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Abstract 

Hydroxyapatite (HAp), a synthetic analog of biogenic apatite, has several physi-
cochemical characteristics that make it a desirable choice for disease diagnostics, 
therapy, and enhancement of biological tissues. In this article, we discuss remark-
able recent research on HAp that could serve as the foundation for several novel 
medical applications. The review’s content is organized into various HAp syn-
thesis routes, HAp structure, and HAp-based medical application modes, such as 
bioimaging, controlled medication administration, gene treatments, and tissue 
engineering. This discussion highlights several benefits of HAp over the existing 
biomaterials, such as facile synthesis with tailored morphologies, biocompatibil-
ity, bioactivity, functionalization and adaptive surface modification, drug conju-
gation and delivery applications, etc. The novelty of this chapter is the 
investigation of particulate HAp’s safety as a component of parenterally 
administered drugs, and their potential biomedical applications are covered. 
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4.1 Introduction 

The main component of mammalian hard tissues is hydroxyapatite (HAp), 
Ca10(PO4)6(OH)2, a naturally occurring biological nanomaterial (Mondal et al. 
2018a). HAp could be found in enamel with a diameter of 20–40 nm or in dentin 
and bone as 5–20-nm-thick flakes. Additionally, it permits the integration of various 
cations and anions in its arrangement, which facilitates the functionalization of the 
system (Kim et al. 2018a; Park et al. 2022a). HAp is a wonderful and distinctive 
option for multiple applications in the field of nanomedicine since it differs from 
other ceramic nanoparticles while sharing several similar characteristics with them 
(Uskoković 2015). The calcium phosphate (CaP) family of biomaterials includes 
HAp, which is the most stable material. Dentists, orthopedic surgeons, and bone 
tissue engineers were the first to notice the exceptional biocompatibility and bioac-
tivity of HAp nanoparticles. Since then, HAp’s range of possible uses has widened 
beyond these particular industries. Today, it is understood that HAp possesses a 
variety of physicochemical traits that make it a desirable candidate for medical 
applications such as diagnostics, therapy, and tissue augmentation. According to 
the numerous publications on HAp’s uses that have been published, the main use for 
HAp is in the field of tissue engineering, namely, for the regeneration and repair of 
bone deformities. However, the primary mechanical issues associated with the use of 
HAp in hard tissue engineering include inadequate fracture toughness, failure owing 
to fatigue, and brittleness. Like a natural bone, an ideal bone substitute should 
progressively resorb, preferably at a pace that corresponds to the rate of new bone 
development. However, the resorption rate of compact HAp blocks might be unrea-
sonably slow, lasting for years or even decades (Proussaefs et al. 2002). The most 
common strategy for overcoming these obstacles is combining HAp with other 
substances that have comparable qualities and produce synergistic effects (Ghiasi 
et al. 2019). The superior osteoconductivity and lack of immunological rejection 
make HAp appropriate for implants in addition to applications in tissue engineering. 
Additionally, HAp is used as a drug delivery vehicle to carry medications to bones, 
where they can benefit from their natural osteoconductivity, as well as to other 
organs and tissues, typically by attaching the appropriate targeting tags to the HAp. 
Due to the pH-sensitive dissolving characteristics of HA, medications can be 
released intelligently in acidic environments, such as those near tumors and infection 
sites (Lelli et al. 2016). The ability to regulate particle size and the binding of 
functional groups by physisorption or surface phosphate substitution to allow 
more accurate cell/tissue targeting is another benefit of HAp. The very flexible 
crystal structure of HAp also makes it possible to include ions with a variety of 
atomic radii with ease (Uskoković 2020). Doped HAp for bioimaging applications



has therefore been developed as a result of the coprecipitation of HAp with luminous 
or other photoactive ions (Zeng et al. 2017; Ignjatović et al. 2019). For instance, the 
presence of lanthanide ions can impart the matrix with a photoluminescence prop-
erty, turning it into a fluorescent probe. This led to the development of the HAp 
(Eu3+ , Gd3+ , Er3+ , etc.) system and the suggestion that it might be suitable for use as 
a stable biological probe in imaging research (Mondal et al. 2020a, b). The ability of 
HAp to adsorb both hydrophilic and hydrophobic molecules is crucial for its use as a 
drug carrier, given the variety of chemical and pharmacological compositions that 
might be found (Kim et al. 2018b; Mondal et al. 2017a, 2019a, b). Due to its 
resemblance to the inorganic phase of bones, it also stands out as a biomaterial 
that is frequently employed in bone treatments (Mondal et al. 2016, 2018b, 2020c; 
Mondal and Pal 2019). Tumor excision in conditions like bone cancer leaves flaws 
that need to be filled up with grafts or prosthetics (Mondal et al. 2017b, c, 2019c; 
Park et al. 2022b) (Fig. 4.1). 
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4.2 Structure of Hydroxyapatite 

In the hexagonal and monoclinic systems with the space groups P63/m and P21/b, 
respectively, HAp can crystallize. While the lattice parameters of HAp’s monoclinic 
structure are a = b/2 = 9.421, c = 6.881, and = 120°, the lattice parameters of HAp 
in hexagonal systems are a = b = 9.432, c = 6.881, and = 120°. In the hexagonal 
structure of HAp, neighboring hydroxyl (OH) groups face one another in the 
opposite direction. In contrast, in the monoclinic structure, all of the OH groups in 
a given column face the same way (Ikoma et al. 1999). Posner et al. first refined the 
crystal system of HAp with the hexagonal system, suggesting a distribution of 
10 Ca2+ , 6 PO4 

3-, and 2 OH- in each unit cell of HAp (Posner et al. 1958). 

4.3 Synthesis Routes 

HAp NPs with a specific microstructure have so far been prepared using a variety of 
chemical techniques. All of the synthesis methods can be divided into five 
categories: (1) dry methods (solid-state and mechanochemical routes), (2) wet 
methods (chemical precipitation, hydrolysis, sol-gel, hydrothermal, emulsion, and 
sonochemical routes), (3) high-temperature processes (combustion and pyrolysis 
methods), (4) methods based on biogenic sources (biogenic wastes), and (5) combi-
nation techniques. The aforementioned techniques can be used to create HAp 
nanostructures of various sizes and shapes, including spheres, rods, needles, flakes, 
flowers, mesoporous spheres, bowknots, dumbbells, etc. (Mondal et al. 2018a). It 
should be noted that HAp NPs’ shape, crystallinity, and size are some of the most 
important variables impacting their anticancer activities. The aforementioned 
characteristics had a significant impact on the anionic and cationic sites of HAp 
that contained hydroxyl, amino, and carboxyl groups, as well as calcium and 
phosphorus ions. The interaction of HAp with a biomolecule is greatly influenced
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by the positive and negative surface charges of HAp, which are dependent on its 
physicochemical characteristics. HAp NPs can be used for cancer cell imaging in 
addition to structurally modified HAp nanostructures through a variety of well-
established methods, such as (1) combining them with organic fluorophores, 
(2) doping them with different lanthanide ions, and (3) creating composites with 
other inorganic nanomaterials (such as carbon-quantum and chalcogenide-quantum 
dots) (Machado et al. 2019).
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4.4 HAp in Tissue Engineering and as an Implant 

As new technologies are created to develop efficient treatments for degenerative 
diseases that affect many types of tissues, tissue engineering is expanding. Recently, 
there has been a discernible increase in the need for bioactive, biodegradable, 
biocompatible, and multifunctional materials. To consolidate ceramic particles to 
join together and lessen interparticle gaps, a high-temperature stage (sintering) is 
often necessary for making HAp products, such as porous or nonporous blocks, 
coatings, etc. The appealing characteristics of nano-sized HAp, such as topography, 
geometry, high specific surface area, etc., would be irreparably lost after this heating 
phase, though. The integration of ceramic NPs within a matrix is a good choice for 
producing composite biomaterials. Consequently, if employing nano-sized HAp is 
the goal, scaffolds should be prepared, avoiding the final sintering stage. Mondal 
et al. reported a composite scaffold of HAp, bioglass, and alumina with enhanced 
mechanical stability. The study showed enhanced biological activity when cells were 
seeded on a scaffold surface (Mondal et al. 2018b) (Fig. 4.2). 

The inhibition of cancer cell growth and migration by HAp NPs have been shown 
in several in vitro and in vivo investigations (Han et al. 2014). The shape, size, and 
crystallinity of Hap NPs are among the physicochemical characteristics that are 
acknowledged as being important determinants of their anticancer effects (Yuan 
et al. 2010). The simplest method for incorporating extra anticancer capabilities into 
a polymer that is otherwise biologically inert is to add HAp NPs to the biocompatible 
polymer. The first study in this field was published by Pathi et al. (2011), who 
introduced hydrothermally produced HAp NPs to CO2-foamed poly(lactide-co-
glycolide) (PLGA) scaffolds that were later implanted with metastatic breast cancer 
cells. The results showed that smaller, less crystalline HAp particles promoted 
greater adsorption of adhesive serum proteins and enhanced breast tumor cell 
adhesion and growth, in contrast to larger, more crystalline NPs, which, on the 
other hand, stimulated a higher expression of the osteolytic factor interleukin-
8 (IL-8). Therefore, it was proposed that bone development, which supports 
improved cell colonization and proliferation, depends critically on modulating the 
nanoscale characteristics of the bone mineral found in the microenvironment. 

Mondal et al. reported 3D printed PLA scaffold modified with HAp 
nanomaterials with enhanced cell attachment properties (Figs. 4.3 and 4.4) (Mondal 
et al. 2020c). More recently, a research group from Poland used 3D printed poly(L-
lactic acid) (PLLA) scaffolds with HAp NPs doped with europium (III) ions (Eu3+ )
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to conduct several in vitro investigations. In this study, the hydrothermal technique-
based microwave stimulation was used to prepare the Eu-doped HAp NPs. 
According to a study (Sikora et al. 2019), these composite scaffolds led an osteosar-
coma cell line to go into apoptosis while not affecting the viability of unaltered 
adipose-derived human mesenchymal stromal cells. PLLA/HAp NP composite 
scaffolds boosted the viability as well as the osteogenic and chondrogenic differen-
tiation capacity of adipose-derived human mesenchymal stromal cells, according to 
a second study from the same group (Marycz et al. 2020). This was correlated to 
increased protein and mRNA expression of the osteogenic and chondrogenic
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Fig. 4.3 SEM images of PLA scaffold modified with HAp nanoparticles. (Represented with 
permission from Mondal et al. 2020c)



markers. The positive impact of these biomaterials on the osteogenic and 
chondrogenic processes was further confirmed by the increased expression of bone 
morphogenic protein 2 (BMP-2) and BMP-7, as well as their receptor (i.e., BMP 
receptor type 1B (BMPR-1B)), suggesting a potential use in those applications 
where osseous regeneration is required following the removal of bone cancer 
tumor. Additionally, scaffolds carrying HAp NP were employed to simulate 
non-osseous tumors like neuroblastoma. To do this, Gallagher et al. employed 
neuroblastoma cell lines and collagen-based scaffolds supplemented with either 
HAp NPs or glycosaminoglycans, which are naturally found in bone and bone 
marrow, the most common metastatic sites for neuroblastoma. In contrast to 2D 
cultures, these composite scaffolds allowed neuroblastoma cells to attach, prolifer-
ate, migrate, and form cell clusters. This resulted in a cell response that was more like

90 S. Mondal et al.

Fig. 4.4 Hydroxyapatite nanoparticle surface modification of 3D printed PLA scaffolds for 
improved bone tissue engineering applications. (Represented with permission from Mondal et al. 
2020c)



that of the in vivo environment. Additionally, compared to traditional 2D cell 
culture, this scaffold-based culture technique maintained higher cell densities 
(Gallagher et al. 2021). It is also important to note that studies using tumor model 
systems have used polymeric scaffolds that contain HAp NPs. Tornin et al. showed 
the effects of plasma-based therapies on MG-63 cells in a 3D tissue-engineered 
osteosarcoma model based on a highly porous HAp NPs/collagen scaffold that 
allowed cancer cell proliferation and the acquisition of a similar gene expression 
profile as compared to the original tumors. Cancer cells were less sensitive to 
treatment with cold plasma-activated Ringer’s solution when grown in a 3D 
scaffold-based model as opposed to 2D cultures because the scaffold’s three 
dimensions induced the expression of several genes that protect against reactive 
oxygen and nitrogen species in MG-63 cells, promoting cell proliferation and 
adaptation to oxidative stress (Tornín et al. 2021). According to Nakayama et al., 
the self-organization of HAp with poly(acrylic acid) (PAA) results in the production 
of liquid-crystalline hybrid nanorods with desired properties as a drug release 
platform for photodynamic therapy of cancer (methylene blue was used as a model 
drug). The spin-coated 2D-oriented scaffolds were also shown to elicit cellular 
alignment and elongation in the direction of the hybrid nanorods (Nakayama et al. 
2019).
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In addition to polymer/nano-sized HAp and graphene/nano-sized HAp scaffolds, 
Zhang et al. also reported the potential of merging metal with nanostructured HAp. 
They applied a layer of wet-fabricated HAp nanorods on titanium cylindrical 
scaffolds manufactured by selective laser sintering (porosity 65%, pore size 
500 m) (length 46.6 nm, width 13.3 nm). The titanium scaffolds were acid-alkali 
treated before coating to generate a microporous TiO2 network on the surface, 
improving bonding with nano-HAp. The porous metal was next covered three 
times with a slurry composed of HAp nanorods, methylcellulose, and H2O2 before 
being allowed to dry. The scaffolds were then heated for 1 h at 300 °C. The authors 
described in vitro and in vivo experiments that demonstrated the nHAp particles’ 
dual action as a bone-regenerating substance and an anticancer agent. In tumor-
bearing rabbits treated with HAp nanorods, tumor growth was inhibited, metastases 
were prevented, and the survival rate was improved. In particular, the nanomaterial 
induced an anticancer immune response and promoted mitochondrial-dependent 
tumor death in vivo. Histological studies conducted over a month revealed that the 
use of HAp nanorods prevented metastasis to the lung effectively but not when 
micro-sized HAp or nano-sized TiO2 coatings were used as controls. Abnormalities 
were not observed in the liver, heart, kidney, and spleen, further demonstrating the 
biosafety of the nanorods in use. These results confirm and extend the findings of the 
research by Pathi et al. on the effect of HAp NPs on the growth cycles of cancer cells 
(Pathi et al. 2011).
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4.5 HAp Nanostructures for the Delivery of Anticancer Drugs 

In the past, NPs like HAp nanostructures were suggested to concurrently target some 
of cancer characteristics and transport and release several cytotoxic chemicals safely 
and effectively (VanDyke et al. 2016). The effectiveness of drug-loaded multimodal 
HAp NPs as effective nanomaterials for tumor metastasis-resisting therapy (TMRT) 
and tumor metastasis targeting therapy (TMTT) has been demonstrated in earlier 
experiments (Xiong et al. 2018). However, there are very few studies in the literature 
that concentrate on employing nano-sized HAp particles, either in the pristine or in 
the functionalized and drug-loaded kinds, to target and image the various indicators 
of cancer. For instance, HAp NPs can reduce the FAK/PI3K/Akt cell signaling 
pathway both in vitro and in vivo, which suppresses cancer cell proliferation, 
migration, and invasion (Wang et al. 2020). Through using lysosomal- and 
mitochondrial-dependent pathways, such as caspase-3, HAp NPs can also induce 
oxidative stress-induced apoptosis in cancer cells (Jin et al. 2017). 

For use as a drug carrier in cancer theranostic applications, nanostructured HAp 
provides several advantages (Saber-Samandari et al. 2016). These benefits can be 
summed up as follows: 

1. HAp could be formed with substantially similar characteristics to the main 
components of the targeted tissues, particularly bone, including chemistry, crys-
talline structure, and size. 

2. HAp alone does not expand or change porosity, preventing the burst release of 
medicines, and is reasonably stable with fluctuations in the solution/environment 
(e.g., pH, temperature). 

3. Both positively and negatively charged compounds can surface-
functionalize Hap. 

4. By doping HAp with various elements, NPs with desirable electrical, mechanical, 
magnetic, and optical properties can be prepared (Fig. 4.5). 

To treat tumors connected to both hard and soft tissues, a variety of natural and 
synthetic anticancer drugs have been loaded onto and delivered using HAp NPs 
(Maia et al. 2018). Mesoporous HAp NPs are a promising class of drug delivery 
systems that can be used to transport a variety of anticancer cargos, including 
chemicals, small compounds, and generic medications. Due to their outstanding 
drug adsorption, storage, and release capabilities, these systems hold promise for 
cancer therapy methods (Meshkini and Oveisi 2017). 

In this study, ribose is used as a highly biocompatible material to cross-link 
hybrid mineralized composites for the first time. The purpose of this study was to 
explore the viability of novel, bone-like scaffolds made from type I collagen matrix 
mineralized with magnesium-doped hydroxyapatite nanophase (MgHA/Coll) 
through ribose glycation in a pH-driven manner, inspired by biological processes. 
According to the literature, a significant portion of the experimental research use 
pH-sensitive nanostructures (Fig. 4.6). A suitable material for improved anticancer 
medication delivery to cancer cells was also mentioned as being nanostructured



hollow HAp (Mondal et al. 2019b). A lot more focus is now being paid to larger-
scale hollow micro-sized HAp structures (like microspheres), even if using nano-
sized hollow HAp structures for the delivery of anticancer drugs appears promising 
in the early stages (Qiao et al. 2017). The outcomes showed that DOX (9.1%) and 
siRNA (2.0%), as well as the efficient transport of anticancer drugs into drug-
resistant breast cancer cells (MCF-7/ADR cells), were loaded appropriately. In 
addition, after 48 h in cancer cells, the drug-loaded samples started to degrade. A 
biopolymer coating on HAp can enhance the bioactivity and regulate the release of 
anticancer medications (Padmanabhan et al. 2020). According to Li et al., the 
hydrothermal method followed by freeze-drying produced nano-sized HAp (20 wt. 
%)/GO composite scaffolds that shared the same dual functionality (photothermal 
anticancer effect and osteogenesis) (Li et al. 2018). Twenty minutes of in vitro 
exposure to 808 nm NIR radiation on osteosarcoma cells (MG-63) resulted in the 
death of all but 8% of the cells. Tumor xenografts implanted with the scaffolds in 
mice reached 60 °C after 4 min of radiation exposure and ceased growing or even 
shrunk in size following photothermal therapy. In addition, micro-tomographic and 
histological evaluations supported the notion that nano-sized HAp/GO scaffolds 
encouraged bone regeneration in rat cranial defects: At 8 weeks, new tissue had 
grown by over 65% in the cranial defect area for the scaffold-implanted group, 
whereas only 20% regeneration had been seen for the control (empty defect). The
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Fig. 4.5 Schematic representation of hydroxyapatite-based scaffold and drug delivery agents. 
(Represented with permission from Mondal et al. 2017b)



scaffold-implanted group’s bone mineral density also reached about 285 mg/cm3 , 
indicating fresh bone mineral deposition, compared to the control at 96 mg/cm3 . The 
properties of HAp-NPs, which specifically affect the drug/gene/adsorption protein’s 
capacity and solubility in physiological fluids, subsequently affect how HAp 
interacts with cancer cells. Additionally, it was claimed that HAp NPs encourage 
p53 production and its downstream genes, which causes apoptosis (programmed cell 
death) in tumor cells (Sun and Ding 2009). Tang et al. found that HAp reduces cell 
proliferation and promotes apoptosis in several cancer cells via activating caspase-3 
and caspase-9 (but not caspase-8) (gastric cancer cells [MGC80-3], cervical adeno-
carcinoma epithelial cells [HeLa], and hepatoma cells [HepG2]) (Tang et al. 2014). 
Other experimental results indicate that HAp NPs are formed by and contribute to 
the intracellular accumulation of reactive oxygen species (ROS), which damage the 
DNA of cancer cells (Xu et al. 2012). Due to their high ribosome adsorption ability, 
HAp NPs can be internalized in large quantities by endocytosis in cancer cells in the 
endoplasmic reticulum, inhibiting protein synthesis by reducing the binding of
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Fig. 4.6 Using the matching magnifications, SEM images of the scaffold are shown in (a, d) 
MgHA/Coll, (b, e) MgHA/CollPre, and (c, f) MgHA/CollPost. Red arrows denote the binding 
mineral phase on fibrils, yellow arrows point to open surface pores on the fibrous matrix, and blue 
arrows denote a small or large bundle of self-assembled collagen fibers with visible mineral 
deposition. Scale bars: 500 mm for (a–c) and 20 mm for (d–f). (Reprinted with permission from 
Krishnakumar et al. 2017)



mRNA to the ribosomes in cells and stopping the cell cycle in the G0/G1 phase (Han 
et al. 2014).
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4.6 HAp for Advanced (PTT/PDT/Hyperthermia) Cancer 
Therapies 

Despite numerous treatments, cancer remains the second most significant cause of 
mortality on Earth. The next generation of anticancer agents will focus on supporting 
healthy cell proliferation while causing malignant cell death. As a result, HAp NPs 
doped with a variety of therapeutic ions have been created and used for theranostic 
applications for the treatment and diagnostics of cancer (Šupová 2015). Targeted 
magnetic hyperthermia for cancer treatment has attracted significant interest in HAp 
NPs as well (Abdel-Hamid et al. 2017) (Fig. 4.7). A well-known method for 
triggering cancer cell death without harming healthy cells is hyperthermia, which 
relies on the modest rise of temperature to 40–43 °C upon application of an external 
magnetic field. Hyperthermia also improves the effects of radiation therapy and 
chemotherapy (Sedighi et al. 2022). Furthermore, by providing an alternating 
magnetic field to the tumor, cancer-targeting magnetic HAp NPs can gather there. 
Additionally, the effectiveness of magnetic HAp NPs for synergistic chemo-
hyperthermia therapy has been demonstrated in the past. At this point, chemothera-
peutic drug-loaded magnetic nanocomposites of cobalt ferrite/HAp were created 
using the microwave-assisted wet precipitation method (5-fluorouracil, FU) 
(Sangeetha et al. 2019). With a magnetic saturation value of roughly 2.5–8.2 emu/ 
g, the produced nanocomposites displayed ferromagnetic properties. After being 
exposed to an alternating magnetic field, they were able to release the encapsulated 
FU and raise the temperature (producing a hyperthermic effect) quickly (43 °C in  
4.5 min). The samples also showed a suitable ability to inhibit the growth of 
osteosarcoma cells (MG-63), demonstrating their suitability for synergistic chemo-
hyperthermia therapy. 

One of the most recent techniques for treating tumors using external radiation 
sources is photodynamic therapy (PDT), which is also known as photothermal 
therapy (PTT) (Santha Moorthy et al. 2018). The NPs are illuminated with a suitable 
near-infrared (NIR) wavelength in PTT or methods incorporating NP-mediated 
hyperthermia (the electromagnetic radiations are NIR with a wavelength within 
780–2526 nm) (Mondal et al. 2022). Under the influence of NIR, the treated NPs’ 
conduction band electrons experience synchronized oscillations. It kills cancer cells 
by destroying cell membranes, tumoral DNA denaturation, and angiogenesis 
inhibiting processes and converts light into heat (45–50 °C) (Mondal et al. 2022; 
Doan et al. 2021; Vo et al. 2021; Phan et al. 2019). When a photosensitizer (PS) is 
activated by specific wavelength irradiation in photodynamic treatment (PDT), 
reactive oxygen species (ROS) and free radicals are created (620–690 nm). When 
exposed PS interacts with oxygen (3 O2) and a specific light wavelength to produce 
lethal singlet oxygen (1 O2 and O2), the known pathways for cancer cell death in PDT 
are direct (necrosis and apoptosis) and indirect (microvascular damage and 
antitumor immune responses) (Pinto and Pocard 2018).
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According to Zhang et al., a biocompatible system incorporating HAp and 
graphene could efficiently convert NIR into heat to hasten bone regeneration fol-
lowing photothermal therapy of malignant bone lesions. Their findings demonstrated 
that following three cycles of treatment at low photothermal temperatures (40–43 ° 
C), the growth of MC3T3-E1 cells was dramatically boosted. The findings showed 
that for pure HAp and HAp scaffolds, including 1 wt% graphene, the observed 
temperature after exposing Hap NPs to NIR was 31.6 and 45.2 °C, respectively. The 
technique being used appears promising for NP-mediated hyperthermia (PTT) 
(Zhang and Ma 2021). There are several obstacles that prevent anticancer chemicals 
from being loaded and desirably delivered to tumor cells, including ineffective 
targeting and a lack of drug solubility. To overcome these limitations, several 
novel techniques have been used to create HAp nanostructures as smart theranostic 
platforms that can target cancer cells without harming healthy cells. One of the most 
alluring methods for supporting sustained anticancer medication release is the 
surface functionalization of HAp nanostructures (Verma et al. 2016). To success-
fully load and distribute curcumin to MCF-7 cells, for instance, HAp NPs 
functionalized with several carboxylic acids (lactic acid, tartaric acid, and citric 
acid) were used (Lee et al. 2019). Based on the electrostatic interactions of opposite 
charges between the medication and the bioceramic particles, carboxylic modifiers 
may increase the binding affinity between curcumin molecules and the HAp surface. 
The results showed that, in comparison with unmodified samples, surface-
functionalized HAp NPs exhibited stronger antiproliferative and apoptotic actions 
against cancer cells. For instance, several types of cancer cells overexpress folate 
receptors (such as FR), making it viable to target tumors with drug delivery systems 
conjugated with folic acid, a ligand with a high affinity for folate receptors (Cheung 
et al. 2016). 

4.7 Nano-Sized HAp in Imaging 

Currently, a variety of biomedical imaging approaches are being used to find cancer 
in all stages of development. Imaging techniques can be used to identify a variety of 
features of cancer, such as morphological, structural, metabolic, and functional data. 
These methods are divided into those that use (1) nonionizing electromagnetic 
radiation, including magnetic resonance imaging (MRI), electrical impedance spec-
troscopy, and near-infrared spectroscopy, and (2) ionizing radiation (such as gamma 
rays, X-rays or UV light, CT scans, and PET scans) (Fass 2008). To visualize tumors 
using particular imaging modalities, such as MRI, the choice of appropriate contrast 
agents is essential. Over the past few decades, contrast agents based on nanotech-
nology have been created and used for cancer imaging. Different kinds of nano-sized 
HAp have been applied in this way for the molecular imaging of solid tumors. For 
optical, magnetic resonance (MR), and multimodal imaging of malignancies, lumi-
nescent, magnetic, and luminomagnetic HAp NPs exhibit the necessary properties 
(Kataoka et al. 2019). The effect of the calcination temperature and the amount of 
Eu3+ doping were previously evaluated about the luminescence characteristics and



phase composition, crystal size, and crystallinity of Eu3+-doped HAp NPs (Han et al. 
2013). To manufacture nanocrystalline Eu-doped HAp (20–40 nm in diameter) with 
high luminescence, the thermal treatment (600 °C) and 2% Eu3+ doping content were 
optimized. In a different study, HAp nanocrystals (Er-HAp) were combined with 
luminescent erbium (Er3+ ) ions at various concentrations (0.1, 0.25, 0.5, and 1.0 mol 
%) to create a nontoxic luminescent agent for biomedical imaging applications 
(Mondal et al. 2020d). The outcomes demonstrated that after being stimulated at 
400 nm, 1.0 mol% Er-doped HAp nanocrystals (50 nm size distribution) possessed 
high-efficiency light emission (Fig. 4.8). 
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Fig. 4.8 Schematic representation of erbium-doped hydroxyapatite as a bioactive luminescent 
agent. (Represented with permission from Mondal et al. 2020d) 

It is usual practice to categorize the contrast materials utilized in MRI scans into 
(1) positive (T1, Gd-based agents, and brightness contrast) and (2) negative (T2, 
Fe-based agents, and darkness contrast) categories. The most often utilized 
substances for MRI to increase diagnostic precision are hydrophilic Gd(III)-based 
chelates. The long-term safety of these materials for the human body, however, is 
still a matter of concern (Wahsner et al. 2018). Due to their distinctive 
characteristics, such as their wide surface area and effective contrasting impact, 
inorganic NPs have been identified as suitable contrast agents for MRI over the years 
(Na et al. 2009). Superparamagnetic iron oxide nanoparticles (SPIONs), of them, 
have garnered a lot of interest as MRI contrast agents. However, the buildup of Fe in 
soft tissues harms SPIONs as contrast agents. The solution to all of the aforemen-
tioned problems was suggested to be the addition of contrast agents to HAp NPs. For 
instance, Fe-doped HAp NPs have been described as appropriate contrast agents that 
can produce more contrast for MRI than SPIONs (Adamiano et al. 2018). In addition 
to MRI, the efficacy of 99mTc-MDP-labeled Fe-doped HAp NPs as a scintigraphy



imaging agent for PET and single-photon emission computed tomography was 
proven (SPECT). The preparation of paramagnetic HAp NPs for use as PL contrast 
agents for cancer imaging by substituting other elements (such as Eu3+ /Gd3+ ) was 
also shown to be beneficial (Fig. 4.9). 
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Fig. 4.9 Mice following without (a) and with (b) Eu3+ /Gd3+-HAp (Eu3+ :Gd3+ = 1:2) nanorods, 
subcutaneous injection. Imaging using PL in vivo. (c) Photographs of the PL emission from Eu3+ / 
Gd3+-HAp nanorods at various concentrations. The excitation wavelength was 430 nm. (Reprinted 
with permission from Chen et al. 2011) 

For MRI imaging, the luminomagnetic HAp may offer a very promising multi-
modal imaging probe. In this manner, microwave-assisted synthesis of multifunc-
tional Eu3+ /Gd3+ dual-doped HAp nanorods was previously achieved (Chen et al. 
2011). This system (Eu3+ to Gd3+ ratio 1:2, Ms = 0.15) demonstrated useful features 
as a T1 and T2 contrast agent of MRI after being subcutaneously injected into nude 
mice, as the attenuation value increased from 26 to 96 HU (Fig. 4.9). The magneti-
zation of the samples increased along with more significant concentrations of the 
Gd3+ dopant, and the photoluminescence intensity was dependent on the Eu3+ /Gd3+ 

ratio in the HAp nanorods. In particular, it should be noted that bio-nanoplatforms 
made of doped HAp NPs and other substances, such as carbon dots, have been 
suggested as suitable tools for cancer cell imaging because they can produce bright 
blue fluorescence under UV illumination with excellent photostability and colloidal 
stability (Zhao et al. 2015). 

4.8 Limitations of HAp and Future Directions 

The biological activity, degradability, and osteoconductivity of HAp are all signifi-
cant. In recent years, it has seen widespread usage in orthopedic repair, antitumor 
medication carriers, and dentistry (Fig. 4.10). However, hydroxyapatite has
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limitations, including brittleness for bone transplantation and weak mechanical 
characteristics for directly triggering dental enamel remineralization. The difficulties 
that have been experienced in the preparation, use, and modification of hydroxyapa-
tite in the aforementioned sectors are discussed in this article along with the state of 
the study. Because of this, the most important contribution of this chapter is to 
thoroughly integrate and defend the forms and effects of HAp-based biomaterials, 
which offers a strong foundation for their use and gives readers clear insights into 
future research. We must overlook the fact that nano theranostic is still a young 
scientific discipline that has, for the most part, not yet attained the minimal 
requirements for clinical translation. The intricacy and synergistic mechanisms of 
the materials employed for such multifunctional applications are the cause of this 
reality. The more complicated a system is (e.g., when nanostructured HAp is used as 
a vehicle for the simultaneous release of ions and drugs with anticancer properties), 
the more variables must be considered, which makes it more challenging to disen-
tangle the therapeutic effects or determine the precise magnitude of synergistic 
contributions.
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4.9 Concluding Remarks 

Over the past few years, HAp has significantly broadened the scope of biomedical 
applications beyond bone restoration, demonstrating considerable promise in cancer 
theranostics. Due to its polar surface, HAp with nanoscale dimensions is ideally 
adapted to interact with biomolecules in cells and tissues as well as with medicines. 
This characteristic offers the possibility for targeted cell- and tissue-specific 
applications, such as cancer treatment and imaging, in addition to the biocompati-
bility and biodegradability of HAp upon interaction with bodily fluids (diagnosis). In 
comparison with metal or composite nanoparticles, multifunctional HAp 
nanostructures are more adaptable and secure since they may integrate hyperthermia, 
drug transport, photothermal/photodynamic treatment, imaging, and, generally, 
superior targeting capabilities. 

Further investigation should be done on the combination of HAp with natural 
anticancer pharmaceuticals and the potential for metallic ion doping and co-doping 
to reduce the need for conventional chemotherapeutics, which frequently have 
harmful side effects on the body. By adding functionalization treatments or 
stimuli-responsive polymeric coatings (serving as molecular gates) on the surface 
of HAp, it is also possible to carefully control the release of ions and medications. By 
using additive manufacturing techniques to process HAp, it will be possible to 
fabricate exact goods and 3D porous scaffolds with excellent control over pore 
size, shape, and other features. If 3D printing and medical imaging are coupled to 
recreate the anatomy of patients’ flaws left after cancer removal, it will also be 
feasible to customize and individually design implants. 

The experimental work addressed to this purpose is quite complex, requiring the 
collaboration of biomaterials scientists, biomolecular chemists, biologists, and 
oncologists in addition to the assessment of full in vitro/in vivo toxicity profiles



along with the relationships to the stated hallmarks. A deeper understanding of the 
biomolecular impact of HAp-based systems on various types of cancer is more 
important than ever for the research to advance. This study primarily focuses on 
the groundbreaking discoveries that foreshadowed the interesting modern drug 
delivery technologies based on HAp and HAp-based composite nanostructures. A 
particular focus has been placed on describing the use and efficacy of modified HAp 
as a drug carrier agent for various ailments, including carriers for antibiotics, anti-
inflammatory, and cancer-causing medications, medical imaging, and protein deliv-
ery agents. This article examines a wide range of nHAp and HAp-modified inorganic 
drug carriers, highlighting some of their unique characteristics that should be 
considered for upcoming drug delivery applications. 

102 S. Mondal et al.

Acknowledgments This work was supported by the National Research Foundation of Korea 
(NRF) grant funded by the Korea Government (MSIT) (No. 2022R1A5A8023404). 

References 

Abdel-Hamid Z, Rashad M, Mahmoud SM, Kandil A (2017) Electrochemical hydroxyapatite-
cobalt ferrite nanocomposite coatings as well hyperthermia treatment of cancer. Mater Sci Eng 
C 76:827–838 

Adamiano A, Iafisco M, Sandri M, Basini M, Arosio P, Canu T, Sitia G, Esposito A, Iannotti V, 
Ausanio G (2018) On the use of superparamagnetic hydroxyapatite nanoparticles as an agent for 
magnetic and nuclear in vivo imaging. Acta Biomater 73:458–469 

Chen F, Huang P, Zhu Y-J, Wu J, Zhang C-L, Cui D-X (2011) The photoluminescence, drug 
delivery and imaging properties of multifunctional Eu3+ /Gd3+ dual-doped hydroxyapatite 
nanorods. Biomaterials 32:9031–9039 

Cheung A, Bax HJ, Josephs DH, Ilieva KM, Pellizzari G, Opzoomer J, Bloomfield J, Fittall M, 
Grigoriadis A, Figini M (2016) Targeting folate receptor alpha for cancer treatment. Oncotarget 
7:52553 

Doan VHM, Nguyen VT, Mondal S, Vo TMT, Ly CD, Vu DD, Ataklti GY, Park S, Choi J, Oh J 
(2021) Fluorescence/photoacoustic imaging-guided nanomaterials for highly efficient cancer 
theragnostic agent. Sci Rep 11:15943. https://doi.org/10.1038/s41598-021-95660-w 

Du M, Chen J, Liu K, Xing H, Song C (2021) Recent advances in biomedical engineering of nano-
hydroxyapatite including dentistry, cancer treatment and bone repair. Compos Part B 215: 
108790. https://doi.org/10.1016/j.compositesb.2021.108790 

Fass L (2008) Imaging and cancer: a review. Mol Oncol 2:115–152 
Gallagher C, Murphy C, O’Brien FJ, Piskareva O (2021) Three-dimensional in vitro biomimetic 

model of neuroblastoma using collagen-based scaffolds. J Vis Exp 2021:e62627 
George SM, Nayak C, Singh I, Balani K (2022) Multifunctional hydroxyapatite composites for 

orthopedic applications: a review. ACS Biomater Sci Eng 8:3162–3186. https://doi.org/10. 
1021/acsbiomaterials.2c00140 

Ghiasi B, Sefidbakht Y, Rezaei M (2019) Hydroxyapatite for biomedicine and drug delivery. In: 
Nanomaterials for advanced biological applications. Springer, pp 85–120 

Han Y, Wang X, Dai H, Li S (2013) Synthesis and luminescence of Eu3+ doped hydroxyapatite 
nanocrystallines: effects of calcinations and Eu3+ content. J Lumin 135:281–287 

Han Y, Li S, Cao X, Yuan L, Wang Y, Yin Y, Qiu T, Dai H, Wang X (2014) Different inhibitory 
effect and mechanism of hydroxyapatite nanoparticles on normal cells and cancer cells in vitro 
and in vivo. Sci Rep 4:1–8

https://doi.org/10.1038/s41598-021-95660-w
https://doi.org/10.1016/j.compositesb.2021.108790
https://doi.org/10.1021/acsbiomaterials.2c00140
https://doi.org/10.1021/acsbiomaterials.2c00140


4 Hydroxyapatite is a Next-Generation Theranostic Probe for. . . 103

Hou C-H, Hou S-M, Hsueh Y-S, Lin J, Wu H-C, Lin F-H (2009) The in vivo performance of 
biomagnetic hydroxyapatite nanoparticles in cancer hyperthermia therapy. Biomaterials 30: 
3956–3960. https://doi.org/10.1016/j.biomaterials.2009.04.020 

Ignjatović N, Mančić L, Vuković M, Stojanović Z, Nikolić M, Škapin S, Jovanović S, 
Veselinović L, Uskoković V, Lazić S (2019) Rareearth (Gd3+ , Yb3+ /Tm3+ , Eu3+ ) co-doped 
hydroxyapatite as magnetic, up-conversion and down-conversion materials for multimodal 
imaging. Sci Rep 9:16305 

Ikoma T, Yamazaki A, Nakamura S, Akao M (1999) Preparation and structure refinement of 
monoclinic hydroxyapatite. J Solid State Chem 144:272–276 

Jin Y, Liu X, Liu H, Chen S, Gao C, Ge K, Zhang C, Zhang J (2017) Oxidative stress-induced 
apoptosis of osteoblastic MC3T3-E1 cells by hydroxyapatite nanoparticles through lysosomal 
and mitochondrial pathways. RSC Adv 7:13010–13018 

Kataoka T, Samitsu S, Okuda M, Kawagoe D, Tagaya M (2019) Highly luminescent hydroxyapa-
tite nanoparticles hybridized with citric acid for their bifunctional cell-labeling and cytostatic 
suppression properties. ACS Appl Nano Mater 3:241–256 

Kim H, Mondal S, Jang B, Manivasagan P, Moorthy MS, Oh J (2018a) Biomimetic synthesis of 
metal–hydroxyapatite (Au-HAp, Ag-HAp, Au-Ag-HAp): structural analysis, spectroscopic 
characterization and biomedical application. Ceram Int 44:20490–20500. https://doi.org/10. 
1016/j.ceramint.2018.08.045 

Kim H, Mondal S, Bharathiraja S, Manivasagan P, Moorthy MS, Oh J (2018b) Optimized Zn-doped 
hydroxyapatite/doxorubicin bioceramics system for efficient drug delivery and tissue engineer-
ing application. Ceram Int 44:6062–6071. https://doi.org/10.1016/j.ceramint.2017.12.235 

Krishnakumar GS, Gostynska N, Campodoni E, Dapporto M, Montesi M, Panseri S, Tampieri A, 
Kon E, Marcacci M, Sprio S et al (2017) Ribose mediated crosslinking of collagen-
hydroxyapatite hybrid scaffolds for bone tissue regeneration using biomimetic strategies. 
Mater Sci Eng C 77:594–605. https://doi.org/10.1016/j.msec.2017.03.255 

Lee W-H, Loo C-Y, Rohanizadeh R (2019) Functionalizing the surface of hydroxyapatite drug 
carrier with carboxylic acid groups to modulate the loading and release of curcumin 
nanoparticles. Mater Sci Eng C 99:929–939 

Lelli M, Roveri N, Marzano C, Hoeschele JD, Curci A, Margiotta N, Gandin V, Natile G (2016) 
Hydroxyapatite nanocrystals as a smart, pH sensitive, delivery system for kiteplatin. Dalton 
Trans 45:13187–13195 

Li D, Nie W, Chen L, McCoul D, Liu D, Zhang X, Ji Y, Yu B, He C (2018) Self-assembled 
hydroxyapatite-graphene scaffold for photothermal cancer therapy and bone regeneration. J 
Biomed Nanotechnol 14:2003–2017 

Machado TR, Leite I, Inada N, Li MS, Da Silva J, Andres J, Beltrán-Mir H, Cordoncillo E, Longo E 
(2019) Designing biocompatible and multicolor fluorescent hydroxyapatite nanoparticles for 
cell-imaging applications. Mater Today Chem 14:100211 

Maia ALC, Ferreira CA, Barros ALB, e Silva ATM, Ramaldes GA, Silva Cunha Júnior Ad, 
Oliveira DCP, Fernandes C, Ferreira Soares DC (2018) Vincristine-loaded hydroxyapatite 
nanoparticles as a potential delivery system for bone cancer therapy. J Drug Target 26:592–603 

Marycz K, Smieszek A, Targonska S, Walsh SA, Szustakiewicz K, Wiglusz RJ (2020) Three 
dimensional (3D) printed polylactic acid with nano-hydroxyapatite doped with europium (III) 
ions (nHAp/PLLA@ Eu3+ ) composite for osteochondral defect regeneration and theranostics. 
Mater Sci Eng C 110:110634 

Meshkini A, Oveisi H (2017) Methotrexate-F127 conjugated mesoporous zinc hydroxyapatite as an 
efficient drug delivery system for overcoming chemotherapy resistance in osteosarcoma cells. 
Colloids Surf B Biointerfaces 158:319–330 

Mondal S, Pal U (2019) 3D hydroxyapatite scaffold for bone regeneration and local drug delivery 
applications. J Drug Deliv Sci Technol 53:101131. https://doi.org/10.1016/j.jddst.2019.101131 

Mondal S, Pal U, Dey A (2016) Natural origin hydroxyapatite scaffold as potential bone tissue 
engineering substitute. Ceram Int 42:18338–18346. https://doi.org/10.1016/j.ceramint.2016. 
08.165

https://doi.org/10.1016/j.biomaterials.2009.04.020
https://doi.org/10.1016/j.ceramint.2018.08.045
https://doi.org/10.1016/j.ceramint.2018.08.045
https://doi.org/10.1016/j.ceramint.2017.12.235
https://doi.org/10.1016/j.msec.2017.03.255
https://doi.org/10.1016/j.jddst.2019.101131
https://doi.org/10.1016/j.ceramint.2016.08.165
https://doi.org/10.1016/j.ceramint.2016.08.165


104 S. Mondal et al.

Mondal S, De Anda Reyes ME, Pal U (2017a) Plasmon induced enhanced photocatalytic activity of 
gold loaded hydroxyapatite nanoparticles for methylene blue degradation under visible light. 
RSC Adv 7:8633–8645. https://doi.org/10.1039/C6RA28640B 

Mondal S, Manivasagan P, Bharathiraja S, Santha Moorthy M, Nguyen VT, Kim HH, Nam SY, Lee 
KD, Oh J (2017b) Hydroxyapatite coated iron oxide nanoparticles: a promising nanomaterial for 
magnetic hyperthermia cancer treatment. Nanomaterials 7:426 

Mondal S, Manivasagan P, Bharathiraja S, Santha Moorthy M, Kim HH, Seo H, Lee KD, Oh J 
(2017c) Magnetic hydroxyapatite: a promising multifunctional platform for nanomedicine 
application. Int J Nanomedicine 12:8389–8410. https://doi.org/10.2147/ijn.s147355 

Mondal S, Dorozhkin SV, Pal U (2018a) Recent progress on fabrication and drug delivery 
applications of nanostructured hydroxyapatite. WIREs Nanomed Nanobiotechnol 10:e1504. 
https://doi.org/10.1002/wnan.1504 

Mondal S, Hoang G, Manivasagan P, Moorthy MS, Nguyen TP, Vy Phan TT, Kim HH, Kim MH, 
Nam SY, Oh J (2018b) Nano-hydroxyapatite bioactive glass composite scaffold with enhanced 
mechanical and biological performance for tissue engineering application. Ceram Int 44:15735– 
15746. https://doi.org/10.1016/j.ceramint.2018.05.248 

Mondal S, Hoang G, Manivasagan P, Moorthy MS, Vy Phan TT, Kim HH, Nguyen TP, Oh J 
(2019a) Rapid microwave-assisted synthesis of gold loaded hydroxyapatite collagen nano-bio 
materials for drug delivery and tissue engineering application. Ceram Int 45:2977–2988. https:// 
doi.org/10.1016/j.ceramint.2018.10.016 

Mondal S, Hoang G, Manivasagan P, Kim H, Oh J (2019b) Nanostructured hollow hydroxyapatite 
fabrication by carbon templating for enhanced drug delivery and biomedical applications. 
Ceram Int 45:17081–17093. https://doi.org/10.1016/j.ceramint.2019.05.260 

Mondal S, Hoang G, Manivasagan P, Moorthy MS, Kim HH, Vy Phan TT, Oh J (2019c) 
Comparative characterization of biogenic and chemical synthesized hydroxyapatite biomaterials 
for potential biomedical application. Mater Chem Phys 228:344–356. https://doi.org/10.1016/j. 
matchemphys.2019.02.021 

Mondal S, Nguyen VT, Park S, Choi J, Thien Vo TM, Shin JH, Kang Y-H, Oh J (2020a) Rare earth 
element doped hydroxyapatite luminescent bioceramics contrast agent for enhanced biomedical 
imaging and therapeutic applications. Ceram Int 46:29249–29260. https://doi.org/10.1016/j. 
ceramint.2020.08.099 

Mondal S, Nguyen VT, Park S, Choi J, Tran LH, Yi M, Shin JH, Lee C-Y, Oh J (2020b) Bioactive, 
luminescent erbium-doped hydroxyapatite nanocrystals for biomedical applications. Ceram Int 
46:16020–16031. https://doi.org/10.1016/j.ceramint.2020.03.152 

Mondal S, Nguyen TP, Pham VH, Hoang G, Manivasagan P, Kim MH, Nam SY, Oh J (2020c) 
Hydroxyapatite nano bioceramics optimized 3D printed poly lactic acid scaffold for bone tissue 
engineering application. Ceram Int 46:3443–3455. https://doi.org/10.1016/j.ceramint.2019. 
10.057 

Mondal S, Park S, Choi J, Tran LH, Yi M, Shin JH, Lee C-Y, Oh J (2020d) Bioactive, luminescent 
erbium-doped hydroxyapatite nanocrystals for biomedical applications. Ceram Int 46:16020– 
16031 

Mondal S, Montaño-Priede JL, Nguyen VT, Park S, Choi J, Doan VHM, Vo TMT, Vo TH, 
Large N, Kim C-S et al (2022) Computational analysis of drug free silver triangular nanoprism 
theranostic probe plasmonic behavior for in-situ tumor imaging and photothermal therapy. J 
Adv Res 41:23–38. https://doi.org/10.1016/j.jare.2022.02.006 

Na HB, Song IC, Hyeon T (2009) Inorganic nanoparticles for MRI contrast agents. Adv Mater 21: 
2133–2148 

Nakayama M, Lim WQ, Kajiyama S, Kumamoto A, Ikuhara Y, Kato T, Zhao Y (2019) Liquid-
crystalline hydroxyapatite/polymer nanorod hybrids: potential bioplatform for photodynamic 
therapy and cellular scaffolds. ACS Appl Mater Interfaces 11:17759–17765 

Padmanabhan VP, Balakrishnan S, Kulandaivelu R, Sankara Narayanan SN, Lakshmipathy M, 
Sagadevan S, Mohammad F, Al-Lohedan HA, Paiman S, Oh WC (2020) Nanoformulations of 
core–shell type hydroxyapatite-coated gum acacia with enhanced bioactivity and controlled 
drug delivery for biomedical applications. New J Chem 44:7175–7185

https://doi.org/10.1039/C6RA28640B
https://doi.org/10.2147/ijn.s147355
https://doi.org/10.1002/wnan.1504
https://doi.org/10.1016/j.ceramint.2018.05.248
https://doi.org/10.1016/j.ceramint.2018.10.016
https://doi.org/10.1016/j.ceramint.2018.10.016
https://doi.org/10.1016/j.ceramint.2019.05.260
https://doi.org/10.1016/j.matchemphys.2019.02.021
https://doi.org/10.1016/j.matchemphys.2019.02.021
https://doi.org/10.1016/j.ceramint.2020.08.099
https://doi.org/10.1016/j.ceramint.2020.08.099
https://doi.org/10.1016/j.ceramint.2020.03.152
https://doi.org/10.1016/j.ceramint.2019.10.057
https://doi.org/10.1016/j.ceramint.2019.10.057
https://doi.org/10.1016/j.jare.2022.02.006


4 Hydroxyapatite is a Next-Generation Theranostic Probe for. . . 105

Park S, Choi J, Mondal S, Vo TMT, Pham VH, Lee H, Nam SY, Kim C-S, Oh J (2022a) The impact 
of Cu(II) ions doping in nanostructured hydroxyapatite powder: a finite element modelling study 
for physico-mechanical and biological property evaluation. Adv Powder Technol 33:103405. 
https://doi.org/10.1016/j.apt.2021.103405 

Park S, Choi J, Vo TMT, Mondal S, Vo TH, Ko N, Kim C-S et al (2022b) In vivo mimicking 
injectable self-setting composite bio-cement: scanning acoustic diagnosis and biological prop-
erty evaluation for tissue engineering applications. Colloids Surf B Biointerfaces 218:112722. 
https://doi.org/10.1016/j.colsurfb.2022.112722 

Pathi SP, Lin DD, Dorvee JR, Estroff LA, Fischbach C (2011) Hydroxyapatite nanoparticle-
containing scaffolds for the study of breast cancer bone metastasis. Biomaterials 32:5112–5122 

Phan TTV, Hoang G, Nguyen VT, Nguyen TP, Kim HH, Mondal S, Manivasagan P, Moorthy MS, 
Lee KD, Junghwan O (2019) Chitosan as a stabilizer and size-control agent for synthesis of 
porous flower-shaped palladium nanoparticles and their applications on photo-based therapies. 
Carbohydr Polym 205:340–352. https://doi.org/10.1016/j.carbpol.2018.10.062 

Pinto A, Pocard M (2018) Photodynamic therapy and photothermal therapy for the treatment of 
peritoneal metastasis: a systematic review. Pleura Peritoneum 3:20180124 

Posner AS, Perloff A, Diorio AF (1958) Refinement of the hydroxyapatite structure. Acta 
Crystallogr 11:308–309 

Proussaefs P, Lozada J, Valencia G, Rohrer MD (2002) Histologic evaluation of a hydroxyapatite 
onlay bone graft retrieved after 9 years: a clinical report. J Prosthet Dent 87:481–484 

Qiao W, Lan X, Tsoi JK, Chen Z, Su RY, Yeung KW, Matinlinna JP (2017) Biomimetic hollow 
mesoporous hydroxyapatite microsphere with controlled morphology, entrapment efficiency 
and degradability for cancer therapy. RSC Adv 7:44788–44798 

Saber-Samandari S, Nezafati N, Saber-Samandari S (2016) The effective role of hydroxyapatite 
based composites in anticancer drug delivery systems. Crit Rev Ther Drug Carrier Syst 33(1): 
41–75 

Sangeetha K, Ashok M, Girija E (2019) Development of multifunctional cobalt ferrite/hydroxyap-
atite nanocomposites by microwave assisted wet precipitation method: a promising platform for 
synergistic chemo-hyperthermia therapy. Ceram Int 45:12860–12869 

Santha Moorthy M, Hoang G, Subramanian B, Bui NQ, Panchanathan M, Mondal S, Thi Tuong 
VP, Kim H, Oh J (2018) Prussian blue decorated mesoporous silica hybrid nanocarriers for 
photoacoustic imaging-guided synergistic chemo-photothermal combination therapy. J Mater 
Chem B 6:5220–5233. https://doi.org/10.1039/C8TB01214H 

Sedighi O, Alaghmandfard A, Montazerian M, Baino F (2022) A critical review of bioceramics for 
magnetic hyperthermia. J Am Ceram Soc 105:1723–1747 

Sikora M, Marcinkowska K, Marycz K, Wiglusz RJ, Śmieszek A (2019) The potential selective 
cytotoxicity of poly (L-lactic acid)-based scaffolds functionalized with Nanohydroxyapatite and 
europium (III) ions toward osteosarcoma cells. Materials 12:3779 

Sun J, Ding T (2009) p53 reaction to apoptosis induced by hydroxyapatite nanoparticles in rat 
macrophages. J Biomed Mater Res A 88:673–679 

Šupová M (2015) Substituted hydroxyapatites for biomedical applications: a review. Ceram Int 41: 
9203–9231 

Tang W, Yuan Y, Liu C, Wu Y, Lu X, Qian J (2014) Differential cytotoxicity and particle action of 
hydroxyapatite nanoparticles in human cancer cells. Nanomedicine 9:397–412 

Tornín J, Villasante A, Solé-Martí X, Ginebra M-P, Canal C (2021) Osteosarcoma tissue-
engineered model challenges oxidative stress therapy revealing promoted cancer stem cell 
properties. Free Radic Biol Med 164:107–118 

Uskoković V (2015) The role of hydroxyl channel in defining selected physicochemical 
peculiarities exhibited by hydroxyapatite. RSC Adv 5:36614–36633 

Uskoković V (2020) Ion-doped hydroxyapatite: an impasse or the road to follow? Ceram Int 46: 
11443–11465 

VanDyke D, Kyriacopulos P, Yassini B, Wright A, Burkhart E, Jacek S, Pratt M, Peterson C, Rai P 
(2016) Nanoparticle based combination treatments for targeting multiple hallmarks of cancer. 
Int J Nano Stud Technol Suppl 4:1

https://doi.org/10.1016/j.apt.2021.103405
https://doi.org/10.1016/j.colsurfb.2022.112722
https://doi.org/10.1016/j.carbpol.2018.10.062
https://doi.org/10.1039/C8TB01214H


106 S. Mondal et al.

Verma G, Barick K, Shetake NG, Pandey B, Hassan P (2016) Citrate-functionalized hydroxyapatite 
nanoparticles for pH-responsive drug delivery. RSC Adv 6:77968–77976 

Vo TMT, Mondal S, Nguyen VT, Park S, Choi J, Bui NT, Oh J (2021) Rice starch coated iron oxide 
nanoparticles: a theranostic probe for photoacoustic imaging-guided photothermal cancer ther-
apy. Int J Biol Macromol 183:55–67. https://doi.org/10.1016/j.ijbiomac.2021.04.053 

Wahsner J, Gale EM, Rodríguez-Rodríguez A, Caravan P (2018) Chemistry of MRI contrast 
agents: current challenges and new frontiers. Chem Rev 119:957–1057 

Wang R, Liu W, Wang Q, Li G, Wan B, Sun Y, Niu X, Chen D, Tian W (2020) Anti-osteosarcoma 
effect of hydroxyapatite nanoparticles both in vitro and in vivo by downregulating the 
FAK/PI3K/Akt signaling pathway. Biomater Sci 8:4426–4437 

Xiong H, Du S, Zhang P, Jiang Z, Zhou J, Yao J (2018) Primary tumor and pre-metastatic niches 
co-targeting “peptides-lego” hybrid hydroxyapatite nanoparticles for metastatic breast cancer 
treatment. Biomater Sci 6:2591–2604 

Xu J, Xu P, Li Z, Huang J, Yang Z (2012) Oxidative stress and apoptosis induced by hydroxyapatite 
nanoparticles in C6 cells. J Biomed Mater Res A 100:738–745 

Yuan Y, Liu C, Qian J, Wang J, Zhang Y (2010) Size-mediated cytotoxicity and apoptosis of 
hydroxyapatite nanoparticles in human hepatoma HepG2 cells. Biomaterials 31:730–740 

Zeng S, Zhou R, Zheng X, Wu L, Hou X (2017) Mono-dispersed Ba2+-doped Nano-hydroxyapatite 
conjugated with near-infrared Cu-doped CdS quantum dots for CT/fluorescence bimodal 
targeting cell imaging. Microchem J 134:41–48 

Zhang X, Ma J (2021) Photothermal effect of 3D printed hydroxyapatite composite scaffolds 
incorporated with graphene nanoplatelets. Ceram Int 47:6336–6340 

Zhao Y, Shi L, Fang J, Feng X (2015) Bio-nanoplatforms based on carbon dots conjugating with 
F-substituted nano-hydroxyapatite for cellular imaging. Nanoscale 7:20033–20041 

Sudip Mondal received his Ph.D. in 2015 from the CSIR-
Central Mechanical Engineering Research Institute and National 
Institute of Technology Durgapur, India. He joined as a Postdoc-
toral Fellow at the Autonomous University of Puebla, Mexico 
(2015–2017). Currently, he works as a Research Professor at the 
Department of Nano-Biomedicine and Biomedical Engineering, 
Pukyong National University, South Korea. His research interests 
include nanostructured materials synthesis, bioimaging, and bio-
medical applications such as cancer therapy and tissue 
engineering. 

Sumin Park received her B.S. (2020) and M.S. (2022) degrees 
in Biomedical Engineering from Pukyong National University, 
South Korea. Her research interests include synthesizing tailored 
nanoparticles and their applications for diagnosis and treatment 
and bioimaging techniques such as photoacoustic microscopy and 
scanning acoustic microscopy.

https://doi.org/10.1016/j.ijbiomac.2021.04.053


4 Hydroxyapatite is a Next-Generation Theranostic Probe for. . . 107

Jaeyeop Choi received her B.S. (2018), M.S. (2020), and Ph.D. 
(2022) degrees in Biomedical Engineering from Pukyong 
National University, Busan, Republic of Korea. He is currently 
doing his research as Research Professor in Smart Gym-based 
Translational Research Center for Active Senior’s Healthcare, 
Pukyong National University. His research interests include 
high-frequency ultrasonic transducers and scanning acoustic 
microscopy. 

Junghwan Oh received a B.S. Degree in Mechanical Engineer-
ing from Pukyong National University in 1992 and an M.S. and 
Ph.D. degrees in Biomedical Engineering from the University of 
Texas at Austin, USA, in 2003 and 2007, respectively. In 2010, he 
joined the Department of Biomedical Engineering at Pukyong 
National University, where he is a Full Professor. He also serves 
as CEO of OhLabs Corporation. His current research interests 
include ultrasonic-based diagnostic imaging modalities for bio-
medical engineering applications, biomedical signal processing, 
and healthcare systems.


	4: Hydroxyapatite is a Next-Generation Theranostic Probe for Tissue Engineering and Biomedical Application
	4.1 Introduction
	4.2 Structure of Hydroxyapatite
	4.3 Synthesis Routes
	4.4 HAp in Tissue Engineering and as an Implant
	4.5 HAp Nanostructures for the Delivery of Anticancer Drugs
	4.6 HAp for Advanced (PTT/PDT/Hyperthermia) Cancer Therapies
	4.7 Nano-Sized HAp in Imaging
	4.8 Limitations of HAp and Future Directions
	4.9 Concluding Remarks
	References


