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At present, targeted drug delivery is regarded as the most effective means of tumor treatment, overcoming
the lack of conventional chemotherapeutics that are difficult to reach or enter into cancer cells.
Hydroxyapatite (HAP) is the main component of biological hard tissue, which can be regarded as
a suitable drug carrier due to its biocompatibility, nontoxicity, biodegradation, and absorbability. This
review focuses on the cutting edge of HAP as a drug carrier in targeted drug delivery systems. HAP-
based carriers can be obtained by doping, modification, and combination, which benefit to improve the
loading efficiency of drugs and the response sensitivity of the microenvironment in the synthesis

process. The drug adsorbed or in situ loaded on HAP-based carriers can achieve targeted drug delivery
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Accepted 18th May 2023 and precise treatment through the guidance of the in vivo microenvironment and the stimulation of the

in vitro response. In addition, HAP-based drug carriers can improve the cellular uptake rate of drugs to

DOI: 10.1039/d3ra01476b achieve a higher treatment effect. These advantages revealed the promising potential of HAP-based
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1. Introduction

Malignant tumors are one of the major diseases that seriously
affect human health and threaten human life.* At present, the
treatment of malignant tumors mainly includes surgery,
radiotherapy, chemotherapy, targeted therapy, and immuno-
therapy. Among them, local treatment, such as surgery and
radiotherapy, can only work for the primary and some meta-
static sites of malignant tumors, but it cannot completely cure
the tumors transfer to other parts through the blood or
lymphatic system. Chemotherapy belongs to systemic treat-
ment, which can treat all tumor cells. However, the selectivity of
chemotherapy drugs usually is poor, which cannot clearly
distinguish between normal cells and tumor cells, resulting in
damage to normal tissues during treatment.> Targeted therapy
and immunotherapy represent the biggest breakthrough and
progress in tumor treatments. Immunotherapy is becoming
a powerful tumor treatment method by activating the human
immune system and relying on its own immune function to kill
tumor cells. However, there are still many challenges in the
widespread implementation of immunotherapy, such as its
serious adverse reactions and non-specific and autoimmune
inflammation.® Targeted therapy refers to the formation of high
concentrations of targeted drugs at tumor sites through selec-
tive binding with carcinogenic sites. In this way, the effects of
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carriers from the perspective of targeted drug delivery for tumor treatment.

drugs on tumor cells can be improved and the toxicity to
surrounding normal cells can be reduced.

According to different targeting mechanisms, drug targeting
can be divided into passive targeting, active targeting, and
physical targeting. Passive targeting is achieved by enhancing
cellular tissue permeability and the retention effect of the drug
by regulating the composition, particle size, charge, and other
characteristics of the carrier. Active targeting is making tumor
marker molecules loaded onto the carrier to improve the ability
to identify and combine with tumor cells. Physical targeting is
regulating the distribution and release characteristics of drugs
in the body depending on the responsiveness of the drug carrier
to the physical signals, such as light, heat, magnetic, electric,
and ultrasonic waves.* Therefore, one key technology for tar-
geting drugs is the design of drug carriers. The common drug
carriers used for targeting drug delivery include natural poly-
mers, liposomes, micelles, and inorganic materials, as shown in
Table 1. Among them, inorganic nanomaterials have received
widespread attention due to the advantages of easy morphology
regulation, multifunctional properties, performance stability,
and simple preparation processes.

Hydroxyapatite (HAP, Ca;z(PO,4)s(OH),) is a kind of phos-
phate that is the main component of hard tissue of vertebrates
with a hexagonal columnar structure. The special crystal
structure maintains two types of crystal planes with different
charges. The high surface activity is beneficial for drug
adsorption and loading." In addition, HAP has excellent
biocompatibility and bioactivity, which can be widely applied in
the field of biomedicine,*>*® hard tissue repairing and replacing
materials.’*** In recent years, HAP nanoparticles (HAP NPs) as
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Table 1 Characteristics of different carriers used for drug delivery
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Drug carrier Representative materials Advantage Disadvantage Ref
Natural polymers Polysaccharides (e.g., Economical, readily The separation and 5and 6
chitosan, carrageenan, available, non-toxic, and purification processes are
alginates, etc.)Proteins (e.g., potentially biodegradable complex
collagen, gelatin, and silk
fibroin, etc.)
Liposomes Phosphatidylcholine, Increasing the stability of Easily cleared from the 7
phosphatidic acid, the drug and reducing its bloodstream by the
octadecanamide, toxicity lymphatic and
cholesterol, etc. reticuloendothelial systems
Micelles Polyethyleneglycol (PEG), Large drug loading space, Poor transport performance 8
polyamide (PA), increasing the solubility of for solubility drugs
polyoxyethylene (PEO), etc. insoluble drugs and
facilitating body metabolism
Dendrimers Polyamidoamine, poly(r- Active functional groups Non-degradability and 9
lysine), polyethylenimine, enriched on the surface and accumulation in the body
poly(propylene imine), etc. have spacious internal cavity
structures
Inorganic nanoparticles Fe;04, Au, carbon nanotube, Multifunctional, high Poor biodegradability 10

hydroxyapatite, etc.

specific surface area, large
pore volume

a drug carrier, have attracted more and more attention.
Compared with other drug carriers, HAP is easier to load and
release drugs in vivo delivery.'*** Also, HAP could decompose to
release Ca®>*, inducing the apoptosis of tumor cells and
improving tumor treatment efficiency.*® As such, HAP is
a promising drug carrier.

This review provides an overview of the common synthesis,
modification, doping, and recombination methods of HAP for
tumor targeting therapy. The detailed preparation process and
application of targeted HAP-based carriers with pH response,
thermal response, magnetic response, and light response are

X
Lar, geting age®

Fig. 1 Schematic diagram of the responsiveness of HAP-based
carriers.

© 2023 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 1. Due to the excellent biocompatibility and
bioactivity of HAP, the potential synergistic effects of HAP-based
drug carriers in tumor treatment and the potential side effects
on the body have been discussed.

2. Preparation of HAP-based carriers

There are many ways to prepare HAP, but using it as a drug
carrier, shape, drug loading capacity, biocompatibility, and
other special responsiveness must be considered.

2.1 Synthesis of HAP nanoparticles

As an ideal medical material, the preparation of HAP NPs with
high purity, good dispersion, stable performance, and control-
lable size and morphology has become an important research
project. The raw materials used to synthesize HAP can be clas-
sified as natural source materials and chemical materials.
Natural materials include mammalian bones, fish scales,
bones, shells, and mineral resources.>* As for chemical mate-
rials, calcium salts and phosphate salts including Ca(NO;),-
-4H,0, Ca0, CaCl, and (NH,),HPO,, H;PO,, NaH,PO, have
been used as raw materials for HAP synthesis. Different prep-
aration methods require a variety of raw materials to obtain
HAP NPs with diverse properties. In comparison, the synthe-
sized HAP could realize crystal morphology regulation using
chemical agents. At present, the main preparation methods of
HAP NPs can be divided into the dry method and the wet
method.”** The solid-state method is a kind of the typical dry
method, which calcining precursors containing
calcium and phosphate-based on the ion solid diffusion.*
However, HAP NPs prepared by the solid-state method show
poor activity and often contain impurities.*® In comparison,
HAP NPs prepared using wet synthesis including the sol-gel
method, chemical precipitation, hydrothermal synthesis, and

involves
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Table 2 Main preparation methods of HAP
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Synthetic method

Advantage

Disadvantage

Dry synthesis Solid-state method

Mechanochemical method
Sol-gel method

Wet synthesis
Coprecipitation method

Hydrothermal method

Template method

Fully dispersed, low-cost, and
a simple preparation process

Obtain specific-sized powders
Simple and economical, good
uniformity, and better
biocompatibility

Simple operation, easy to introduce
ions, low crystallinity, and good
activity

High crystallinity and purity, low
cost, and easy to operate

Effectively design and regulate the
morphology, and enhance the drug

High energy consumption, large
particle size, and poor activity of
generated powder

Lower purity

Complex process flow, lower
production efficiency

Easy to generate other impurities,
irregular product morphology, and
poor dispersibility

The morphology and particle size of
crystals are difficult to control,
strictly reaction conditions

The structure is prone to damage

loading capacity

template method can effectively control the morphology and
the particle size, which is beneficial to achieve better drug
loading and sustained release. A brief summary of various
preparation methods is shown in Table 2.

In wet synthesis, the sol-gel method uses highly chemically
active components as precursors and generates a stable trans-
parent sol system through hydrolysis. After aging, the sol slowly
polymerizes to form a gel, then the nanostructured materials can
be prepared using the drying-sintering-solidification process
(Fig. 2(a)).”” The phase composition, crystallinity, and grain size of
HAP NPs increased with the increase in the calcination temper-
ature.”® The sol-gel method is simple and economical, and the
production has good homogeneity and better biocompatibility.
However, the process is complex with low productivity. The
coprecipitation method is based on the precipitation reaction
between calcium salts and phosphates salts. For example,
Ca(OH), is commonly used as a raw material to prepare the
suspension. After vigorous stirring, H;PO, solution is slowly
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added to form precipitation and adjust pH using ammonia
solution. Then, HAP particles were obtained after filtration and
drying.” The synthesized HAP particles gather and grow along the
c-plane using the coprecipitation method with low crystallinity
and high activity. The long axis of the obtained HAP with the
increased Ca/P ratio in the initial solution.**** Hydrothermal
synthesis is another method of synthesizing HAP in an aqueous
solution or steam at high temperature and high pressure. HAP
nanorods with uniform size can be synthesized by adding alanine
and glutamic acid, and the particle size of HAP can be
controlled.®® Compared with glutamate, HAP particles were fully
dispersed with higher crystallinity in the presence of alanine. The
HAP product of hydrothermal synthesis also has high purity,
which can be used as drug carriers with specific particle sizes.
Moreover, the hydrothermal method is an effective method for
preparing sheet-shaped HAP with a-plane orientation by adjusting
the Ca/P ratio and pH value, which is beneficial for the loading of
specific drugs.*>**
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Fig. 2 Preparation of HAP NPs by (a) sol-gel method and (b) template (CaCOs) method.
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Fig. 3 Modification of the surface charge of HAP NPs.

To reduce the agglomeration and control the size of HAP
particles, special organic or inorganic materials are usually
added as templates to prepare HAP NPs with high specific
surface area and (or) to develop porous structures for improving
the drug loading capacity.***® For example, polyacrylic acid
(PAA) with a large number of carboxyl groups can provide
complexing sites for the nucleation of Ca** and afford steric
hindrance. When used as a template, the tiny calcium phos-
phate nuclei were first generated along the polycarboxylate
chain and then self-assembled into spherical nanoclusters on
the polymer template. It can elevate the stability and dis-
persibility of HAP NPs in the synthesis process. Therefore, HAP
NPs with spherical structure and low crystallinity could be ob-
tained.*” Using block copolymer F127 as a template, rod HAP
with a mesoporous structure of 75-125 nm in length and about
25 nm in diameter can be synthesized by adjusting the dosage
of polymer, precursor concentration, and reaction time.*®
Compared with spherical HAP NPs, rod HAP NPs have longer
blood circulation time.** Alternately, HAP NPs with hollow
structures can be synthesized using inorganic templates, which
are widely used in drug carriers."®** At first, calcium and
phosphorus ions are precipitated on the pre-synthesized
nanocarbon template and then after eliminating the
template's core carbon structure through calcination, nano-
structured hollow HAP NPs were formed.*” Hollow HAP NPs
have a high specific surface area, which benefits the drug
delivery of different drugs and protein molecules. In addition,
the HAP ellipsoid capsules with hollow and porous structures
can be prepared with CaCO; as a template and calcium source
(Fig. 2(b)).** After adding PO,*", a HAP shell was formed on the
surface of the CaCO; ellipsoid. Then, the remaining CaCOj; core
can be removed using dilute acetic acid. The size and shape of
the HAP hollow capsule are determined by CaCO; core micro-
morphology. The thickness of the capsule shell depends on the
added concentration of PO,*". The synthesized HAP hollow
ellipsoid capsule had a high specific surface area, high drug
storage capacity, and good drug release efficiency.** The
adjustment of crystal size and orientation of HAP can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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realized through template synthesis, but it is necessary to
consider the adverse effects of templates on health and therapy
effects.

2.2 Modification of HAP-based carrier

Since the intracellular drug delivery of HAP NPs depends on
cellular uptake, the interaction between HAP NPs and cells is
very important for the design of HAP-based carriers in DDS.
HAP NPs with different surface charges have different effects on
cellular uptake, activity, and proliferation in vitro. As mentioned
above, the amount of positive charges is higher than that of
negative charges on the surface of rod HAP NPs, which has
obvious advantages over spherical nanoparticles in terms of
cellular uptake.*®** As such, the surface charge of HAP can be
controlled by adjusting the crystal form and crystal size using
different synthesis methods. Meanwhile, the surface charge of
nanoparticles can be adjusted using surface modification such
as 12-amino dodecanoic acid (positive) and dodecanedioic acid
(negative) (Fig. 3).** In addition, reasonably designing the
surface charges of HAP carriers is beneficial for the adsorption
of various drugs. Adjusting the ions or pH in the buffer solution
can directly control the adsorption of anions or cations on the
surface of HAP.*” For example, BSA and HAP generate electro-
static adsorption through the negative head on BSA and the
positive calcium ion on HAP. When the environmental pH is
low, the dissolution of HAP will disrupt the interaction, result-
ing in poor adsorption efficiency. As the pH increases from 7.5
to 9, the increasing negative charge on the surface of HAP
hinders the adsorption of BSA.*® Due to the presence of Ca** and
PO,*” in HAP itself, positively and negatively charged drugs
exhibit more favorable adsorption on Ca-deficient HAP and Ca-
surplus HAP, respectively.*

The surface chemical modification of HAP can also intro-
duce functional groups on the surface to facilitate the effective
composition of the drug, targeting agent, and slow-release
materials. For example, when polyethylene glycol (PEG) is
coated on the HAP surface, the carboxylic acid group provided

RSC Adv, 2023, 13, 16512-16528 | 16515
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by PEG enables folic acid (FA) to be transplanted to the distal
end of PEG to target cancer cells. In addition, the HO-(CH,-
CH,0),H group can be introduced on the HAP surface to
prevent the agglomeration of HAP NPs.*® The special surface
modification of HAP can also increase the effective combination
with the anticancer drug cisplatin. The side carboxyl group of
the multi-carboxyl HAP poly (AMA-COOH) outer layer can be
coupled with the anticancer drug cisplatin to achieve drug
loading. Through cytotoxicity tests, it was found that the HAP-
poly (AMA-COOH) carrier without loading cisplatin exhibited
little toxicity.”* Similarly, -NH;" on the surface of HAP modified
with alendronate (AIN) can react with -COO™ on IBU.*> The HAP
modified with AIN showed higher IBU storage capacity and
relatively favorable drug release behavior. The chemical surface
modification process maintained the raw structure of HAP and
easily controlled the degree of functionalization. Therefore, the
surface modification of HAP NPs can further optimize their
biocompatibility and drug-carrying capacity and continuously
enrich their advantages as drug carriers.

2.3 Doping of HAP-based carriers

The Ca®*, PO,>~ and OH™ ions of HAP can be easily replaced
by ions and groups, which can improve its physical and
chemical properties, such as conductivity, crystallinity, solu-
bility, and thermal stability,>*** and even help to improve the
drug loading and antibacterial ability of the HAP-based
carrier (Fig. 4(a)). For example, compared with pure HAP
NPs, the drug loading capacity of HAP NPs doped with AI** (Al-
HAP) is significantly improved, and the loading capacity of
doxorubicin (DOX) reached about 100 pug mg '.** The con-
ducting biocompatibility experiments showed that the cell
survival rate decreased from 98% to 88% as the concentration
of AI-HAP increased from 0 to 1 mg mL™", which indicates
that the addition of Al will have an impact on the
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biocompatibility of HAP. Due to the smaller ion radius of
Mg”" than that of Ca®>", HAP NPs doped with Mg”>* (Mg-HAP)
would generate lattice distortion and lattice size reduction,
which can inhibit the nucleation and growth of HAP crystal.
With the increase inMg”" content, Mg-HAP had lower crys-
tallinity, smaller grain size, larger solubility, and higher
porosity.*®>” When the substitute content of Mg>* was 5.7%,
Mg-HAP has better pysico-chemical features. The adsorption
and release experiments of protein showed that after doping
Sr** into HAP, the adsorption capacity for BSA and lysozyme
(LYS) increased significantly compared to that of HAP.*® Also,
Sr-HAP has good sustained protein release ability. The protein
release rate of Sr-HAP in the first 1 h was not more than
13.45%, which was significantly lower than that of HAP (about
20.98%). As such, it was conductive to be used as a drug
carrier for sustained release administration.>® The interac-
tions of in vitro cell materials with osteoblast cells showed
that Sr-HAP had significant bone compatibility and bone
spur-stimulating growth without cytotoxicity.*>** Hence, HAP
NPs doped with Sr** (Sr-HAP) are considered as an ideal
protein drug carrier.

The antibacterial properties of drug carriers are conducive
to the auxiliary drug inhibition of diseased cells. As such,
developing antibacterial drug carriers is instrumental to
improve the treatment effect. The HAP NPs doping with Ag”
(Ag-HAP) showed good antibacterial activity against bacterial
strains.®>®® For example, Ag-HAP showed complete inhibition
of Escherichia coli growth after 20 hours of culture and effec-
tive antibacterial activity against Gram-positive Staphylo-
coccus aureus due to the anti-infective properties of heavy
metals Ag. Experiments found that Ag-HAP nanoparticles did
not show any toxic effect on MG-63 cells with loaded
concentrations lower than 200 pg mL~'. When the concen-
tration was higher than 250 pg mL™', the cell viability

decreased to 44%; that is, Ag-HAP exhibited strong
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(a) Schematic diagram of HAP structure of doped ions; (b) drug sustained-release process of the SA/PVA/HAP composite drug carrier.
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Table 3 The summary of HAP-based doped carriers
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Particle
size Ion ratio
Carrier Preparation method Morphology (nm) (mol%) Cytotoxicity/antibacterial test Optimized performance Ref.
Al-HAP Hydrothermal method Rod-shaped 100-150 17.4 A549 cells Increase the surface area and pore 55
size
Mg-  Coprecipitation — ~160 5.4-12.0 Osteoblasts Osteoconductivity and resorption 63
HAP  method
Sr-HAP Hydrothermal method Rod-shaped 140-320 1-20 — Increased protein loading and 59
ability to release continuously
Ag- Double-emulsion Circular ~560 11.1-55.6 A549 cells, ATCC 25922, ATCC 6538 Showed good cytocompatibility 70
HAP  method and antibacterial activity
Zn- Ultrasonic synthesis — — 28.6 NIH-3T3 fibroblasts, ATCC 8799, Enhanced antibacterial effect and 65
HAP ATCC 9027, ATCC 6538 good cell adhesion and
proliferation
F-HAP Hydrothermal method Nanorods ~50 33 MC3T3-E1, E. coli, Gram-negative, Significantly increased crystallinity 75
S. aureus, Gram-positive and demonstrated antibacterial
properties
Si-HAP Hydrothermal method Rod-shaped 500 1 MC3T3-E1 Si-HAP has the effect of promoting 69

antibacterial characteristics and showed cytotoxicity effects
when loaded with highly concentrated amounts.®* Clinical
studies showed that Ag-HAP-coated implants for total hip
arthroplasty with a maximum silver content of 2.9 mg per
implant can prevent artificial joint infections. Another
research showed that HAP-biphasic ZnO (Zn-HAP) can effec-
tively inhibit the growth and development of bacteria and
yeast fungi.®® When Zn-HAP was 0.1 mg mL™*, the survival
rates of live cells of E. coli and P. aeruginosa were only 44% and
37%, respectively, while the mortality rates of two kinds of
staphylococci were as high as 100%. The murine fibroblasts
cultured with Zn-HAP showed good stability and seldom had
cytotoxic effects on cellular structure and tissues. Therefore,
Zn-HAP can also be regarded as an ideal drug carrier.

Other anionic substitutions, such as F~ replacing -OH
groups in the whole composition range, resulted in the
shrinkage of the a-axis and crystal size increasing along the c-
axis to decrease the solubility of HAP under acidic conditions.
Therefore, it has high stability in the biological environment
and is more resistant to the corrosion of body fluids.*®**® The
experiments indicated that the higher concentration of fluoride
ions in F-HAP would lead to cell stress and cell death using
mouse osteoblasts as a model.*” Si0,*~ can also completely or
partially replace PO,*>~ to form doped HAP NPs. It has a higher
biological activity than pure HAP, attributed to the accelerated
dissolution of silicate ions.®® Drug carriers with different prop-
erties were prepared using different ion-doped HAP, which
provides a lot of inspiration for the study of HAP materials.
There are still many areas about ions and HAP materials waiting
for the researchers to test and discover, which will provide more
ideas for research. The osteoblast proliferation measurement
illustrated that Si-HAP increased osteoblast proliferation by
about 1.6 times compared to the undoped HAP.* Si-HAP has
good biocompatibility and promotes bone formation. A brief
summary of the commonly used elemental doping of HAP-
based carriers is shown in Table 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry

cell proliferation and
differentiation

2.4 Recombination of HAP-based carriers

Sustained release administration is beneficial to reduce the
dependence of patients on drugs and frequency of adminis-
tration, which can increase the drug utilization rate.”” New
biopolymer/inorganic composites have attracted great interest
in the field of drug carriers due to their unique structure and
properties. The combination of different biopolymers and HAP
NPs can achieve the effect of sustained release, stabilization,
and/or dispersion of drug particles.”7*

Sodium alginate (SA) is a kind of natural polysaccharide,
which has been widely used in the food industry and medi-
cine.”* The in situ formation of HAP during the SA sol-gel
transition process can slow down the swelling of the SA polymer
chain and the drug dissolution rate.” Also, it can improve the
capture efficiency of drugs and overcome the burst release of
diclofenac sodium (DS). Compared with HAP microspheres, the
release time of DS was extended to 8 h using SA/HAP drug
carriers and prevented the burst release of traditional hydrogel
matrix drugs. In addition, HAP combined with polymers can
realize the effect of drug-sustained release. Amoxicillin could be
released continuously for about 30 days by covering the polymer
layer, which is firstly coated with polyvinyl alcohol (PVA) by HAP
NPs and then covered with SA (Fig. 4(b)).”® The release rate of
the drug was 51% on the 4th day due to the initial sudden burst
and the faster degradation of the external SA. Owing to the slow
degradation rate of PVA,”” the drug maintained sustained
release as the time prolonged with 73% on the 10th day and
93% on the 20th day, which significantly achieved the sustained
release of drugs.

As for the advantages of reactive functional groups, gel-
forming ability, high adsorption capacity, complete biode-
gradability, bacteriostatic ability, and even anti-tumor ability,
chitosan (CS) and its derivatives are biomolecules with great
potential.”® The HAP/CS composite synthesized by ultrasound-
assisted sequential precipitation can reduce the burst release

RSC Adv, 2023, 13, 16512-16528 | 16517
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of the model drug.” Also, hybrid HAP hollow microparticles can
be achieved by combining HAP hollow particles and CS/SA
multilayers through layer-by-layer self-assembly.** Compared
with the solid HAP particles, the high DOX release in the first
hour of CS/SA/HAP hollow particles displayed better-sustained
release properties with the drug release rate of 28.4% under
the same conditions. The PLA-HAP nanofiber carrier prepared
by the electrospinning method using hydrophobic polylactic
acid (PLA) and biocompatible HAP as raw materials can physi-
cally adsorb doxycycline (Doxy) fixed on its surface, achieving
slow and stable drug release of Doxy.*

To promote aggregation of drug molecules around the target
cells, the carrier can also be combined with an antibody, which
has high binding specificity with the specific antigen on the
surface of the diseased cells to achieve the targeting effect of
drug delivery.®> FA is one of the most widely used targeting
agents. DOX@HAP-FA can specifically target folate receptor (FR)
overexpressed tumor cells by modifying FA on the surface.*”*
Under the endocytosis-mediated FA receptor, DOX@HAP-FA
nanorods enhanced cellular uptake and further degradation,
thereby inhibiting the proliferation of target cells. Hyaluronic
acid (HA) can perform tumor targeting effect depending on the
specific bind with tumor marker CD44 protein.** Comparing
the targeting of HA/PEI/HAP on cells with different CD44, the
cells with more expression of the CD44 receptor will absorb
more HA/PEI/HAP NPs (PEI is polyethyleneimine), which can
also deliver drugs more effectively and enhance the therapeutic
effect. The tumor targeting group DFA; can also be transplanted
to the surface of HAP NPs.*® The cellular uptake of drug carriers
is enhanced through the binding of DFA; and vy-glutamyl
transpeptidase (GGT) overexpressed on the cancer cell
membrane.

Sometimes, the composite drug carrier has multiple func-
tions in the treatment process. For example, the composite
carrier of CaS and HAP can not only be used as the carrier for
drug delivery but also contribute to bone regeneration after
surgical resection of the tumors in the treatment of osteosar-
coma.*”*® The photoluminescence properties of drug carriers
contribute to cell imaging and drug release monitoring in the
treatment process. Combining HAP with amino-functionalized
carbon quantum dots (CQDs) can enhance the luminescence
and UV-vis absorbance of HAP, which is beneficial for imaging
in drug delivery applications. In addition, the surface area of
HAP can increase from 84.16 m” g~ ' to 129.94 m” g~ ', which is
beneficial for drug loading.*® The study on the synthesis of Mg-
HAP samples using the reflux condensation method found that
as the concentration of Mg increased, the recombination of
charge carriers was blocked, and the photoluminescence
intensity increased.” The self-luminescent property of Mg-HAP
particles, which is because of their surface plasmon, can be
used in imaging and drug delivery applications. The composites
of HAP and non-functional multiwall carbon nanotubes
(MWCNTs) show blue luminescence. But it shows strong white
luminescence under UV-vis radiation due to the interaction
between Ca”** and carboxyl group in functionalized MWCNT.*!
The relevant studies also showed that the conjugation of carbon
nanotubes (CNTs) and graphene nanosheets (GR) can improve
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the photothermal efficiency of HAP.”> Under 980 nm near-
infrared (NIR) laser irradiation, the photothermal conversion
efficiency of CNT/HAP and GR/HAP was 22.2% and 25.9%,
respectively. After 7 minutes, the ambient temperature rose to
69.0 °C and 72.2 °C, respectively, which exceeded the tolerance
temperature of cancer cells and were enough to induce tumor or
cancer cell death. As such, CNT/HAP and GR/HAP are expected
to become multimodal platforms to improve the current tumor
treatment. The chemical composition changes of the SBF
solution were investigated when the complex of graphene oxide
(GO) and HAP nanorods was analyzed using inductively coupled
plasma optical emission spectrometry.”® Compared with pure
HAP, PEG/GO/HAP released more Ca®>" and PO,*~ and showed
higher bioactivity.

Except for functional materials and organic polymers,
researchers also focussed on the combination of HAP with
oxides to realize different functionalization of drug carriers. To
avoid cellular toxicity effects, Fe;O, coated with HAP could
improve the biocompatibility of Fe;0, and has been used in
drug-controlled release systems. At the same time, the
compounds of HAP, Fe;O,, and ciprofloxacin have shown good
biocompatibility and biodegradability, which is beneficial for
the treatment of osteomyelitis cases and bone regeneration.**
Modification with 3-aminopropyl triethoxysilane (APTES) using
fructose as a green capping agent® can obtain Fe;0,/SiO,/HAP/
APTES recombined composite materials with a smaller surface
area, pore volume, and pore diameter compared with magnetic
Fe;0,/SiO,/HAP. Therefore, it has stronger loading and
controlled release ability of drugs than that of pure Fe;0,/SiO,/
HAP. As the surface of SiO, contains silanol groups, it is
conducive to the nucleation and growth of HAP on the surface
of SiO, in the physiological environment.”* The results
confirmed that SiO,/HAP samples had better biocompatibility
and drug loading ability in vitro than SiO, samples. Adding
a biocompatible HAP microsheet layer to the TiO,/polymer
hybrid layer, can produce a loose film structure and enhance the
photocatalytic surface, which can help kill more microorgan-
isms and improve the antibacterial performance.”” Due to the
structure-opening effect of the HAP lamellae, the hybrid film
consisting of TiO,/HAP/polyacrylate (36/24/40 wt%) showed the
same antibacterial activity as that with the TiO,/polyacrylate
(60/40 wt%) film. Its excellent antibacterial properties provide
a new possibility for the design of drug carriers.

According to the above discussion, there are many prepara-
tion methods for HAP-based carriers that can regulate the
particle size and surface charge of the carrier to make the carrier
easier to be absorbed by cells; it can be doped with different
ions to improve its drug-carrying capacity and antibacterial
ability. It can be compounded with other materials to obtain the
targeting ability. Among them, we should focus on the combi-
nation of HAP and different materials, which has been one of
the difficulties and hotspots in the field of drug carrier design.
Whether HAP is compounded with organic polymers or inor-
ganic materials, all can become excellent drug carriers with
special properties. We are sure that there are still many mate-
rials waiting to be combined with HAP, and more innovative
HAP-based carriers are expected.
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Fig. 5 The pH/thermo response of HAP-based drug carrier.

3. Drug release responsiveness of
HAP-based carriers

HAP could be regarded as drug carriers due to their good
performance including absorption ability, biocompatibility,
nontoxic, biodegradability, and biological activity.®*** In addi-
tion, HAP combined or compounded with different materials or
doped with different ions can gain unexpected functions. As such,
the HAP-based carrier can be used to form intelligent drug
carriers, which have a controlled drug release response in the
tumor microenvironment.’* With the help of tumor environ-
mental sensitivity, DDS enables drug carriers to release a high
concentration of local therapeutic drugs on demand after being
stimulated by external stimuli (such as pH value, light irradiation,
temperature, and enzyme). It can avoid the premature release of
the transported drug before reaching the target tissue and mini-
mize the potential side effects of drugs. This part introduces
several kinds of typical responsive nanoscale drug carriers,
including pH-responsive, thermal-responsive (Fig. 5), magnetic-
responsive, and light-responsive (Fig. 6).

3.1 pH-responsive of drug carrier

The pH of normal tissue is 7.4, while tumor cells use aerobic
glycolysis as the central metabolic pathway to produce lactic acid,
thus showing stronger acidity.’”> Among various stimulation-
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Fig. 6 Magnetic/light response of HAP-based drug carriers.
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responsive DDS, pH-responsive drug carriers have been widely
studied due to the pH gradient between tumor cells, inflammatory
tissues, and normal cells.

The dissolution rate of HAP would accelerate in an acidic
environment.'® Therefore, drug carriers based on HAP generally
show pH responsiveness. Due to the presence of HAP as a coating
on the material surface, sodium alginate-hydroxyapatite bilayer-
coated iron oxide magnetic nanoparticle composite (SA/HAP/
IONP) showed obvious pH sensitivity."® When the environ-
mental pH is 5.3, the drug showed a high release rate in the form
of diffusion. This means that the pH sensitivity of drug release is
improved with the presence of HAP.

In addition, the sulfate-doped HAP nanospheres have
a uniform particle size and a highly porous structure.'® Due to
their extremely high surface area and the incorporation of
bioactive targeting agents, the DOX-loaded S-HAP/PEG/FA
showed sensitive pH response and DOX-triggered release
under small changes of pH. Owing to the easy dissolution of
HAP in the slightly acidic environment of tumor cells, HAP NPs
can be uniformly combined into the silica lattice to enhance
their biodegradability.’*® In the acidic environment, the biode-
gradability of nanoparticles was significantly improved after
Ca>" escapes from the skeleton. The nanoparticles obtained
from this innovative combination have good biocompatibility,
high drug loading efficiency, pH sensitivity, and excellent
biodegradability.
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3.2 Thermo-responsive of drug carrier

Temperature is another potential trigger in various stimuli used
in responsive drug delivery systems. Poly-isopropyl acrylamide
(PNIPA) is a typical temperature-sensitive polymer that has the
hydrophilic hydrophobic transition at the lower critical solution
temperature (LCST) of about 32 °C.'” When the temperature is
below LCST, the drug is locked in the carrier's structure. When
the temperature was increased, the PNIPA chain became
hydrophobic and shrunk, allowing the drug to be released.'*® It
was found that the drug release rate of poly (N-isopropyl acryl-
amide) HAP composite (PNIPAM-m-HAP) microspheres at 37 °C
was faster than that at 25 °C, which shows obvious thermo-
sensitivity. In addition, the poly(N-isopropylacrylamide acrylic
acid copolymer) (PNA) obtained by modifying PNIPAM with
acrylic acid showed excellent response to temperature and pH
changes, which can be used as an intelligent polymer cap to
control the drug delivery of hybrid nanoparticles.'® Au/SiO,/
HAP nanocarriers can be modified with PNA to obtain a multi-
response for the remote control of drug delivery. When the
environmental pH was 4.5, the drug release rates of Au/SiO,/
HAP at 25 °C and 40 °C within 48 hours were 69.8% and 81.3%,
respectively, performing sensitive thermal response."™ The
composite combined with an intelligent polymer with a hybrid
inorganic skeleton, which provided a simple method for the
preparation of multi-response drug carriers with good
biocompatibility and degradability.

Furthermore, the expansion of nanoparticles at higher
temperatures leads to the decrease of matrix density, which is
conducive to the escape of drugs and improves the diffusion
rate of drugs. The analysis of drug release from the hydroxy-
apatite gelatin polymer composite (GEL/HAP) at a pH of 4 with
various temperatures of 32 °C, 37 °C, and 42 °C showed that the
initial burst release rates were 5%, 35%, and 50%, respectively,
which increased with the increase of temperature.”* It can be
used to design drug carriers with better sustained-release and
thermal response.

3.3 Magnetic response of drug carrier

In addition to using the internal stimulation of acidity and
temperature to activate the drug carrier in vivo, researchers have
also tried to combine functional materials with inorganic
nanomaterials to enable them to release drugs under external
stimulation. The advantage of an external responsive nano-
carrier is that the drug release can be turned on or off as needed,
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which may make it possible for clinicians to remotely activate
external stimuli for disease treatment.

Magnetic response DDS had a wide application in the target
drug delivery, which is realized by external magnetic guidance
of electromagnetic coils or various permanent magnets."'>'*?
Magnetic HAP drug carriers can be prepared by adding para-
magnetic, ferromagnetic, or superparamagnetic materials.
Among them, superparamagnetic iron oxide nanoparticles
(SPIONSs) obtained low remanence and coercivity to prevent
caking, which is conducive to maintaining long-term circula-
tion in the body."™* The combination of HAP nanorods and
superparamagnetic Fe;O, nanoparticles can form a dual-phase
Fe;0,/HAP composite with high saturation magnetization of 18
emu g~ "' Due to their low coercivity, large specific surface
area, high mesoporous volume, and good magnetism, Fe;0,/
HAP composites are suitable for targeted DDS. In addition,
andrographolide loaded on the Fe;O,/HAP nanocomposite
showed high antiproliferative activities and the induction of
apoptosis against the A431 cell lines with rapid time. Fe;0,/HAP
nanocomposites could decrease drug delivery time and dosage
and reduce cancer pain.

A novel magnetic HAP-based carrier based on carbon
nanotubes/hydroxyapatite composite (CNT (Fe)/HAP) was
prepared by in situ synthesis of carbon nanotubes in HAP
nanopowder using an iron catalyst with the average DOX load of
130%."° In addition, the saturation magnetization, coercivity,
and saturation magnetization ratio of DOX@FA/CNT (Fe)/HAP
were 0.88 emu/g, 668.96 Oe, and 0.44, respectively. It showed
that DOX@FA/CNT (Fe)/HAP can be used to transport drugs
under strong external magnetic fields and realize the magneti-
cally targeted drug delivery. HAP NPs doped with strontium
have excellent antibacterial properties, which are suitable for
targeted anticancer drug delivery after doping iron ions.'"’
Relevant literature pointed out that the prepared Sr-HAP and Sr,
Fe-HAP NPs were in the form of nanowhiskers and nanorods,
respectively, showing  paramagnetism  and super-
paramagnetism, respectively. Due to its superparamagnetism,
Sr, Fe-HAP nanorods have a good response to the magnetic
field. In addition, the CoFe,0,/HAP composite drug carrier with
a core-shell structure is a new type of biomedicine magnetic
material, which has aroused the interest of researchers.''®
CoFe,O, is encapsulated in rod-shaped HAP, forming
a composite material with a saturation magnetization of 9.04
emu g ' and a coercivity of 1000 T. The synthesized CoFe,0,/
HAP composite drug carrier showed ferromagnetic properties at
room temperature and that the saturation magnetization can be

Table 4 The summary of HAP-based carriers with magnetic responsiveness

Saturation magnetization Coercivity
Carrier Size (nm) Morphology Drug (emu g™ (0e) Ref
Fe;0,/HAP 80 Nanorods — 18.2 0.09 115
CNT (Fe)/HAP 400-600 Rod-shaped DOX 417 427.57 116
Sr, Fe-HAP 120 Rod-shaped DOX 4.3 — 117
CoFe,0,/HAP 50 Spherical Ibuprofen 18.3 100 119
CuFe;,0,0@HAP-APTES 73 Spherical Atenolol 9.2 — 120

16520 | RSC Adv, 2023, 13, 16512-16528

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01476b

Open Access Article. Published on 01 June 2023. Downloaded on 12/5/2025 3:47:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

further enhanced by heat treatment." Alternatively, CuFe;,-
0;,@HAP magnetic nanocomposites can be synthesized using
the ultrasound-assisted precipitation method and functional-
ized using APTES, where the amine groups in APTES can bind to
atenolol drugs to increase the drug loading. CuFe;,0,9@HAp-
APTES nanoparticles have good magnetic responsiveness with
saturation magnetization of 9.2 emu g~ *.**° Currently, a part of
the composite magnetic HAP NPs based drug carriers have been
successfully used in biomedical applications (Table 4),
including bio-imaging and drug delivery.'*!

3.4 Light response of drug carrier

Light stimulation is also a useful method to trigger drug release.
The advantages of using light as a stimulus lie in its easy
application, low toxicity to the body, and more accurate focus on
the target tissue. More importantly, it can combine chemo-
therapy with NIR-mediated photothermal therapy (PTT), which
has a better ablation effect on tumors.*** The intelligent layered
composite hollow drug carrier prepared by polyelectrolyte,
inorganic particles, and metal nanoparticles have good light
response performance. Drug-loaded nanoparticles have
a hollow HAP as the core, a multilayer polymer, and gold
nanoparticles as a shell. Under the irradiation of a NIR laser,
Au NPs can be rapidly heated causing partial collapse of the
polyelectrolyte multilayer and the rapid release of DOX. In
addition, Au/SiO,/HAP showed a high release amount and the
cumulative DOX release amount increased to 55.95% within
12 h at pH 4.5, while that of Au/SiO, was only 30.76% at the
same condition.”” Moreover, Au/SiO,/HAP displayed a high
drug load of 98.89%, and the drug can be released slowly and
continuously. It exhibited excellent NIR- and pH-responsive
drug-release properties due to the NIR-responsiveness of Au
NRs and pH-responsiveness of HAP in acid media, respectively.
The prepared hybrid nanoparticles displayed great potential in
controllable drug delivery areas owing to their high drug-

View Article Online

RSC Advances

biodegradability. HAP can be self-assembled in situ around
Tiz;C,@AuNRs and then combined with polydopamine (PDA) to
prepare Tiz;C,@AuNRs/HAP/PDA nanocomposites. The strong
near-infrared absorption ability of Ti;C,@AuNRs enables the
composite material to have a significant photothermal conver-
sion efficiency (38.6%). The negative charges on the surface of
HAP and the adhesion of PDA make the composite material
exhibit good drug loading capacity (88.3%) for DOX. Ti;C,@-
AuNRs/HAP/PDA has NIR- and pH-responsive drug release
behavior,"® which has great application prospects in remote-
controlled drug delivery and photothermal therapy fields.

HAP nanorods were combined with monolayer GO to form
a GO/HAP composite drug carrier with high DOX loading of
698.7 ug mg ™" and photothermal conversion performance.'? Its
drug release performance is controlled by pH and NIR. The
unique acidic environment at the tumor site and the heat
energy brought by NIR are conducive to the release of DOX,
which can achieve the effect of targeted drug delivery. Cu/F-HAP
hollow microspheres coated with PDA can be prepared by the
impregnation method due to the strong near-infrared absorp-
tion and high photothermal conversion efficiency of polydop-
amine (PDA). PDA can bind well with HAP through Ca-O and
O-H bonds. Under the 808 nm near-infrared laser, the sample
temperature increased by about 10 °C within 12 minutes,
demonstrating excellent photothermal conversion efficiency
and good photothermal stability after five cycles.” In vitro
tumor treatment research showed that the combined therapy
has a better synergistic therapeutic effect than simple chemo-
therapy or PTT, which demonstrated great application potential
of HAP-based nanocomposites in tumor treatment.

4. Drug loading method

Currently, adsorption after carrier synthesis (physical adsorp-
tion or chemical adsorption) or in situ loading during carrier
synthesis are the main ways to load drugs onto the carrier

loading efficiency, excellent pH/NIR sensitivity, and (Fig. 7). In the adsorption process, carrier preparation is an
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Fig. 7 Drug loading through adsorption and in situ methods.

© 2023 The Author(s). Published by the Royal Society of Chemistry

N,
FAER | @
%o Ky

T @ &

‘ Adsorption after synthesis
Drug— AN i

RSC Adv, 2023, 13, 16512-16528 | 16521


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01476b

Open Access Article. Published on 01 June 2023. Downloaded on 12/5/2025 3:47:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

independent step, which can optimize the properties of the
carrier in a variety of ways, such as doping, modification, and
recombination. The adsorption forms include the physical
adsorption of drugs (carrier pores and surface) and covalent
grafting. Different from the traditional drug adsorption loading
on the pre-synthetic carrier, in situ loading mainly adds the drug
into the calcium or phosphate solution during the preparation
of HAP. The drug is wrapped in the carrier to realize encapsu-
lation instead of increasing the load on the carrier preparation.

4.1 Drug-adsorption loading

Drug-adsorption loading is the most commonly used drug-
loading method. The carrier is added to the solution contain-
ing drug molecules and soaked for a while under certain
conditions (e.g., heating, stirring, and ultrasonic). Many
researchers studied the adsorption and release process of
different drugs on HAP and speculated the availability of
materials according to the predictability of the adsorption
model.””® HAP NPs are commonly modified before the drug
loading to improve the adsorption capacity. The interaction
between Ca®>* on the surface of HAP and carbonyl (-O) on the
drug was the main reason for the adsorption. The length of the
Ca-O bond shortened as a consequence of Zn-doping, which
indicated that strong interaction existed between DOX and the
surface of Zn-HAP."* Compared with pure HAP, the doping ions
can improve the specific surface area and zeta potential to
enhance the binding energy between DOX and HAP, which is
conducive to improving the DOX loading capacity and sustained
release time. In addition, the doping of AI**, Mg>*, and Sr**
plasma can also improve the drug loading of HAP. Therefore, it
is of great significance to select appropriate doping ions to
promote the study of HAP as a drug carrier.

HAP modified with special functional groups can also
improve drug adsorption. For example, the inner surface of HAP
NPs was functionalized with (3-aminopropyl)trimethox-ysilane
(APTS)."*® Compared with pure HAP, amino-functionalized
carriers have higher drug adsorption capacity and slower drug
release rate. The advantage of the adsorption drug loading
method is that it is easy to operate, but the drug may be released
suddenly, which may affect the therapeutic effect.

It is known that organic or inorganic materials can be used
as templates to regulate the porous or hollow structure of HAP,
which can greatly improve the drug loading rate. Due to the
wide variety of materials that can be used as template and
coating agents, the template preparation method has become
the most effective method to improve drug loading and is also
the worthiest of further exploration. In addition to being used
as templates, some polymers can also be used to modify the
carrier after drug adsorption, which can significantly improve
the sustained release effect of the drug carrier. For example,
DOX was adsorbed on the synthesized HAP NPs used as filling
materials, and then coated on the surface with CS."™*' Compared
with DOX@HAP, the drug release rate of DOX@HAP/CS is
slower. The structure design of the drug-loading method with
sandwich lamination has gradually been more widely applied
and investigated.
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4.2 In situ loading during synthesis

In situ drug loading mainly involves adding drugs to calcium or
phosphate solution during the process of preparing HAP. The
drug is encapsulated in a carrier during the preparation
process. The characteristics of the drug affect the encapsulation
effect. For different drugs, the carrier may show different
loading and release effects. Drug loading can occur simulta-
neously with the formation of calcium phosphate (CPs) nano-
carriers in the same reaction system.'*” Large numbers of CPs
clusters with ultrahigh specific surface area form at the early
stage of the precipitation reaction, providing many binding
sites for the drug molecules. During the formation of HAP
nanocarriers, the in situ drug molecules can be adsorbed on the
surface of CPs clusters without any surfactant. The synthesis of
nano-carriers and subsequent drug loading is completed in one
step, which avoids the post-processing that may inactivate the
drug molecule binding sites.

The simulated drug R6G was mixed with CaCl, solution,
then sodium alginate and Na,HPO, solutions were added to
form SA/HAP with a core-shell structure.'®® In the process of
HAP synthesis, drug encapsulation effectively improved the
drug loading capacity of the carrier, and the presence of posi-
tively charged R6G improved the synthesis efficiency of HAP.
Since the positively charged R6G molecules need to diffuse from
the HAP core, the burst release of the drug was avoided in the
initial stage, showing a good sustained-release effect. The rele-
vant research report that adding DS to the aqueous solution
containing SA and (NH,),HPO, and then dropping the solution
into Ca(NO;),-4H,0 aqueous solution using a hypodermic
syringe to immediately formed a milky white drug-loaded SA/
HAP beads.” The encapsulation efficiency and release rate of
DS are obviously improved using this synthesis method.

In situ drug loading has greater advantages in drug loading
and release rates and can seal the drug more stably in the
carrier. However, it is necessary to consider the physical and
chemical properties of drugs, which affect the formation of HAP
during the synthesis process, such as drug solubility and drug
particle size. The high requirements of the drug limit the
expanded application of the in situ drug delivery during drug
carrier preparation. By comparison, the method of loading
drugs after carrier synthesis could overcome the defects of drug
properties based on the simpler principle. The anionic groups
on the drug surface were easily absorbed by HAP. However, the
burst release of the drug during the desorption process is
unavoidable, which is unfavorable to realizing the sustained
release effect. In short, the selection of drug-loading methods
should take into account the application limitations and drug
properties.

5. Properties of HAP-based carriers

In the slightly acidic environment, HAP particles would dissolve
to release Ca®" and PO,*~, which could be swallowed or absor-
bed by cells in vivo or discharged with body fluid.*** In addition,
the acid-soluble properties of HAP are conducive to the degra-
dation and release of drugs in the weak acidic environment of
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the tumor, which has great potential for the delivery of tumor
drugs. Due to their nontoxic and biocompatibility, HAP NPs
have become the preferred material in the field of drug carriers.

5.1 Effect of the carrier on drug efficacy

As drug carriers, HAP NPs can achieve targeted delivery and
improve the drug treatment effect. To reduce the frequency of
administration, increase patient compliance, or reduce the side
effects of drugs, the drug carriers are designed to achieve the
sustained release effect. Coating biopolymer on the HAP surface
is the most efficient method to achieve the drug's sustainable
release. The drug is locked on a HAP-based composited drug
carrier and then slowly released with the degradation after
being affected by the tumor microenvironment. Due to the
unique properties of HAP (high solubility in an acidic environ-
ment), it is equivalent to the second lock on the drug. Therefore,
HAP is an excellent material for the preparation of drug
sustained-release carriers, which is conducive to promoting the
absorption of drugs in vivo and improving the efficacy of drugs
for the human body.

Compared with free collagen and ovalbumin, using HAP as
a protein carrier is more easily absorbed by bone tissue.**>*%¢
Similarly, compared with free DOX, DOX@HAP/ZnO/F127/FA
has higher cellular uptake efficiency.”®” In addition, conju-
gated FA and UVA irradiation on the surface of nanocomposites
provide dual targeting and produce in situ reactive oxygen
species, which provide the expected toxicity in conjugation and
improve the efficiency of photodynamic therapy. In compar-
ison, the drug delivery system using HAP/GO as a drug carrier
with lower content of DOX and higher DOX performed the same
cancer cell death rate, indicating the synergistic therapy of the
nanocomposites in the cell viability measurements.'*®

Excessive Ca®" produced after HAP dissolution will lead to
cell calcification and death. This is the reason why HAP has anti-
tumor properties. With polyglutamic acid (PGA) as the coordi-
nation agent, PGA/HAP are easy to assemble into spherical
nanoclusters with low crystallinity.**® The good dispersion and
solubility of PGA/HAP in the tumor environment improved its
internalization, which significantly increased the intracellular

‘& .] r.
Abnormal

pure &%

Fig. 8 HAP-based targeted carriers reduce drug side effects.
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calcium influx by about 40%. Under the synergistic action of
DOX and calcium overload, the hybrid system selectively
enhanced the toxicity to tumor cells. In vivo experiments further
confirmed that the system has higher selective tumor inhibition
and reduced cardiotoxicity, which is an effective anti-tumor
platform. PAA is also used as a coordination agent. The
surface of the synthesized composite particles is rich in carboxyl
groups, which promote the internalization of particle cells. Due
to the low crystallinity of calcium phosphate, Ca®" is gradually
released through dissolution. The prepared composite nano-
materials can increase the cytoplasmic calcium content of
tumor cells by 175% and further inhibit the activity of tumor
cells by more than 80%.*”

5.2 Reduce the side effects of drugs

In the treatment of some chronic diseases or cancers, the drugs
cannot selectively target the affected areas, which may cause
serious side effects to normal tissues, and due to the short
biological half-life and poor bioavailability, high doses and
frequent administration are required. However, the HAP-based
carrier has excellent biocompatibility, biodegradability, and
targetability, which is safer for the body than other materials.
Loading drugs with this new system can reduce drug side effects
and is safer than free drugs. It can improve the treatment effi-
ciency of pathological tissue and reduce the toxic and side
effects on other tissues (Fig. 8).

DOX has broad-spectrum antitumor activity, such as in
leukemia, lymphoma, and solid tumors. However, it has severe
side effects, including low selectivity and dose-dependent car-
diotoxicity.”****° The -OH and carbonate groups on HAP crystals
can form strong hydrogen bond interactions with ~-OH and -
NH, groups in DOX, which enables their DOX to be stably
loaded on HAP supports. DOX loaded on HAP-based carriers
can greatly reduce its cardiotoxicity and cytotoxicity."** In
addition, the modification of HAP by other materials can be
used to enhance the targeting. The DOX@HAP/MOF/Fe;0,4/Fe
nanocomposite microspheres produced good saturation
magnetization and pH response characteristics, which could
control the release of DOX loaded on the drug carrier in the
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simulated acidic tumor cell environment to effectively kill
tumor cells and reduce the toxic side effects on normal tissue.***

The anticancer drug cisplatin is also widely used in tumor
treatments because of its powerful therapeutic -effect.
However, cisplatin is a highly accumulative drug, which is
prone to nephrotoxicity and serious side effects. The HAP
drug carrier loaded with cisplatin of suitable dimensions
accumulates at the tumor site based on the enhanced
permeability and retention effect by intravenous injection.
The acidic environment of tumor tissues may favor the
dissolution of HAP and the release of the Pt complexes, which
can effectively avoid the damage of cisplatin to other healthy
tissues.* HAP bone cement-containing cisplatin was
implanted into rabbit bone for local chemotherapy to main-
tain a high concentration of anticancer drugs locally. It could
promote the growth of new bone after tumor resection,
increase the mechanical strength of fragile bone, reduce the
side effects of cisplatin and damage to other parts, and
increase the action time and drug efficacy of cisplatin in the
affected area.'* Cisplatin was implanted into normal back
muscle, tibia, and experimental tumors of mice through
a porous HAP carrier."® The diffusion rate of cisplatin in
blood and other organs (liver, kidney, and brain) was less than
10% of the implanted site and released uniformly for more
than 3 months. It proved that HAP carriers could reduce the
toxic and side effects of cisplatin on normal tissues.

5.3 Effect of the carrier on the organism

As for normal tissues, the synthetic HAP-based drug carriers
perform good bone induction. Compared with allogeneic bone
and bone grafts, HAP-based drug carriers usually bind well to
the surrounding host bone and promote the formation of new
bone, combine with new bone, and recover the damaged bone
tissue. '

Dexamethasone (DEX)-loaded polylactic acid-glycolic acid
(PLGA) microspheres were immobilized on the surface of HAP
scaffolds. This composite HAP scaffold can enhance bone
regeneration in vivo."”” HAP nanocrystals are also considered to
be important bioactive components to promote cartilage
regeneration.'*® Compared with PLGA scaffolds, HAP NPs can
significantly promote the adhesion and proliferation of chon-
drocytes and have better cartilage regeneration ability without
using any growth factors or gene transfer."** This may be due to
its biocompatibility, which is similar to the minerals of natural
bone tissue from chemical and structural points of view. The
prepared highly interconnected microporous HAP bio-ceramic
scaffolds have the surface morphology of nanosheets, nano-
rods, and micro-nano mixtures (a mixture of nanorods and
micro rods).* HAP bio-ceramics with these micro/nano
morphologies can significantly enhance cell attachment, cell
viability, alkaline phosphatase (ALP) activity, and mRNA
expression of osteogenic-related genes of rat bone marrow
stromal cells (bMSCs). When HAP delivers drugs to bone tissue,
it usually acts as a scaffold or template together with implants to
induce immature cells and stimulate these cells to develop into
mature osteoblasts. HAP surface features support osteoblast
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adhesion and differentiation and promote bone growth by
slowly replacing the adjacent living bone by guiding the newly
formed bone on its surface or down into pores, pipes, or
channels.’'*?

In addition, HAP can also activate fibroblasts and accumu-
late vascular endothelial cells, to support the healing of skin
wounds. Electrodeposited HAP (pHA) powder was added to silk
fibroin (SF) and applied to full-thickness skin wounds in pigs.***
The study found that pHA-containing SF gel had a higher
promotion effect on wound healing, re-epithelialization, and
matrix formation compared to other gel complexes prepared in
that study. Therefore, the application of HAP as a drug carrier
can not only achieve sustained release, targeting, and other
effects but it may also promote the recovery of the damaged
tissues.

Although HAP is chemically similar to bone minerals, this does
not mean that they are completely harmless to the body. Calcium
phosphate crystals can induce the release of proinflammatory
cytokines. Smaller calcium phosphate crystals can disrupt the
stability of atherosclerotic plaques by triggering inflammation
and leading to the death of vascular smooth muscle cells.****** The
reason for the toxicity of NPs is unknown in most cases.*****” This
may be due to its special characteristics, such as the high specific
surface area of NPs or its surface chemical properties. When
macrophages were exposed to gel HAP NPs, colloidal HAP NPs, or
HAP NPs after spray drying, cell death occurred.’®® Among them,
the gel state of HAP showed the greatest toxicity, and the cyto-
toxicity of nanoparticles after spray drying was greatly reduced.
This is because the degree of cytotoxicity to cells is closely related
to the degree of HAP uptake by cells. The main cause of cell
toxicity of HAP may be related to the release of Ca>". Therefore,
controlling the large intake of HAP NPs can avoid the possible
adverse effects of Ca>" on the body.

6. Conclusions and perspectives

HAP has been widely used in chemistry, biology, and medicine
due to its biocompatibility, biodegradability, and bioactivity.
This review discusses various synthesis methods to modify HAP
for improving the drug loading capacity. The main responsive-
ness mechanism of drug release in tumor therapy is also
emphasized, including microenvironment in vivo and external
stimulation. Modified HAP-based drugs carried by doping or
recombination showed high sensitivity to the environment and
achieve the targeted drug releases. In addition, the drug could
remain on the HAP-based composite carrier and then be sus-
tainably released with the degradation of biopolymer to
promote the absorption of drugs and improve the drug efficacy
of tumor treatment. HAP-based drug carriers with various tar-
geting types are suitable for corresponding drug delivery
systems (cardiovascular system, respiratory system, digestive
system, blood system, immune system, and so on), which need
further systematic research and delicate classification. Above
all, HAP-based drug carriers can be expected to be one of the
most effective carriers for drug delivery.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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