery [90]

5 CaSi pH-responsive drug release with a large surface area Outstanding 
biodegradability and biocompatibility Simple ion doping

Drug delivery Theranostics delivery [91]

6 CaCO3 High surface area biocompatibility and biodegradability Versatility 

Easy Functionalization

Drug delivery Theranostics agent 

Theranostics delivery

[92]

7 CaO2 High Oxygen Release Biocompatibility, Controlled Release Drug delivery Theranostics delivery [93]
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Calcium Carbonate Based Nano Constructs
CaCO3 is an important inorganic mineral found in nature that has been widely used in various industrial applications. In 
the field of cancer treatment, CaCO3 nanoparticles have attracted significant attention as drug carriers due to their tumor- 
targeting ability and acid-responsive degradation properties.94 On the one hand, CaCO3 nanomaterials have the potential 
to increase intracellular Ca2+ levels in tumor cells, leading to mitochondrial damage and eventually causing tumor cell 
death. Conversely, the high drug loading capacity and slow biodegradation of these calcium- based materials make them 
highly significant in the field of controlled release therapy. Recently, surface modification methods have been developed 
to endow CaCO3 nanoparticles with different structures, such as porous, hollow, or core-shell structures, through 
template-induced biomineralization, layer-by-layer assembly, and etching techniques. When combined with other con
trast agents, polymers, photosensitizers, and functional nanomaterials, multiple therapeutic modalities can be used during 
treatment, yielding optimal therapeutic outcomes. In this study, CaCO3 nanoparticles as templates, meso-tetra-4-carbox
yphenyl porphine (TCPP) as an organic bridging molecule, and ferric ions as the particle core while loading the 
glutathione (GSH) inhibitor L-buthionine sulfoximine (BSO), to prepare pH-responsive and multifunctional hollow 
CaCO3-based nanoparticles (BSO-TCPP-Fe@ CaCO3).95 These nanoparticles rapidly released Ca2+ and BSO molecules 
under acidic pH, effectively inhibiting tumor growth through a combination of Ca2+ overload-induced mitochondrial 
dysfunction, BSO-triggered GSH depletion, and TCPP-mediated sonodynamic therapy (SDT). CaCO3-based nanomater
ials exhibit excellent pH-responsiveness, and their hollow structure allows higher drug loading, offering multimodal 
combination therapies.96,97

Multifunctional Calcium Carbonate Nano Constructs
Multifunctional CaCO3 nanoparticles have gained traction in targeted therapy and imaging because of their biocompat
ibility, biodegradability, and versatility in functionalization. The significance of multifunctional CaCO3 nanoparticles is 
summarized in Table 3. These nanoparticles offer a dual approach for treating and monitoring cancer by combining 
therapeutic delivery with diagnostic capabilities.98

Recent Advances of Multifunctional Calcium Carbonate Nanoparticles
A new method for drug delivery that uses porous vaterite particles as carriers includes a two-part drug delivery 
solution that aligns with theragnostic requirements.101 In this study, researchers developed a new therapeutic tool 
with excellent prospects. These multiple-purpose delivery vehicles combine loading with magnetic control and 
diagnostic system elements. Microscopic scans and X-rays helped scientists to discover how the carriers and the 
materials they contained.98 The carriers moved through magnetic fields and produced a biomolecule detection 
method that showed enhanced signal strength. The combined nanocarrier system was proven safe according to 
cell toxicity testing. The tweezers-shaped carriers combine drug storage with magnetically controlled movement, 
making them a valuable tool for future theragnostic applications. This study demonstrated that CaCO3 particles can 
deliver drugs while helping detect molecules, separate particles and absorb chemicals.102 A unique nanoparticle 
platform that targets tumors responds to multiple triggers for cancer treatment.103 The nanoparticles combine 
polymers with loaded photosensitizer ICG and chemotherapeutic DOX. They show response capability under 
declining tumor acidity and decreasing environmental conditions. The nanoparticles exhibited reliable drug storage 
and delivery under designed conditions. Under controlled conditions in test tubes, nanostructures display powerful 
heat generation behavior.104 They show enhanced cellular uptake and cytotoxicity in cancer cells. In in vivo studies, 
the nanoparticles demonstrated superior antitumor effects in mice when combined with photothermal therapy and 
chemotherapy. The authors reported that these multifunctional, tumor-targeted, and dual stimuli-responsive nano
particles have significant potential for effective cancer treatment. This study presents a promising approach to cancer 
therapy by using a nanocarrier system that effectively delivers both chemotherapeutic drugs and photosensitizers, 
enhancing their therapeutic efficacy through targeted delivery and dual stimuli-responsive release. Multifunctional 
CaCO3 nanoparticles represent a promising avenue for integrated cancer therapy and diagnostics, paving the way for 
more effective and personalized treatment strategies in the future. They ensure stability in the bloodstream allowing 
them to reach the tumor site. Stability issues in the bloodstream are overcome by using surface coatings, such as 
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polyethylene glycol (PEG), which can improve stability and reduce immune clearance. Mechanisms for refining 
stimuli-responsiveness to ensure precise drug release. Rigorous preclinical and clinical studies are required to 
establish safety, efficacy, and scalability for human applications.105,106

Hybrid Nanocomposites
Hybrid nanocomposites combining calcium-based materials (such as CaCO3 or CaP) with other functional materials, 
such as gold or graphene, have shown remarkable potential in cancer therapy. Their applications in cancer therapy are 
listed in Table 4. These hybrid systems leverage the complementary properties of their components to achieve enhanced 
antitumor efficacy through synergistic effects. Examples of hybrid nanocomposites are including calcium-gold, calcium- 
graphene, calcium-magnetic hybrid nanocomposites. First, the enhanced efficacy of these composites makes synergistic 

Table 3 Key Features of Multifunctional Calcium Carbonate Nanoparticles

Sl No Features Applications in Targeted Therapy Applications in Imaging Reference

1 pH-Responsive Behavior
● Dissolve in acidic environments 

such as the tumor microenviron

ment (pH ~6.5) or intracellular 
lysosomes (pH ~5.0)

● pH sensitivity ensures minimal 

drug release in normal physiologi
cal conditions, reducing off-target 

effects

Drug Delivery
● Used to encapsulate and deliver 

chemotherapeutic agents like dox

orubicin and paclitaxel.
● The release is triggered in the acidic 

tumor environment, enhancing the 

localized therapeutic effect while 
sparing healthy tissues

Fluorescent Imaging
● Loaded with fluorescent dyes or 

quantum dots for real-time visualiza

tion of tumor localization and nano
particle distribution.

[99]

2 Biocompatibility and 
Biodegradability
● Nanoparticles break down into 

harmless metabolites that can be 
safely metabolised or eliminated

Gene Therapy
● Deliver siRNA, miRNA, or plasmid 

DNA to target cancer cells, silencing 

oncogenes or restoring tumor- 
suppressor gene function

Magnetic Resonance Imaging
● Incorporating contrast agents into 

CaCO3 nanoparticles enables their 

use in MRI for enhanced imaging of 
tumor sites

[100]

3 Multifunctionality
● CaCO3 nanoparticles can be engi

neered to carry therapeutic agents, 

imaging molecules, and targeting 

ligands simultaneously

Calcium Overload-Induced 
Apoptosis
● CaCO3 nanoparticles by releasing 

into cancer cells disrupt calcium 

homeostasis and trigger apoptosis

Computed Tomography Imaging
● By Loading with elements like 

iodine or barium enhances X-ray 

attenuation, making them suitable for 

CT imaging

[100]

4 High Drug Loading Capacity
● The porous structure of CaCO3 

allows for high loading of drugs, 

nucleic acids, or imaging agents, 

improving treatment efficacy

Combination Therapy
● Combined with photothermal or 

photodynamic agents, CaCO3 nano

particles enhance therapeutic 

efficacy

Dual-Modal and Multimodal 
Imaging
● Engineered for dual-modal imaging, 

such as MRI/fluorescence or CT/ 

fluorescence, providing complemen
tary diagnostic information

[101]

Table 4 Photothermal Agents Integrated with CaP Nanoparticles

Sl 
no

Nanoparticle type Effect Applications Reference

1 Gold Nanoparticles Strong photothermal effects under NIR 

irradiation

Gold-coated CaP nanoparticles 

loaded with doxorubicin

[108]

2 Graphene Oxide Enhances photothermal conversion efficiency and 
provides additional drug-loading sites

Gold-coated CaP nanoparticles 
loaded with doxorubicin

[108]

3 NIR Dyes Achieve PTT CaP-ICG systems for imaging- 

guided PTT and chemotherapy

[109]

4 Carbon Nanomaterials (Graphene/ 

GO/rGO//Fullerenes- C60)

Integrated for robust photothermal effects. PTT [107]

https://doi.org/10.2147/IJN.S557935                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 16

Gangadhar et al                                                                                                                                                                     

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



interactions between calcium and other materials improving therapeutic outcomes. Second reduced drug resistance in 
combined therapies (chemotherapy and PTT) prevents tumor cells from adapting to a single treatment modality. Third, 
the improved biocompatibility of calcium-based components ensures safety and biodegradability in the body. Finally 
real-time monitoring of imaging capabilities allows for precise targeting and monitoring of treatment progress. Hybrid 
nanocomposites combining calcium with materials like gold or graphene represent a powerful tool in the fight against 
cancer, offering precise, effective, and minimally invasive treatment options.107

Hybrid Nanocomposites of Calcium Carbonate
Over the past few decades, researchers have studied gold nanoparticles because of their unique properties. The size, 
shape, and surface functionalization of these nanoparticles are used to enhance their biocompatibility, circulation time, 
tumor cell uptake, and targeting capability. Gold can easily endure biological environments because it is resistant to 
oxidation. To accomplish active targeting, gold nanoparticles are often coated with organic compounds. They are also 
coated with ligands that include sulphur, such as thiols and disulphides. The size of the gold nanoparticles and the 
targeting ligands caused them to exhibit greater cellular uptake and accumulation at the tumor site. In numerous studies, 
the use of EGFR-targeting gold nanoparticles has resulted in increased suppression of breast cancer cells. Compared to 
unconjugated nanoparticles, gold nanoparticles are significantly more stable because of surface conjugation. 
Consequently, several researchers have investigated different conjugations of gold nanoparticles and shared their 
findings. DOX-containing gold nanoparticles decrease multidrug resistance.110 The effectiveness of gold nanoparticles 
coated with anti-miR-155 on the MCF7 breast cancer cell line was altered the nanoparticles using the AS1411 aptamer, 
which attaches to nucleolin on cancer cells, to achieve tumor-targeted distribution.111 However, the main issue with using 
gold nanoparticles is that they biodegrade very little. Because of their unique features, such as customizable size and 
shape, gold nanoparticles can be altered to enhance cellular uptake, targeting, and circulation time. Their stability in 
biological contexts is improved by their resistance to oxidation. Owing to their special properties and adaptability in 
surface modification, gold nanoparticles present a promising platform for cancer treatment. However, a major obstacle 
that must be overcome for safe and successful clinical translation is their poor biodegradability.112

Interesting information about fluorescence and confocal imaging of Au-CsCaCO3sNPs-treated MCF-7 and NIH3T3 
cells.113 The goal of the study was to determine the apoptosis and acceptance of the synthesized nanoparticles. The most 
notable result of fluorescence imaging was that the MCF-7 cells showed a higher rate of cell death than NIH3T3 cells. 
Furthermore, confocal imaging revealed that the cells may absorb nanoparticles within their cellular compartments. The 
bio-conjugated nanoparticles validated cellular internalization into MCF-7 and MDA-MB-231 over NIH3T3, which is 
consistent with their findings.114 This study also sought to evaluate the Au-CsCa CaCO3NPs’ bio cellular uptake and 
fluorescence imaging. Overall, their results suggest that the produced conjugated nanoparticles may have a role in 
advancing cancer imaging. This study advances understanding of Au-Cs CaCO3NP-based bioimaging and its possible 
use in diseased-cellular diagnosis.115

In Figure 5a, HOCN NPs have been designed to increase antigen cross-presentation by DCs when mitoxantrone 
(MTX) is used in chemotherapy.116 HOCN interferes with various intracellular barriers in the acidic tumor microenvir
onment. It facilitates the release of damage-associated molecular pattern (DAMP) by tumor cells killed by MTX, enables 
the uptake of tumor antigens by DCs, and induces autophagy-lysosome events to support antigen processing and cross- 
presentation on MHC class I. This enhances cytotoxic T lymphocytes (CTLs) and the development of memory T cells 
against primary and distant tumors as well as stimulating systemic immune responses. The synthetic pathway of 
a coordination-assembly nanoplatform (CTC) to be used as an ion-homeostasis perturbator is depicted in Figure 5b.117 

The carrier co-loads ions or ion-releasing compounds in such a way that following cell internalization and TME- 
dependent degradation, it both increases intracellular Ca2+ and perturbs Mg2+ levels and leads to the amplification of 
oxidative stress and organelle dysfunction. This oxidative damage-enhanced Ca2+/Mg2+ interference therapy causes death 
of tumor cells and it produces immunogenic signals which can be synergized with other therapies. Figure 5c is dedicated 
to mechanistic validation: Calpain-1 and ATP2B4 which is a plasma membrane Ca2+ pump in 4T1 cancer cells under the 
influence of various treatments in the form of Western blot.118 The molecular evidence supporting calcium-overload- 
mediated apoptosis is the up-regulation of Calpain-1 and modulation of ATP2B4 levels, which proves the presence of 
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Figure 5 (a) Schematic diagram of HOCN disruption of multiple barriers in antigen cross-presentation of DCs for enhanced mitoxantrone (MTX)-mediated chemo- 
immunotherapy (Reproduced with permission from ref).116 (b) Schematic diagram to show the synthetic procedure of CTC as an ion homeostasis perturbator and its application 
for oxidative damage-augmented Ca2+/Mg2+ interference therapy (Reproduced with permission from ref.117) (c) Western blot analysis of Calpain-1 and ATP2B4 in 4T1 cancer cells 
after varied treatments, along with the corresponding quantitative analysis (Reproduced with permission from ref.118) (d) Schematic illustration of the preparation of tumor 
extracellular pH-responsive immune-modulatable DNCaNPs for effective cancer chemo- and immunotherapy (Reproduced with permission from ref).119
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calcium-overload-mediated apoptosis. These protein modifications are linked to increased cell death and therapeutic 
efficacy which is backed by quantitative analysis. Figure 5d demonstrates pH-responsive DNCaNPs, which respond to 
the acidic tumor extracellular environment and deliver chemotherapeutic and calcium-related moieties systematically.119 

These NPs suppress acidic TME, induce immunogenic cell death, expose calreticulin and other eat-me signals, and 
eliminate immunosuppression of IDO and Treg pathways, thereby increasing DC maturation and CTL infiltration. This 
draws attention to the combination of ion dysregulation, pH-responsive release, and immune modulation as the means to 
transform the traditional chemotherapy into the potent chemo-immunotherapy. The Au/ CaCO3 nanocomposites were 
synthesized through eggshell templates at a low cost and without harming the environment.120 The open structure of the 
nanocomposites creates enhanced possibilities for luminescent probe placement. Strong sensing performance emerged 
from the immunosensor, which combined outstanding sensitivity with precise specificity and extended operation time. 
The ECL immunosensor demonstrated strong performance with the OTA-specific Nb28 antibody because of its robust 
binding affinity. This documentation details a methodology for Au and CaCO3 nanocomposite synthesis which employs 
eggshells as the template base. Au-CS CaCO3NPs with spherical gold-coated CaCO3 nanoparticle shapes were success
fully synthesized by investigators using cockle shells. A basic, eco-friendly, and low-cost production method allowed 
researchers to synthesize conjoined nanoparticles. The results indicated that the manufactured nanoparticles maintained 
their stability and purity levels throughout the testing period. Scientists present evidence showing how gold nanoparticles 
link successfully to cockle shell materials. Laboratory results indicate that Au-CS CaCO3NPs demonstrate potential 
medical applications across several fields.120

Mechanism of Combined Photothermal and Chemotherapy
Photothermal agents absorb NIR light and convert it into heat, thereby increasing the temperature of the tumor 
microenvironment. Localized hyperthermia (40–45°C) damages cancer cells by disrupting their protein structures and 
cellular membranes, thereby inducing apoptosis. Chemotherapeutic drugs encapsulated in CaP nanoparticles are released 
in a controlled manner, especially in acidic tumor environments or when triggered by heat generated during PTT.121 The 
drugs further enhance cancer cell death by targeting DNA replication or metabolic pathways. The heat generated during 
PTT enhances the uptake of chemotherapeutic drugs by increasing the permeability of the tumor cell membrane. 
Hyperthermia sensitizes cancer cells to chemotherapy, reducing the required drug dose and minimizing side effects.122 

ICG is an effective photosensitizer that can promote the production of harmful ROS. ICG can also produce a potent 
photothermal effect because of its distinctive NIR light absorption. ICG’s two primary features can be used for 
noninvasive light-induced tumor ablation. ICG is prone to aggregation or early excretion from the body due to its 
instability in the blood circulation. Before ICG can be used as an anticancer agent, these challenges must be successfully 
resolved. Fe3O4@PDA/CaCO3ICG (FPCI) nanoparticles were nanocomposite that combines the photothermal and 
photodynamic characteristics of polydopamine (PDA) and ICG. It is composed of magnetic PDA nanoparticles modified 
with CaCO3 and loaded with ICG. Specifically, CaCO3 allowed for the controlled release of ICG through self- 
decomposition in response to an acidic tumor microenvironment and to prevent blood clearance by enclosing ICG in 
a stable aggregate. Based on in vitro and in vivo tumor models, this proof-of-concept study demonstrated that this 
multifunctional therapeutic agent allows the combination of photothermal (PTT) and photodynamic therapies (PDT) 
against tumors with the use of magnetic guiding.123 Researchers created hybrid nanoparticles by combining conducting 
polyaniline (PANI) with CaCO3 microparticles (CMPs). Carboxymethyl cellulose was used as a stabilizing agent. This is 
a simple and reproducible synthesis method with a high encapsulation efficiency of CMPs. The pH-responsive drug 
release in the acidic tumor microenvironment is an advantage of this method. CMP-PANI-Cys nanoparticles demon
strated higher efficiency in photothermal therapy than PANI-Cys alone.

In the realm of tumor therapy, research on treatment approaches based on nanomaterials that promote ROS generation 
has increased dramatically. These techniques include chemo dynamic therapy (CDT), electrodynamic therapy (EDT), 
radio dynamic therapy, sonodynamic treatment, and PDT. External fields, such as lasers, can activate nanomaterials to 
produce ROS. By damaging vital components of cancer cells such as proteins, lipids, or DNA, the generated ROS induce 
apoptosis or necrosis. A variety of chemicals, including acoustic sensitizers, and catalysts, can be delivered to tumor 
locations using calcium-based nanomaterials. They also contain large amounts of Ca2+, which can significantly increase 
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and worsen calcium overload. During tumor treatment, this amplification mechanism typically works in concert with 
other mechanisms. Manganese-doped calcium phosphate (MnCaP) mineralized glucose oxidase was combined to create 
nanoparticles, spherical in shape (GOx-MnCaP NPs), through in situ biomimetic mineralization. These nanoparticles 
increase CDT and efficiently destroy tumors via a cascade effect that includes the release of Ca2+, the GOx-driven 
oxidation reaction, and the Mn2+ mediated Fenton-like reaction.124 Additionally, drug release can be tracked with specific 
calcium nanotherapeutics. ICG and chlorin Ce6 (Ce6), common PTT/PDT agents, were reversibly linked via ACC. ICG 
physically decreased Ce6’s photosensitivity and fluorescence during cycling at non- tumor locations, reducing PDT’s 
adverse effects. To track the quantitative release of the drug, they can be readily repaired in tumor tissues. When 
combined with photothermal therapy (PTT) and photodynamic therapy (PDT) to enhance their therapeutic efficacy, this 
synergistic approach involves the use of ICG-loaded calcium nanoparticles. ICG generates singlet oxygen for PDT and 
induces apoptosis upon exposure to NIR light. The calcium phosphate layer enhances the biocompatibility. Importantly, 
the controlled release of Ca2+ in response to the acidic tumor microenvironment disrupts the mitochondrial membrane 
potential, reducing oxygen consumption within the tumor. This combined strategy allows for effective cancer treatment at 
lower temperatures.125

Theragnostic Platforms
Multifunctional CaCO3 nanoparticles are being developed as theragnostic agents, integrating therapeutic and diagnostic 
functionalities into a single platform.126 Although the strategy of disrupting Ca2+ homeostasis for cancer treatment shows 
immense potential, achieving effective interference with Ca2+ homeostasis remains a challenge. It is necessary to 
combine the unique advantages of various Ca2+-based materials and design Ca2+-based nanomaterials tailored to the 
pathological characteristics of different types of tumors for specific tumor diagnosis and treatment. These tumor 
diagnosis and treatment strategies based on Ca2+-based materials may include Ca2+overload therapy through exogenous 
Ca2+ supply, amplifying Ca2+ overload therapy by supplying exogenous Ca2+ in conjunction with various Ca2+ channel/ 
pump targets, regulating the TME in synergy with exogenous Ca2+ supply as a treatment modality, as well as enhancing 
tumor calcification for imaging and diagnostic capabilities.127

Development of a Dual-Mode Imaging and Therapeutic Nanoplatform
Contrast-enhanced ultrasonography (CEUS) is frequently used in clinical cancer diagnosis. However, the practical 
application of gas-filled contrast agents is limited by their short imaging time and blood instability. This study produced 
a diagnostic nanoparticle system for dual-mode imaging (fluorescent and ultrasound), which showed simultaneous 
therapeutic function for cancer treatment after being encapsulated with DOX. Therefore, CaCO3-DOX was created by 
encapsulating CaCO3 nanoparticles with DOX. It generates carbon dioxide (CO2) to improve ultrasound imaging and 
boost DOX release in acidic environments. When CaCO3 -DOX was injected intravenously into tumor-bearing animals, 
sufficient CO2 bubbles were formed at the tumor sites for echogenic reflectivity to occur in the presence of an ultrasonic 
field. ICG was used to capture tumor imaging while encapsulating it within CaCO3 nanoparticles. The theragnostic 
nanoparticle system was used to treat tumors elegantly in experimental animal models. This study presents a practical 
system to detect cancer in two ways.

Scientists created gold-attached CaCO3 nanoparticles from cockle shells (Au-CsCaCO3NPs) to observe and treat 
cancer using NIR light. The team analyzed and tested these nanoparticles in living cell environments to assess their 
compatibility. The tests revealed that normal cells easily accepted the nanoparticles without damage, while the 
nanoparticles killed cancer cells. The cells readily reacted with and brought these nanoparticles into their bodies. 
Researchers believe Au-CsCaCO3NPs can track cancer effectively and may become a better cancer medicine in the 
future. Their investigation aimed to assess how Au-CsCaCO3NPs enter living cells and how they display their 
fluorescence. The research determined that these easy-to-make conjugated nanoparticles show environmental safety 
and biocompatibility which support their use for bio-imaging applications. The particles enabled both normal and 
cancerous cell colonization and triggered cancer cells to die through mechanisms similar to those of normal cells. The 
analysis showed that the synthesized nanoparticles may help advance cancer imaging techniques. This study explained 
Au-CsCaCO3NP bioimaging details and demonstrated its potential for disease cell detection.
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Calcium Phosphate-Based Nanomaterials
Calcium phosphate nanoparticles (CaPs) have demonstrated beneficial results in relation to the aforementioned require
ments among various synthetic vectors. Since of their predictable bodily clearance channels and mechanisms, biode
gradable nanoparticles are typically used for cancer therapy since they are safer options for clinical use. Size, charge, 
shape, composition, and surface chemistry are among the physical and chemical properties of CaP nanoparticles that 
have been demonstrated to be crucial in determining the path of internalization of nanomedicines. The cellular entry 
mechanism and the ultimate location inside the cells determine other crucial elements, including the dosage of bioagents 
and their functions. Given the large number of organelles in a cell, it is crucial that the delivery mechanism delivers the 
payload at the precise location to produce the intended result. Understanding how the cell transports its constituent parts 
to the various cellular compartments may help develop medications for more effective tumor treatment.128

Owing to the main inorganic component of bone, CaP-based nanomaterials have been widely applied in the 
biomedical field, particularly in bone repair and as drug carriers, due to their excellent biocompatibility, biodegradability, 
and chemical composition similar to that of bone tissue. The chemical composition of CaP nanomaterials matches that of 
bone tissue composition and provides better tissue attachment and stronger bone healing performance than that of CaCO3 

-based materials. Due to their high natural reactivity, CaP nanomaterials easily integrate with metal ions and other 
therapeutic agents, increasing their possible uses. The body uses CaP to build bones which explains why doctors use this 
substance to treat osteosarcoma. Doctors perform surgery to clear dead tumor areas and attach artificial bone parts 
directly to the bone to eliminate the disease. The implanted metals and ceramic devices break down and become worn 
over time creating fractures between the bone and implant that reduce their lifespan.129 The broken materials from wear 
and corrosion start diseases in both nearby and distant areas, which support cancer coming back. CaP nanomaterials 
demonstrate outstanding compatibility with living tissues, strong resistance to both wear and corrosion. A microwave- 
assisted method was used to synthesize hybrid CaP-containing calcium phosphate (CPPA) microspheres.130 The CPPA 
proved great at absorbing DOX while releasing it in response to changes in pH and worked successfully both inside real 
osteosarcoma tissue and during laboratory research. The CPPA material enhanced the process better than other options, 
where bone cells differentiate into bone tissue. CaP-based nanomaterials can treat osteosarcoma by releasing drugs 
locally while supporting new bone growth owing to their natural bone-building functions.

Calcium Peroxide-Based Nanomaterials
Researchers believe that calcium peroxide (CaO2) nanomaterials hold strong potential for tumor treatment because of their 
multiple beneficial functions. The multifunctionality of CaO2 nanomaterial results from their production of H2O2 and O2 

alongside Ca2+ release during chemical breakdown.131 The body normally processes increases in released calcium ions, so 
cells remain resilient while they eventually die from excess calcium. The produced H2O2 can be transformed into harmful 
ROS through external or internal control, making it an effective tool for multiple biological applications. In addition, owing to 
the crucial role of its decomposition product, H2O2, in antibacterial and anticancer applications, CaO2 has been considered an 
excellent antitumor and antibacterial nanomaterial.131 In tumor therapy, CaO2 generates ROS and can be combined with other 
materials for tumor treatment. Its reaction with water to produce H2O2 enhances the catalytic effect of Fenton or Fenton-like 
reagents, intensifying oxidative stress to induce tumor cell death. Additionally, CaO2 generates O2, increasing O2 levels in 
anaerobic environments and facilitating starvation therapy. The CaO2-based nanospheres (CaO2@Cu-TCPP/CUR) could 
enhance PDT/ chemodynamic therapy and Ca2+overload synergistic tumor therapy through O2/H2O2/ Ca2+ self-supply and 
glutathione (GSH). Cu-TCPP prevented the degradation of CaO2, while Cu2+ could react with GSH, depleting it and 
generating Cu+ species.132 CaO2 could react with H2O to produce O2, H2O2, and Ca2+ achieving O2/H2O2/ Ca2+ self- 
supply, enabling TCPP-based PDT, Cu+ mediated CDT, and Cu-enhanced Ca2+ overload therapy.

The ability of CaO2 nanomaterials to generate H2O2 and O2 upon decomposition provides them with unique 
advantages in applications such as ROS-dependent cancer therapy and alleviating tumor hypoxia. In addition to the 
commonly used Ca2+-based materials in the biomedical field mentioned above, many Ca2+-based materials with excellent 
properties have received widespread attention from researchers, including HAP with excellent drug loading and 
osteogenic ability, CaF2 with enzymatic activity, and calcium hydride (CaH2) with H2 production capabilities.
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Calcium-Based Inorganic Composite Materials
In addition to the individual advantages of Ca2+-based nanomaterials mentioned above, several studies have demonstrated the 
potential of combining Ca2+-based materials with other inorganic materials to construct different structures. Compared to organic 
nanomaterials, inorganic nanomaterials offer more unique physical and chemical properties, providing greater mechanical 
stability while maintaining a certain level of bioactivity.133 In addition, leveraging their optical, magnetic, acoustic, and X-ray 
absorption properties, as well as their chemical properties, such as pH-responsiveness, metal ion chelation, and catalytic activity, 
has led to the development of various multimodal imaging nanoprobes and physical therapy combined with treatment strategies 
targeting tumors. Various inorganic nanomaterials, including single metals, metal/transition metal oxides, silica, and rare earth 
metals, have been widely applied in antitumor therapy. Using a combination of Ca and Cu, intelligent Cu/CaCO3 nanoparticles 
loaded with Chlorin Ce6 (Ce6) (Cu/ CaCO3@Ce6, CCC NPs) were developed.134 These nanoparticles exhibited multi responsive 
release of Ca2+, Cu2+, and Ce6 in the TME, achieving multimodal combined therapy through induced Ca2+ overload, GSH 
depletion, Fenton-like reaction-promoted CDT, and Ce6-triggered SDT. In the presence of H2O2, some metal oxides (eg, MnO2) 
act as promoters of ROS generation, enhancing ROS production through catalytic reactions. pH-responsive nanoregulators were 
developed by combining curcumin (CUR) (Ca2+ enhancer) with CaCO3 and MnO2. The nano regulator enhanced tumor 
treatment efficacy through the release of Ca2+ and Mn2+, Ca2+-induced overload, and Mn2+-catalyzed ROS generation in 
H2O2. Furthermore, integrating multiple inorganic materials into a single nanoplatform can simultaneously exert multiple 
functions.135 In the TME-responsive CaCO3@Pt-TiO nanocomposite (CaPT), Ca2+ release can induce Ca 2+ overload and 
amplify oxidative stress, thereby enhancing the SDT effectiveness.136 The designed Ca2+-based inorganic composite materials 
further enrich their application width based on the excellent Ca2+ overload triggering ability of Ca2+- based materials.

Calcium-Based Organic Composite Materials
Current nanotechnology applications make widespread use of organic materials, including polymers, liposomes, protein 
membranes, and hydrogels, because these materials display unique properties and blend well with biological systems. 
Organic materials added to Ca2+ nanomaterials including CaCO3 and CaO2 improve their application range for cancer 
treatment while handling stability and aggregation issues in Ca2+ systems nanomaterials, such as CaCO3 and CaO2, 
which has enhanced their functional diversity and potential in cancer treatment, addressing issues of poor stability and 
aggregation in Ca2+-based materials.137 Spherical liposomes use lipid bilayers that function as protective capsules to 
shield both hydrophobic and hydrophilic medications from degradation and dilution processes. The drug transport 
properties of liposomes improve when they function as delivery carriers, boosting target tissue absorption while 
minimizing drug-related toxicity. Rationally designed liposome-mediated surface functionalization of Ca2+-NM’s con
tributes to enhanced applications in cancer therapy.138

The liposome system simultaneously encapsulates Ca2+ supplement CaO2, and DNA methyltransferase (DNMT) 
inhibitor decitabine (DAC) to induce ferroptosis under mitochondrial dysfunction conditions.139 The lipid layer effec
tively protected against premature decomposition of CaO2 and premature leakage of DAC after drug administration. 
Recently, the excellent photothermal properties of PDA were used to develop a novel cavity CaO2@PDA 
nanocomposite.140 The chelation-induced core Ca2+ diffused to the outer shell PDA, promoting multiple reflections of 
the near-infrared laser within the cavity, enhancing the photothermal conversion efficiency of PDA. PTT synergize with 
Ca2+ overload therapy to further exacerbate mitochondrial dysfunction, promoting antitumor effects. Materials that 
specifically target to tumor sites, including hyaluronic acid (HA) and biomimetic cell membranes, are widely used in 
tumor treatment because of their excellent immune evasion, prolonged in vivo circulation time, and homologous 
targeting ability. Multifunctional CaCO3 nanoparticles loaded with curcumin and the protein deacetylase (HDAC) 
inhibitor, QTX125, were coated with HA (CaCO3@Cur@QTX125@HA).141 These HA-coated nanoparticles specifically 
targeted the CD44 ligand on the cell surface, significantly enhancing cellular internalization. Hydrogel materials, 
characterized by high local drug concentration, sustained release, low invasiveness, and low systemic toxicity, play an 
important role in cancer therapy.142 Injectable composite hydrogels encapsulating CaCO3 nanoparticles and other active 
ingredients were designed to effectively inhibit the metastasis of head and neck squamous cell carcinomas. Accordingly, 
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the design of Ca2+-based organic composite nanomaterials tailored to specific tumor characteristics and pathological 
needs may yield unexpected effects in cancer treatment.

Exploiting Calcium-Based Nanocomposites for Cancer Therapy
Calcium-based nanocomposites offer a promising platform for developing novel and effective cancer therapies. By 
leveraging their unique properties and exploring innovative design strategies, researchers can continue to advance the 
field of cancer nanotechnology and improve outcomes for patients with cancer.

Calcium-Based Nanomaterials as Drug Delivery Vehicles
Users select Ca2+-based nanoparticles for cargo delivery because these nanoparticles demonstrate several advantages, 
including good compatibility with living systems and easy manufacturing at low cost. The efficiency of Ca-NM’s for 
cancer treatment increases at higher levels when coupled with effective drug delivery systems (DDSs).143 These delivery 
methods send drugs exactly where they are needed and release them gradually, thereby enhancing drug efficacy and 
reducing unwanted effects. Tumor blood vessels that exhibit enhanced permeability and retention (EPR) help these Ca- 
NM’s selectively gather in the tumor tissue, where they deliver their maximum therapeutic effect.

Calcium-based NM’ s for Antitumor Chemotherapy Drug Delivery
Effective cancer treatment is hindered by several challenges, including severe side effects, poor drug bioavailability, drug 
resistance, bone marrow suppression, GIT issues, difficulties in monitoring treatment progress, and limitations in drug 
delivery, such as the poor water solubility of many chemotherapy drugs.144 These factors significantly impact the 
delivery and absorption of therapeutic agents. These limitations underscore the need for innovative approaches to cancer 
treatment that address the shortcomings of conventional chemotherapy. Most of chemotherapeutic medications have poor 
absorption and may have harmful effects on the body. Hydrophobic drugs like Adriamycin and paclitaxel (PTX) can be 
effectively encapsulated by nanocarriers based on calcium that have a high specific surface area, increasing their 
bioavailability.145 This approach enhances drug delivery to cancer tissues while mitigating the adverse effects of 
emulsifiers commonly used in conventional formulations. Furthermore, incorporating PEG or utilizing a biocompatible 
Silk Fibroin coating can extend the circulation time of calcium nanocarrier materials within the body. Moreover, the 
inclusion of PEG or the use of a biocompatible Silk Fibroin coating can prolong the in vivo circulation lifetime of 
calcium nanocarrier materials. This method offers a potential solution to the issue of slow blood/renal clearance of 
chemotherapeutic drugs.146

Specialized calcium-based nanomaterials boost cancer therapy success by maximizing the EPR effect. Researchers 
have carefully adjusted nanomaterial designs to create suitable particles that naturally travel into cancerous regions. 
Nanocarriers that deliver cancer treatments can locate cancer cells better when targeting molecules attached to their 
surface, which helps the drugs make more effective contact with the target cells. Researchers have developed 
a biodegradable nanocarrier system to deliver cancer-fighting drugs that successfully treat a challenging type of liver 
cancer.147 Blood vessels in cancerous tumors allow calcium-based nanomaterials to improve EPR therapy delivery, which 
remains a major technique in cancer control. Engineered nanomaterials move toward tumors better when their dimen
sions match specific charges and remain water-absorbing. Targeted ligands attached to these surfaces improve the 
efficiency of cancer drugs, making them work better and helping them reach cancer cells specifically. The cancer- 
targeting system combines RGD peptides that focus on liver cancer treatment with aptamers that target PTX resistance in 
prostate cancer cells using PSMA-specific binding. Studies show that Ca2+- NM technology delivers cancer drugs better 
while targeting only the affected areas and decreasing side effects.148

When calcium nanoparticles are treated with chemotherapeutic drugs, adverse side effects can be reduced.149 Calcium 
nanoparticles are the primary approach for minimizing side effects because they limit the action of chemotherapeutic 
medicines to the tumor site and regulate drug release. This approach aims to minimize the exposure of healthy cells to 
therapeutic agents. Additionally, this aids in reducing peak plasma concentrations that could be harmful. A novel drug 
delivery system using PTX-loaded CaCO3-coated mesoporous silica nanoparticles minimizes the damage caused by 
paclitaxel (PTX) to healthy tissues during the treatment of tongue squamous cell carcinoma.150 The dual response of this 
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nano system pH and redox, made it possible to control the release of drugs. Nanodrugs using Ca-NMs have demonstrated 
potential in lowering immunogenicity and hepatorenal toxicity, which are two unintended side effects. These nanodrugs 
also prevent the spread of tumors. A nanodrug with a combination of prolonged drug release, anticancer capabilities, and 
osteogenic effects can address the problem of tumor metastasis after surgery for in situ osteosarcoma.151 It includes PTX, 
HAp, and bovine serum albumin (BSA). Numerous tests, demonstrated that these nanoparticles not only support 
osteogenic differentiation but also have strong anticancer effects.152 Chemotherapeutic drug resistance severely restricts 
the use of gemcitabine and other chemotherapeutic drugs for the successful treatment of breast cancer. A promising 
method to overcome this restriction is to use calcium nanoparticles with a shell–core configuration. These nanoparticles 
allow resistance inhibitors (such as VER and verapamil) and chemotherapeutic drugs to be released subsequently, 
reducing chemotherapy efflux from multidrug-resistant cells in a synergistic manner. Chemotherapeutic sensitizers 
added to calcium nanoparticles help to tackle multidrug resistance in patients receiving chemotherapy. Successful 
tumor treatment requires immediate tracking procedures and effective medical interventions during chemotherapy. The 
combination of Adriamycin chemotherapy drugs with carbon dots and magnetite oxides, gadolinium, and manganese 
ions works effectively within calcium nanoparticle platforms. Image tracking agents reach their intended location in 
tumors which enables treatment evaluation in real-time with excellent diagnostic capabilities. The therapy shows 
prolonged cellular distribution coupled with improved tissue retention duration, which leads to enhanced cellular uptake 
when used against tumors.153

Utilizing Calcium-based Nanomaterials for Peptide and Protein Delivery
Drugs based on peptides and proteins are important in cancer therapy because they are very effective in treating tumors, 
have low toxicity and immunogenicity, and provide comparatively off-target effects and interactions with other medica
tions. Therapeutic protein delivery under control, however, is fraught with difficulties. Many proteins targeting intracel
lular targets face significant challenges, including poor cell membrane permeability, instability in the acidic environment 
within cells, rapid breakdown by the body, and degradation by enzymes. These factors significantly limit their therapeutic 
potential. This considerably reduces proteins’ and peptides’ bioavailability.154 Through electrostatic attraction, calcium- 
based nanoparticles can adsorb protein drugs such as peptide antigens, vaccinations, and antibacterial immunoglobulins. 
The adsorption capacity of these proteins can be managed through surface functionalization methods and alongside 
structural changes such as manipulating the growth direction and creating porous frameworks. Targeted calcium 
nanoparticles maintain pH responsiveness, enhancing the delivery efficiency of PTX and superoxide dismutase into 
tumor cells, leading to enhanced accumulation within the xenograft tumor areas of mice. This synergistic impact drives 
the development of combination medications. Researchers preloaded metal–organic frameworks (MOFs) with two T cell 
essential therapeutic proteins, granzyme B and perforin, for tumor treatment.155 The research team used CaCO3 in MOF 
mineralization to stabilize therapeutic proteins in multiple experiments. The tumor-fighting effectiveness of T cell 
immunotherapy improves as calcium ions are released upon calcium peroxide nanoparticle degradation. The combined 
use of CaO2 nanoparticles alongside different proteins and enzymes produces a synergistic outcome. Tumor penetration 
benefits from this combined method, which improves both photosensitizer delivery and T-lymphocyte cytotoxic activity 
while suppressing immunological reactions.

Calcium-based Nanocarriers for Gene Therapy Applications
The benefit of gene therapy over traditional medications is that it can directly alter the genes linked to carcinogenesis at 
the genetic level, thereby guaranteeing long-term effectiveness. However, nucleic acids have a short half-life and are 
unstable in the bloodstream. Their huge negative charges and high molecular weights make it difficult for them to flow 
across biological membranes. Consequently, it is essential to develop suitable methods for nucleic acid delivery. 
Nanocarriers based on calcium show promise in enhancing the effectiveness of gene therapy.156 In vivo, these 
nanocarriers shield molecules from nuclease destruction. It has been reported that calcium lipid phosphate nanoparticles 
that target galactose, or Gal-LCP nano formulations, efficiently and precisely distribute miR-122 into liver cells, 
inhibiting the hepatic metastasis of colorectal cancer.157 Calcium nanoparticles have two functions: they prevent nucleic 
acids from degrading and provide receptor-specific ligands to the delivery system, including peptides, antibodies, 
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aptamers, and affinities. A nanoplatform can be changed when exposed to specific pH levels via cell-penetrating 
peptides.158 Researchers designed a nanoplatform to transport two therapeutic agents, including siRNA and HCPT to 
tumors. After the nanostructure enters endo/lysosomes, the CaP shell dissolves under acidic conditions to release both 
HCPT and siRNA. This nanoplatform combines tumor immunotherapy and chemotherapeutic drugs to enhance cancer 
treatment. Cells can better uptake genes when nanoplatforms are wrapped in cancer cell membranes to deliver treatments. 
A new method was developed to transport interleukin-12 mRNA by encapsulating CaCO3 nanomaterials in a cancer cell 
membrane that received extra cRGD functionality.159 This distinct delivery method improves targeting and helps 
nanoparticles cross the blood-brain barrier. The cRGD-modified cell membrane enables nanoplatforms to penetrate 
brain tumors through the blood-brain barrier and deliver their cargo. Due to their sensitivity to acidity, CaCO3 

nanoparticles dissolve inside cancer cells to release calcium ions and carbonate.160 When carbonates and hydrogen 
ions unite, they form carbon dioxide. Inside lysosomes the building of carbon dioxide pressurizes the compartment until 
it ruptures through its membrane. The scientific field is known as lysosomal membrane permeabilization (LMP). When 
LMP releases lysosomal enzymes into the cytosol, it alters cellular equilibrium and can initiate cell death processes such 
as necrosis and apoptosis. Unlike viral vectors, calcium-based nanocarriers work better for gene transfer because they 
provoke minimal immune responses. Because they activate weaker immune reactions calcium-based nanocarriers lead to 
fewer immune reactions in the host organism compared to viral delivery systems. The lower toxicity of calcium 
nanocarriers stands out when compared with other inorganic transport systems.

Therapy Using Ion Interference
Calcium is a prevalent metal ion in cells, and maintaining calcium ion homeostasis is essential for regular cellular 
functions. By altering Ca2+, ion-interfering treatment (IIT) upsets intracellular ion homeostasis.161

Ion Channels as a Therapeutic Target for the Treatment of Cancer
As regulators of calcium homeostasis, calcium channels and pumps manage complex variations in intracellular calcium 
levels and play a role in the growth of tumors. Significant remodeling of the relevant calcium channel proteins and 
changed expression of calcium transporter molecules are typically seen in conjunction with malignant transformation and 
tumor spread. Calcium channel inhibitors have been used in most tumor treatment investigations. It has been discovered 
that T-type inhibitors of calcium channels, like TTA-Q6 and azelnidipine, interfere with cancer cell’s ability to absorb 
calcium, leading to ER stress. Calreticulin is transferred to the cell surface as a result of this stress, which initiates 
massive phagocytosis and dendritic cell development.162 This approach leads to the activation of antitumor 
T lymphocytes due to efficient antigen presentation. Several studies have investigated the use of amplitude-modulated 
radiofrequency electromagnetic fields to stimulate Cav 3.2 T-type calcium channels in tumor cells, particularly in 
hepatocellular carcinoma (HCC).163,164 This activation induces a quiescent state in HCC cells, targeting cancer stem 
cells and potentially reducing tumor metastasis and primary tumor growth in advanced stages. Additionally, calcium- 
based nanozymes utilize CaF2 nanocrystals to release exogenous Ca2+ upon ultrasound exposure. These nanozymes 
generate ROS and exhibit peroxidase-like activity, demonstrating their potential for cancer treatment.165 When exogen
ous Ca2+ ions are introduced, and calcium ion channels are controlled in tumor cells, intracellular Ca2+ buildup is 
increased, leading to mitochondrial dysfunction caused by Ca2+ overload. Interestingly, the CaF2 nano enzymes’ POD- 
mimetic catalytic activity was greatly increased by ultrasound, which acted as an external energy input.166 Various NM’s 
with Ca2+ for cancer therapy are listed in Table 5.

Combined Ion Interference and Other Therapy
Owing to the complex nature of tumors, a single treatment approach often proves insufficient for effective inhibition or 
treatment. Immunotherapy is frequently combined with other cancer therapies to achieve synergetic effects. A TME- 
responsive nanoplatform was developed using dihydroartemisinin (DHA) encapsulated within Ca2+-doped mesoporous 
silica nanoparticles.167 This approach enhances Fenton reaction-mediated chemo dynamic therapy (CDT) by increasing 
intracellular calcium overload, triggered by DHA-induced calcium release, and reducing intracellular Fe3+ to Fe2+. This 
strategy may trigger pyroptosis in cancer cells, resulting in a strong antitumor immune response.
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Targeted Functionalization
Folate-targeted cancer therapies leverage the ability of folic acid to bind to folate receptor-positive (FR-positive) tumor 
cells to deliver therapeutic agents. Medical professionals equip tumor cells with folate-hapten conjugates to elicit 
antibody responses.168 The immune system fights targeted tumor cells by identifying those cells after they have been 
coated with antibodies and their respective antibody detectors. The goal is to show hidden cancer cells to the immune 
system as these cells require an invisible status to stay alive. This immunotherapy involves a multi-step process.169 

Vaccinating the patient with a foreign agent helps them develop a strong immune response to attack that agent. The 
vaccine trains the immune system to fight and destroy cancer cells more effectively.170 Folate-hapten conjugates are 
administered to attach to tumor cells that show FR presence specifically.171 Subsequently, regular anti-hapten antibodies 
bind to the haptens that decorate the tumor cells. During the last stage immune cells with Fc receptors identify and 
eliminate tumor cells by binding to antibody-coated surfaces.172–174 Immune cells that destroy tumors use proinflamma
tory cytokines as a boosting mechanism.175,176 Importantly, antibody-dependent cell death, unlike apoptosis, promotes 
the presentation of tumor antigens by antigen-presenting cells, further stimulating the immune response against cancer. 
This approach holds significant promise for overcoming immune evasion by cancer cells and effectively combating the 
disease. The folate mediated targeting mechanism is shown in Figure 6.

Limitations of Calcium Nanomaterials for Homeostasis
Calcium nanomaterials can induce tumor cell apoptosis or sensitize cancer cells to other therapies through Ca2+ overload, 
causing mitochondrial dysfunction or disrupting signaling pathways. Nevertheless, their usefulness and safety in clinical 
translation are limited by several intrinsic and extrinsic factors. The major problem is that most calcium nanomaterials are not 
tumor-specific, as they produce low tumor-to-normal tissue discrimination. This may result in the non-specific release of Ca2+ 

and unintentional cytotoxicity in normal cells, negatively affecting the therapeutic window and results in off-target toxicity or 
inflammation of organs. The inherent buffering and compensatory processes in cancer and normal cells may cause an 
additional decrease in the effectiveness of calcium nanomaterials induced Ca2+ overload because these processes can quickly 
replenish ionic homeostasis, thereby blocking the desired apoptotic signals. Tumor heterogeneity, a dense extracellular matrix, 
and irregular vascularization may further impair the adequate penetration and retention of calcium nanomaterials within the 
tumor microenvironment.

The non-controllable release kinetics of Ca2+ nanoparticles may saturate not only tumor cells, but also normal cells, 
which may increase the risk of systemic toxicity and acute inflammatory reactions. Excessive gradual absorption or 
insufficiently absorbed release may not cause the required degree of calcium imbalance to be therapeutically effective. 

Table 5 Representative Ca2+ -Based NM’ s for Cancer Therapy

Sl 
No

Type Mode of Action Ca2+-Based NM’s Functions References

1 Delivery 

carriers

Delivery of chemotherapy drug PTX/siRNAs NPsApt LYS-NPs 

IL-12mRNA@cRGDCM- 

CaCO3 NPs

Controlled release Delivery of 

Proteins and genes

[163]

2 Immunotherapy Induce immunogenic cell death 

Modulate the TIM

CaCO3@Pt-TiO2 OVA@  

CaCO3

Mitochondrial Ca2+ overload 

Induce ICD Neutralize tumor 

acidity, induce autophagy of 
dendritic cells (DCs), and 

promote the release DAMPs.

[164]

3 Tumor 
calcification

Mitochondria calcification 
initiation and Ca2+ homeostasis 

dysruption

CaO2/BP@ BCLT CaP-AA Gathers Ca 2+ [165]

4 Ion 
interference 

therapy

Theranostic agent delivery 
Enhancing calcium ion channels 

levels

GOx-MnCaP NPs 
M@ CaCO3@KAE

Ca 2+ overload Amplified 
oxidative stress

[166]
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The hypoxia and acidity of the tumor microenvironment can be unpredictable for the dissolution of nanoparticles and 
release of Ca2+, which can result in variable results. Moreover, the long-term effects of Ca2+ stress can decrease the 
effectiveness of the treatment by activating survival pathways, initiating autophagy, and forming resistant tumor cell 
subpopulations. The toxicity and biocompatibility of the nanomaterial platform should also be considered. Synthesis 
issues including the possibility of reproducibility, scalability, and quality of calcium nanomaterials, as well as the absence 
of non-invasive methods to measure Ca2+ dynamics, further limit the implementation of this strategy in clinical practice. 
Thus, although manipulating tumor Ca2+ homeostasis using calcium nanomaterials holds potential, the problems 
associated with specificity, delivery, toxicity, resistance, and clinical viability are essential for implementing these 
nanomaterials as a part of a complex cancer treatment strategy.

Figure 6 Diagrammatic representation of use of nano carrier in cancer cell death mediated via folate receptor [Image is created by Biorender.com].
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Conclusion and Future Perspectives
This article reviews the relationship between Ca2+ homeostasis and tumor therapy, covering the mechanisms of Ca2+ 

regulation, its link to tumor progression, types of Ca 2+-based nanomaterials, and their diagnostic and therapeutic 
applications. Despite the advances made, challenges remain. These include inefficient accumulation of materials at 
tumor sites, insufficient Ca2+ release after internalization, and slow development of drugs targeting Ca2+ -regulated 
mechanisms. Enhancing intracellular Ca 2+ concentrations through drugs could address inadequate exogenous Ca2+ 

supply, but limited options exist. Biosafety concerns are crucial, as increasing doses or using novel materials may lead to 
adverse reactions. Ca2+ homeostasis needs to be studied through the control of upstream regulatory processes to 
comprehend effects beyond direct Ca2+ changes. The creation of advanced Ca2+ -based nanomaterials and innovative 
Ca2+ homeostasis mechanisms must come first for us to develop effective and safe medical tools.

The importance of calcium signaling in cancer treatment remains unclear because of its intricate relationship with 
different cancer cells. The ion interference method shows promise, but industry experts must continue to develop it 
because it causes problems when cells change and hit unintended targets. The need for more research on calcium and 
immune lasers depends on our success in translating preclinical findings into real medical treatments. The mechanism of 
tumor calcification in therapy requires further research, including how body systems respond best to these treatments. 
Better calcium probes and expanded analytical methods, including metabolomics and proteomics, need development to 
enhance calcium signaling research. To create effective cancer treatments using calcium, one must work as a team across 
several fields. A better understanding of how calcium interacts with cancer will help create better treatment methods for 
this generation. This review highlights essential findings while suggesting that further research is needed to fully achieve 
the therapeutic potential of calcium-based cancer therapies.
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