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Abstract

Calcium phosphates (CaP), the
major mineral composition of bone and
teeth, are exceptionally biocompatible and
frequently used in bone tissue engineering.
The biodegradable calcium phosphates have
a high affinity for nucleic acids and
therapeutic prescription drugs. Calcium
phosphate nanoparticles(CaPNPs) can also
be employed as excellent delivery vehicles
to transport therapy into tumor cells due to
their high affinity for binding to therapeutic

medicines and nucleic acids. CaPs'
simplicity of manufacture and
functionalization, as well as intrinsic

features such as pH dependent solubility,
offer benefits in the administration and
release of these bioactive compounds
employing CaPs as nanocarriers. Because of
their safety and biodegradability, CaPNPs
are  effective carriers for  vaccine
formulation and adjuvants. A brief account
on the usage of CaPNPs as a vehicle of drug
delivery for various diseases and also in the
field of regenerative medicine has been
explained. Many research groups have made
significant progress in studying CaPNPs in
the context of vaccination. In this study, we
also focused on the fundamental properties
of CaPNPs as well as their most recent
application as a vaccine.

Keywords: Calcium phosphate

nanoparticle, cancer, drug delivery, immune
system, vaccine

Copyright © 2024 Authors

Authors

Sanchari Giri

Center for Healthcare Science and
Technology

Indian Institute of Engineering Science and
Technology

Shibpur, Howrah, India

Rajdeep Ganguly

Center for Healthcare Science and
Technology

Indian Institute of Engineering Science and
Technology

Shibpur, Howrah, India

Howa Begam

Center for Healthcare Science and
Technology

Indian Institute of Engineering Science and
Technology

Shibpur, Howrah, India

Page | 115



Futuristic Trends in Chemical, Material Sciences & Nano Technology

e-ISBN: 978-93-5747-683-6

1P Series, Volume 3, Book 3, Chapter 8

APPLICATIONS OF CALCIUM PHOSPHATE NANOPARTICLES IN DRUG DELIVERY SYSTEM

I. INTRODUCTION

Nanoparticles (NPs) are promising drug delivery systems due to their ability to enter
and exit biological compartments and reach biological targets. The unique optical, electrical,
physicochemical, and biological features of nanoparticles—due to their high surface to
volume ratio—have led to their usage as drug delivery systems [1]. Any prospective
bioactive substances should be able to be incorporated into a drug carrier through physical or
chemical bonding while also being protected in the bloodstream. By adjusting their size,
shape, ability to carry cargo, and surface qualities, nanoparticles can be made to carry out a
variety of tasks [2]. Potential bioactive substances ought to be able to be incorporated
physically or chemically by a drug nanocarrier in order to protect them in the bloodstream.
To improve therapeutic effectiveness, the nanocarrier complex should degrade gradually and
offer constant and regulated drug release over an extended period of time [3]. Also, it must
offer a viable method for binding just to the intended cells or tissues in order to minimize side
effects and increase the concentration of the drug at the site [4]. When administered,
nanoparticles get into the biological system. The blood, gastrointestinal system, lungs, skin,
and muscle are major administration sites. The various areas of the body then receive
nanoparticles from the administration site. While some of these nanoparticles approach and
reach target cells, others are trapped in off-target locations or are completely eliminated from
the body [1]. Numerous biomaterial-based delivery systems or carriers have been produced
and are now employed to treat cancer. In nanotechnology, several kinds of nanoparticles,
namely polymeric, inorganic, gold etc., and liposomes, hydrogels, and exosomes, are used as
drug delivery systems [5].

Il. CALCIUM PHOSPHATE NANO PARTICLES (CaPNPs)

Nanoparticles are promising vehicles for the precise delivery of molecular therapies to
diseased sites. Nanoparticles interact with a series of tissues and cells before they reach their
target, which causes less than 1% of administered nanoparticles to be delivered to these target
sites. Among different synthetic nanocarriers, biocompatible calcium phosphate nanoparticles
(CaPNPs) have gained interest in nanomedicine which are main mineral composition of
human bone and teeth [6].

After cellular absorption, CaPNPs are easily soluble at lower pH inside phagosomes,
endosomes, or lysosomes and stable at the neutral pH of our body fluid [7]. CaPNPs have a
number of benefits including the capacity to incorporate drug inside and surface of NPs by
physical bonding or covalent bonding, the capacity to retain the drug molecules until the NPs
come to the target site, and the ability to produce the safe compounds calcium and phosphate
ions after CaPNP is degraded [8], [9]. Beginning from the regeneration of damaged bones to
the treatment of cancer, calcium phosphate nanoparticles have proven to be an excellent
medium of drug delivery.

I11.CaPNPs FOR INTRACELLULAR DELIVERY FOR TREATMENT OF CANCER

For the treatment of one of the leading causes of death all across the world, the
utilization of calcium phosphate nanoparticles had taken place for delivering drugs to the
tumor cells. Cancer is a disease associated with the uncontrolled proliferation of the cells of
the human body, leading to the eventual spreading of the same to other parts of the body. The
origin of the cancer cell includes almost every tissue inside the human body. Due to the
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mutations of either the proto-oncogenes or the tumor suppressor genes, the normal cell cycle,
by the dint of which cell division takes place in a healthy condition, becomes uncontrollable
and gives rise to cancerous tumor [10], [11]. A projection of 28 million new cases of cancer
is being predicted annually by 2040, showing an increment of 54.9% in comparison to 2020
[12]. For 2023, the projections for novel cases of cancer and cancer related deaths are
1,958,310 and 609,820, alone for a developed nation like the United State of America [13].
Even in India the prediction for cases of cancer is 2.08 million in 2040, according to
GLOBOCON [14].

1.

Osteosarcoma: In an instance of delivering doxorubicin to the 143B osteosarcoma cell
line, by Zhou et al., in the year 2016, it was found that using calcium phosphate-
phosphorylated adenosine organic-inorganic hybrid microspheres had appreciable
therapeutic effects [15]. In 2017, Son et al., performed chemotherapy on MG-63 (human
osteosarcoma cell line) using drug-loaded CaP nanoparticles and found that such
nanoparticles efficiently released the drugs in a controlled fashion [16].The usage of
calcium phosphate nanoparticles is not limited to the realm of treating osteosarcoma but
extends to a myriad of cancers.

Melanoma: In 2022, Lima et al., experimented with calcium phosphate nanoparticles
which were loaded with doxorubicin and hyaluronic acid to address melanoma. It was
reported that melanoma cells (A-375) had damaged DNA with an increase in the area of
the nucleus and also showed senescence. Formation of colonies was also deterred on short
exposure treatment followed by 14 days of incubation [17]. Xu et al., used hydroxyapatite
nanoparticles based chitosan/alginate hydrogel which showed great anti-melanoma effect
[18].

Breast Cancer: For delivering cisplatin to treat breast cancer, palladium-based
hydroxyapatite was formulated by Fathy et al., in 2017. As an outcome of the study, these
nanoparticles showed high cytotoxicity against the target cells [19]. For targeted drug
delivery to the breast cancer cells, platinum-loaded selenium-doped hydroxyapatite
nanoparticles were prepared by Barbanente et al., in 2020. It was a successful attempt at
treating breast cancer as this mode of drug delivery was able to selectively prevent the
proliferation of cancer cells [20]. Hydroxyapatite-based nanocomposite loaded with
quercetin had successfully treated breast cancer, in an experiment conducted by Samadi et
al., in 2021. On administering the drug-loaded nanocomposite on MCF-7 cell line,
cytotoxicity in the same was observed as quercetin was released in a sustained manner,
eventually leading to the apoptosis of the cancer cells [21].

Cervical Cancer: For chemotherapy to treat cervical cancer, Zhu et al. experimented
with mesoporous silica-based CaPNPs to deliver doxorubicin, to HeLa cell line, after
encapsulating with liposome and zinc phthalocyanine. With controlled drug release,
cellular uptake of the nanoparticles was reported, which induced apoptosis of the cells
due to increased osmotic pressure [22]. On experimenting with HeLa cell line, Rout et al.,
in 2012, had found that the magnetic calcium phosphate nanoparticles were capable of
efficient delivery of cis-platin which induced apoptosis by elevating the levels of toxicity,
in the target [23].

Colorectal Cancer: In case of treatment of colorectal cancer, CaPNPs have also proven
to be efficient vehicles for drug delivery and it can be exemplified by a study conducted
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by Mohiyuddin et al., in 2018. On loading 5-fluorouracil on CaPNPs and delivering it to
the population of HCT-15 colorectal cancer cells, half of the population of the mentioned
cell line were inhibited. Thus, these nanoparticles exhibited anti-neoplastic behavior [24].
The experiment conducted by Bai et al., in 2021, can also be cited as an important one as
they had successfully encapsulated PSVII carboxymethyl-B-cyclodextrin inclusion
compound in CaPNPs to target colon cancer. The drug resistance was inhibited by the
increased expression of E-cadherin and a reduction in the N-cadherin and MMP-9
expression was also observed, in this experiment [25]. Another recent example of
addressing colon cancer involves the experiment conducted by a recent experiment
conducted by Mesas et al. in 2022. T-84 colorectal cancer cell line were subjected to
euphorbetin and esculetin (Euphorbia lathyris seeds derived coumarin compounds).
These coumarin compounds were coated on amorphous calcium phosphate nanoparticles
and were tested in both in vitro and in vivo setup. An elevated anti-tumorigenic activity,
characterized by the reduction in the volume of the tumor with poorly developed tumor
vasculature and reduced number of polyps was observed, in vivo [26]. The help of 3D
organoid model has been taken by Deng et al., to provide evidence for the efficacy of
drug delivery using hydroxyapatite nanocluster for chemotherapy of colorectal cancer. On
loading DOX onto the fabricated hydroxyapatite nanocluster, it was found that the said
drug was released in a slightly acidic environment on delivering it to 3D organoid model
of colon cancer, showing appreciable antitumor activity [27].

6. Lung Cancer: CaPNPs finds its usage even in treating lung cancers also. In the
experiment conducted by Mohiyuddin et al., in 2018, 5-fluorouracil loaded CaPNPs were
used for delivering the drug to A549 lung adenocarcinoma cells. In this case half of the
cell line population was inhibited [24]. Lumefantrine was also delivered to A549 cells, in
an experiment by Sethuraman et al., by the usage of CaPNPs loaded on lipidic
cubosomes. Here, the cellular uptake of lumefantrine occurred resulting in the eventual
apoptosis of the cells due to enhanced cytoxicity, because of the drug delivery system
[28]. In 2020, Li et al., provided evidence of conducting successful chemotherapy of lung
cancer by the use of hydroxyapatite nanoparticles loaded with Bovine Serum Albumin as
a system of drug delivery [29]. Even for the photodynamic therapy, through the
generation of reactive oxygen species (ROS) in the A549 cells of lung cancer,
hydroxyapatite nanoparticles, which were doped with hafnium, have proven to be a
potential option. The ROS levels in the mentioned cell line were found to have increased
on bombardment with ionizing radiation, after they were subjected to the administration
of the doped nanoparticles [30].

7. Prostate Cancer: For the treatment of prostate cancer also CaPNPs have been developed.
Luo et al., in 2010 had successfully activated caspase 2, which had led to the apoptosis of
the PC3 prostate cancer cell, by the use of oleic acid coated hydroxyapatite nanoparticles
carrying Docetaxel [31]. Yang et al., had developed calcium phosphate based
nanoparticle for delivering zoledronate & docetaxel for inhibiting metastasis of prostate
cancer to the bone, in an in vitro 3D model. The aforesaid nanoparticles were found to
have effectively reduced the proliferation of the PC-3 cell line and bone lesion by co-
delivering the two drugs, hence proving to be a potential option for treating bone
metastasis of prostate cancer [32]. As another potential candidate to target the same
disease, nano hydroxyapatite combined with folic acid and polyethylene glycol, was
synthesized by Deng et al., recently in 2023. The delivery of the anti-cancer drug
Doxorubicin was efficient and apoptotic assay verified its anti-tumor effect. SPECT
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showed proper targeting of the prostate cancer cells with bare minimum damaged caused
to the healthy tissues [33].

IV.RHEUMATOID ARTHRITIS

Calcium phosphate nanoparticles have been utilized the most in the treatment of
disorders related to the skeletal system and also in its regeneration. One of the most important
diseased conditions related to the skeletal system includes rheumatoid arthritis. An incurable,
chronic, inflammatory, autoimmune disorder, beginning in the synovial joints and affecting
the joints, primarily [34]. The treatment can reduce pain and deter further damage [35]. In the
process of developing a treatment, Pandey et al., had fabricated CaPNPs loaded with
methotrexate. As an outcome of this process, cartilage and bone regeneration was observed
with a significant decrement in the progression of the disease [36]. As another viable option
for the treatment of rheumatoid arthritis, using hyaluronic acid coated hydroxyapatite
nanoparticles having teriflunomide and methotrexate loaded onto it has emerged recently in
2021. It also has a synergistic effect in the sense that this method of drug delivery also comes
with reduced hepatotoxicity [37].

V. REGENERATIVE MEDICINE

In the field of regenerative medicine, CaPNPs have also proven to be of pivotal
importance for the regeneration of bones and blood vessels. In 2018, through an experiment
conducted by Chen et al., it was found that CaPNPs loaded with Dexamethasone, induced
angiogenesis and osteogenesis in human umbilical vascular endothelial cells placed in
scaffolds having microgrooves [38]. Osteoconductive effects were also induced in human
adipose derived mesenchymal stromal stem cells, by calcium phosphate nanocrystals,
fabricated by Marycz et al.[39]. Contributing to osteogenesis is not the only application of
CaPNPs, in the field of regenerative medicine. Salehi et al., in 2017, had successfully
developed a hydroxyapatite nanoparticle for regenerating neurons. Type | collagen loaded
hydroxyapatite nanoparticles have been reported to have effectively reversed the sciatic nerve
crush injury, by regenerating the peripheral nerves [40].

VI.ANTIMICROBIAL ACTIVITY

CaPNPs have been used to counter microbial toxicity as well. Kanamycin and
gentamycin loaded CaP nanoparticles have shown sustained drug release. The results have
also revealed that the cell membranes of the bacterial species, involved in the study, have
undergone disruption, thus, inhibiting the toxic impact of bacterial infection [41]. CaPNPs
have been fabricated as bifunctional system for delivering chlorhexidine to prevent bacterial
colonization of dental surface and also to achieve remineralization of the damaged enamel of
teeth [42]. Fabricated hybrid hydroxyapatite based nanofibers loaded with Doxycycline has
also shown excellent inhibition of both gram negative and gram positive bacteria [43].

1. Osteomyelitis: Osteomyelitis is a musculoskeletal infection which involves the
inflammation of bone and bone marrow by pyogenic organisms, which includes bacteria,
fungi and mycobacteria, spreading through the fractures, surgery or bloodstream [44],
[45]. It can be chronic or acute in nature, characterized by destruction of bone, necrosis &
apposition of new bone [44], [45]. It is currently a pressing challenge in the field of
orthopedic surgeries [46]. For addressing such infections, cloxacillin was loaded onto a
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novel nanocomposite cement based on CaP, synthesised by Seyfoori et al.,, in 2017. The
results of this study showed that there was controlled drug release leading to the
inhibition of growth of bacterial population [46]. CaP nanoparticles powder has also been
successfully developed for the tunable delivery of bovine serum albumin and fluorescein
at the site of infection. It is also being expected with further research osteoconductive
properties can also be generated in the mentioned nanoparticles [47]. S.aureus being one
of the most prominent causative agents of this infection, has been targeted by Uskokovié¢
and Desai by loading clindamycin on hydroxyapatite. This endeavor had caused the
intracellular population of bacteria to decrease effectively with a slowed down pathogenic
growth. Besides this the speed of the process of osteogenesis was also enhanced [48].

2. Periodontitis: Periodontitis is one of the most common inflammatory diseases of the oral
cavity, which occurs due to infection of the tissue supporting the tooth structure, called
the periodontium [49]-[51]. It is characterized by the formation of biofilms which varies
in the composition.[51] For delivering high concentration of antibiotics to treat
periodontitis with minimal side effects, hydroxyapatite based nanoparticles were prepared
by Madhumathi et al., in 2017. These nanoparticles had shown slow and sustained release
of tetracyclin drug and had also shown suitability for effectively managing periodontal
infrabony defects [52]. Tetracycline-loaded multifunctional nanocrystalline CaP also
exhibited antimicrobial activity against both gram positive and gram negative species of
bacteria [39].

VII. APPLICATION OF CALCIUM PHOSPHATE IN CANCER IMMUNE-VACCINE
DEVELOPMENT

Immunization is a long-practiced procedure, this has been functional for centuries.
Although vaccines for infectious diseases are in use for many decades, a very limited number
of cancer vaccines are approved for human usage. In recent times, some vaccines are seen to
cut short in the number of cancer incidences. Cancer immunotherapy has crossed a long
pathway since 1909 with Paul Ehrlich proposing the immune surveillance hypothesis to
recent most used vaccines in human diseases [53]. Basically, cancer vaccines are designed to
induce immune responses towards antigens. Besides very few cancer vaccines being actually
available for humans, any of them are in the clinical trial phase. The success rate of cancer
immune vaccine is dependent on many factors like types of antigen used, tumour
microenvironment, the tumor's immune system, etc [54].

1. Calcium Phosphate-Mediated Cancer Immune Vaccine: In the past twenty years,
nanoparticle-mediated vaccine delivery has gained immense popularity. Solid cores
which range in diameter from 1 to 1000 nm are used to create nanoparticles. They have
showed tremendous potential in functions as vaccine carriers and medication delivery
systems. Nanoparticles of calcium phosphate have been used as adjuvants in vaccines for
several years. Relyveld and his colleague published the very first study on calcium
phosphate vaccination adjuvants in 1964 [55]. Adjuvants for the vaccines against
diphtheria, pertussis, poliomyelitis, and tetanus are commonly produced using calcium
phosphate nanoparticles [56], [57]. Current research suggests that Cap nanoparticles
could potentially replace alum salts in the manufacturing of vaccines [58]. It is simple to
create calcium phosphate nanoparticles since it is non-toxic, biodegradable, inexpensive
to make, and demonstrates pH-dependent solubility, which is significantly different from
alum powders [59]. Also, it is clear that calcium nanoparticles shield antigen cargo from
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early proteolytic and enzymatic degradation as well as blocking reticulohistocytic system
removal (RHS) [60],[61]. Cap is a good candidate to be a vaccine adjuvant since it is
simple to functionalize with different adjuvants [62],[63].

2. Antigen Loading Strategies for CaPNPs: Strong bonds between the antigen and
nanoparticle are necessary for nanoparticles to work well as a vaccination adjuvant. For
this objective, adsorption, encapsulation, co-mixture, and chemical conjugation are
primarily used. The most widely used techniques for antigen loading in nanoparticles are
adsorption and encapsulation, which are accomplished by charge attraction and
hydrophobic contact [64]. The weak interaction caused by salt concentrations, exogenous
lipids, and proteins that displace the antigen at the injection site is a drawback of the
adsorption method. This can result in a burst release of antigen from NPs in vivo or a
sudden release away from the APC, which lowers immunity [65]. The main factor
influencing surface adsorption is the electrostatic interaction between the antigen and
CaPNPs. For instance, the electrostatic interaction between the Ca2+ and PO4 3 anions of
HAP and the COO and NH4 + cations of the protein antigen causes the adsorption of
bovine serum albumin (BSA), ovalbumin (OVA), or lysozyme on HAp [66].

To achieve constant antigen release and delivery of all the antigen to the antigen-
presenting cell (APC), encapsulation and conjugation may be a suitable option. Generally
speaking, encapsulation may be accomplished by combining antigens with chemical
reagents and solvents during the NP synthesis step, producing a strong contact akin to
chemical conjugation. As the antigen is not released until the NPs dissolve, this method
can increase the effectiveness of antigen transfection by delivering the antigen where it is
needed. In a precipitation synthesis, Dasgupta et al. encapsulated BSA protein by first
integrating it with the Ca2+ solution before combining it with the PO4 3 aqueous
solution. This produced 50-60 nm NPs that contained up to 24% by weight BSA protein
[67]. Using a hybrid encapsulating stabilisation technique, Chiu et al. (2012) [68]
produced the antigenic 2protein with peptides that bonded to and stabilised calcium
phosphate. When the Ca** phase was added to the PO,> aqueous solution phase in this
manner, the protein stabilised the calcium-phosphate nucleation and created nanoparticles
(60—70 nm) with an amorphous calcium phosphate core and a protein shell [69]. Proteins
and peptides, which are antigenic molecules, have also been included by chemical
conjugation by being covalently linked to the surface of the NP. Ramachandran et al.
loaded the PEG-CaP particles with insulin for an oral administration therapy after
functionalizing the surface of CaP NPs with carbodiimide chemistry to covalently
connect diamino-PEG [70],[71]. To covalently bind antibodies and antigens, Kozlova et
al. synthesised CaP NPs covered with a silica shell that was functionalized by thiol/amino
groups or salinization [72]. Since the conjugated antigen has been discovered to be
protected from proteases in the mucosal tissue, the use of antigen-conjugated NPs has
some notable advantages for mucosal immunisation. Contrary to a mixed formulation,
conjugation of antigens, adjuvants, and NPs has been found to provide greater immunity.
CaP NPs function as an immune potentiator (adjuvant) as well as a delivery method
[73].[74].

VIII.NANOPARTICLE UPTAKE AND IMMUNOGENICITY

The ability to generate an immunological response depends on how well the NPs are
taken up by the dendritic cells (DC). Using CaPNPs as vaccine carriers rather than just
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antigens results in a more effective delivery of antigen to DC [75]. The size, shape,
composition, and surface charge of the nanoparticles all affect their capacity for nanoparticle
absorption. It is clear that the immunogenicity of vaccines is significantly influenced by
nanoparticle size [76]. The size of the np is the most significant variable influencing np
uptake [77]. NPs are readily absorbed by lymph nodes and the lymphatic system in the size
range of 20-100 nm [78]. Once in the lymph nodes, the antigens produced by the
nanoparticles can quickly activate B cells and are quickly ingested by DCs by phagocytosis.
Long-term humoral and cell-mediated immunity are strengthened by this. Cells (DCs) at the
injection site take up larger nanoparticles (size around 200 nm), which are not easily taken up
by lymph nodes, by endocytosis or micropinocytosis. This occurs prior to the DCs migrating
to the lymph nodes and inducing a significant immunological response [79]. Studies
conducted in vitro have shown that NPs with a size of less than 500 nm are suitable for DC
absorption [80]. In compared to micron-sized particles, nano-sized particles have also been
proven to have greater cell penetration and immune response induction abilities [81]. Recent
research has demonstrated that nanoparticles between the sizes of 100 and 400 nm can elicit a
stronger immune response than smaller or larger nanoparticles [82]. The surface charge of NP
has a significant impact on immune response. Comparatively to neutral or negatively charged
nps, positively charged CaPNPs are found to be more readily absorbed by cells [83].
Moreover, the form of the particle is crucial in triggering an immunological response.
Obviously, compared to spherical or plate-shaped NPs, knife-shaped CaPNPs are more
exciting [84],[82]. While inducing similar humoral immunity to connected antigens in vivo,
rod-shaped CaPNPs stimulated more IL-1Beta production in vitro than spherical NPs [82].
The functionality of the NP is significantly influenced by the configuration of NP. When
compared to HAp, amorphous calcium phosphate (ACP) is found to have a weaker
immunostimulatory effect [85]. Since CaPNPs are cheaper and their formulation is easily
modifiable, they can be widely used as vaccine adjuvants.

IX. TARGETING INNATE IMMUNE SYSTEM

Innate immune system plays important role in development of adaptive immunity to
antigens [86]. In recent past, the effect of CapNPs on innate immunity was studied. In mice
model, BSA loaded CaPNPs showed robust stimulation of innate immune response [87].
When mouse was injected with B-tricalcium phosphate (B-TCP) nanoparticles, they initiated
migration of mouse monocyte/macrophage cells to injection site, consequently, it largely
stimulated the production of macrophage inflammatory protein 1 alpha (MIP-1a). This is a
suggestive that of B-TCP plays a novel role in vaccine application [88]. Innate immunity
greatly depends on pathogen-associated molecular patterns (PAMPS) by Pattern recognition
receptors (PRR) like TLRs (Toll like receptors). TLR activation can lead to inflammatory
cytokine production, enhance macrophage phagocytosis activity, as well as increase antigen
presentation. As a result, TLR agonists in vaccine development is hugely studied in pre
clinical stage [89],[90]. The adjuvant effect of CaP encapsulated with TLR ligands CpG and
polyriboinosinic:polyribocytidilic acid (poly(l:C)) was studied in mouse model. It was
observed that the TLR infused NPs initiated high levels of innate inflammatory cytokines IL-
12p70 and TNF-q, this resulted in DC maturation and rapid activation of CD4+ T cells [91].
Flagellin is a PAMP, this can be sensed by TLR 5 on the host surface. Flagellin
functionalised CaPNPs initiated more proinflammatory cytokines IL-1p from bone marrow
derived macrophages [92],[93]. Over the past ten years, researchers have looked into how
CaPNPs can boost the innate immune system. In a study conducted by Behera et al., it was
shown that CaPNPs loaded with Labeo rohita H. S-layer protein, derived from Aeromonas
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hydrophila, induced a strong innate and adaptive immune response in a fish model upon
parenteral immunization [94]. According to Matesanz et al., [87] BSA-loaded nanosized CaP
caused an immediate enhancement of the innate immune response in mice. Additionally, the
production of inflammatory cytokines like IL-6 (interleukin 6) and TNF- B (tumor necrosis
factor-p) were significantly increased while macrophage proliferation and phagocytic activity
were significantly reduced [87]. In the development of calcium phosphate nanoparticle (CaP
NP) vaccine formulations, it is important to consider several crucial findings. The inclusion
of Toll-like receptor (TLR) ligands in the formulation can not only increase the adjuvanticity
of the vaccine but also act as a "depot” system. This depot effect allows the vaccine to stay at
the injection site for an extended period, enabling efficient sequestration of the vaccine by
dendritic cells and other antigen-presenting cells. The selection of CaP NP synthesis methods
is also critical, as various methods can result in variations in the Ca to P ratio, which
significantly influences the immunogenicity of the vaccine. It is crucial to note that
hydroxyapatite represents one of the most stable CaP formulations. However, considering
substitute CaP formulations such as tricalcium phosphate (B-TCP) is also valuable. By
incorporating TLR ligands into the CaPNP vaccine formulation, the immune response can be
increased due to the activation of innate immune receptors. These ligands can trigger
signaling pathways that promote antigen presentation, macrophage phagocytosis activity, and
the production of inflammatory cytokines. Consequently, the immune system mounts a
stronger and more targeted immune response against the vaccine antigen [95].
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Figure 1: (a) Different Strategies for Antigen Loading in CaP nanoparticles (b) NPs are
Easily Absorbed by Lymph Nodes and the Lymphatic System in the Size Range of
20-100 nm

X. HUMORAL IMMUNE SYSTEM ACTIVATION

In comparison to conventional aluminium adjuvants, CaPNPs initiate more antibody
response [96]. Avian avulavirus-1 conjugated CaPNPs vaccines were applied to chickens in
an experiment by Viswanathan et al and that induced greater and quicker humoral immune
response(lgA antibody) [97]. In a different experiment, foot and mouth disease virus
targeting DNA vaccine was encapsulated in CaP NP and it was injected in mouse and
guineapigs, as a result a powerful immune response (neutralizing antibody) was initiated and
it protected the animals from live viruses [98]. In a study by Temchura et al, Hen Egg
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Lysozyme (HEL) conjugated CaP NPs efficiently targeted and activated B cells both in vitro
and in vivo by using BCR-transgenic B cells from SW-HEL mice model. The expression of
B-cell activation markers were significantly higher as a result of the application.[99] In an
experiment done by Chua et al, a novel vaccine was developed using OVA as a model
antigen as well as chitosan and HAP NPs as delivery medium. Once the vaccine was
introduced in mouse, a powerful antibody response (IgG1) was induced and this it remained
for 12 months [100]. In another studies, it was seen that CaP-HEL (calcium phosphate-hen
egg lysozyme) NPs encapsulated with TLR ligands initiated higher level of antibody response
(1gG) in comparison to when Cap-HELNPs were not functionalised with TLR ligand. The
authors of this study also evaluated several TLR ligands for CaP-HEL and found that TLR
ligands loaded with CaP-HEL resulted in greater IgG antibody levels than CaP-HEL used
alone did. The study showed that CaP-HELNPs functionalized with various TLR ligands
influenced the generation of mucosal IgA antibodies as well as the 1gG isotype response.
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Figure 2: (a) CaPNP Functionalised with Flagellin after Binding with TLR creates
Interleukin Cascade. (b) More Antibody Activation when CaP-HEL nps Functionalised with
TLR Ligands

Three Brucella antigens (FIiC, 7-HSDH, and BhuA) and two multi-epitopes (poly B
and poly T) were loaded into a unique CaP vaccine, and it was shown that this dramatically
improved both the cellular and humoral immune responses to the antigens [101].
Additionally, the proportion of IgG2a antigen-specific to IgG1l increased [102]. A new
multiepitope (MIC3, ROP8, and SAG1) vaccination with CaP adjuvants was recently
developed by Dodangeh et al. They discovered that mice given the MRS-CaP vaccination had
higher humoral (IgGl and 1gG2a) and T helper type 1 cell-mediated immunological
responses compared to control mice [103]. Overall, the results demonstrate that antigen- and
TLR-loaded CaPNPs are potential vaccine formulations for effective antibody production and
regulation.

XI.FUTURE SCOPE AND CONCLUDING REMARKS

Based on the possibility of loading various types of drugs on CaPNPs, it can be
predicted that such nanoparticles can serve as an effective medium of drug delivery, for
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treating variety of diseases [104], [105]. Bio-imaging using CapNPs also seems to be possible
as a part of their clinical application, in the near future [105]. One of the prime applications in
the realm of regenerative medicine can also include the regeneration of bones, mainly
because of their property of being biocompatible and of supplying calcium ions, naturally
[104]. Despite great strides in the development of these nanoparticles, the obstacle of stability
of the nanostructure along with a steady circulation in the bloodstream, which is naturally rife
with proteins, enzymes and cells of the immune system, still remains [106]. Agglomeration
of the nanoparticles due to high ionic strength and low electrostatic repulsion between the
particles is another hurdle that requires attention.[106] Another drawback is the alterations of
the surface characteristics as a result of the protein adsorption, in this case, which needs to be
addressed [106]. In spite of the presence of such hurdles, it is necessary that there is a
development on the understanding of the fundamental concepts of chemistry, biology and
properly designed animal studies, supported by appropriate stewardship to enable the delivery
of drugs using CaPNPs to their target site in a precise manner [106].

Cancer vaccines must be secure, efficient, and economical, and calcium nanoparticles
considerably takes part in these goals thanks to their security, controlled release, targeting of
DCs (dendritic cells), better antigen absorption, and increased immunogenicity. Here, we
went through the factors to take into account while developing calcium nanoparticles as
cancer vaccine delivery vehicles. The modulation of antigen distribution, cellular uptake
mechanism, antigen presentation, and the type and strength of immune response have all been
shown to depend critically on the physicochemical properties of size, zeta potential, particle
rigidity, targeting ligand, and intrinsic immunogenicity. Therefore, it is important to consider
these traits in order to maximize antitumor responses. We also included recent developments
in nanotechnology for the administration of cancer vaccines, and we hope that this study will
provide direction for the development of future cancer vaccines. However, the balance
between the host immune system's anti-tumor response and the suppressive immunological
microenvironment complicates tumor growth [107]. Therefore, combining cancer vaccines
with therapies that limit the cancer microenvironment would further improve the
immunotherapeutic result, and this combination has received substantial preclinical and
clinical evaluation [108]. Combining cancer vaccines with checkpoint inhibitor blockades is
one of these strategies. It is widely established that ligation of PD-1 with PD-L1 results in T
cell fatigue, tolerance, and malfunction [109]. Blocking these inhibitory pathways should
boost the T cell-mediated immune response, which is thought to be the primary cancer
vaccine effector. Another potential for pairing with cancer vaccination would be approaches
to enhance effective T cells infiltration while preventing the actions of suppressive immune
cells inside the tumour microenvironment. The majority of treatment failures for cancer
vaccines, checkpoint blockades, and CART therapies have been linked to the inadequate
infiltration of CD8+ T lymphocytes in over 70% of malignancies (particularly solid tumors),
according to a number of literature studies and clinical trials [110]. Tyrosine kinase inhibitors
against vascular endothelial growth factor, modest kinase inhibitors against STAT3, and
antibodies or RNA interference that modify the suppressive immunological milieu have all
been shown to dramatically increase tumor regression and survival [111]. Chemotherapeutic
drugs are a further feasible alternative for combination therapy. Chemotherapeutic drugs with
immunomodulatory characteristics, such cisplatin, docetaxel, and doxorubicin, can boost
vaccine-mediated anticancer immune responses. The types of medications and the particular
vaccines used, together with the dose regimen for each modality, all affect how synergy
works. Combination treatment may benefit from the flexibility of nanocarriers to the fullest
extent possible. It is important to note that the choice of more potent cancer vaccines and the
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time of the combination are crucial factors that might significantly affect the clinical
antitumor effect [112]-[114].

Therefore, future work might concentrate on improving calcium phosphate
nanoparticles for therapeutic applications including assessing systemic toxicity and
conducting pharmacokinetic and pharmacodynamics research. Further attempts will begin
path for CaPNP clinical applications for drug delivery applications in the near future. The use
of CaPNPs will provide a promising new platform and delivery system for the manufacturing
of efficient vaccinations against cancer and infectious diseases.
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