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A B S T R A C T

Calcium phosphate nanoparticles represent promising materials for drug delivery because of its favorable prop-
erties, including biocompatibility, biodegradability and strong affinity for binding to nucleic acids (pDNA, siRNA,
miRNA, etc.) and therapeutic drugs (cisplatin, carboplatin, paclitaxel, gefitinib, doxorubicin, etc.). Various stra-
tegies to prepare the size-controllable, stable, targeting and pH-responsive CaP nanocarriers have been extensively
developed as the potential candidates in clinic. This review discusses the mostly recent developments in the
design of calcium phosphate nanocarriers as drug delivery systems and therapeutic agents. Additionally, the
advantage is unquestionably demonstrated and the obstacles are thoroughly examined in order to overcome
future clinical issues.
1. Introduction

Nanoparticles have been developed for drug delivery in vitro and in
vivo rapidly due to its high surface-to-volume ratio which causes their
specific physicochemical, biological, optical, electrical, and catalytic
properties [1]. An ideal drug nanocarrier should be able to incorporate
potential bioactive agents either physically or chemically and protect
them in the bloodstream. Furthermore, the nanocarrier complex should
de-assemble gradually and provide sustained and controllable drug
release over prolonged period of time to increase therapeutic efficiency.
In addition, it should provide a feasible mechanism to specifically bind to
target cells or tissues, in order to reduce their off-target effects and
enhance the on-site drug concentration [2]. Among different synthetic
nanocarriers, calcium phosphate nanoparticles (CaP) have shown
promising results toward the abovementioned criteria [3–5].

In contrast to many other kinds of inorganic nanoparticles (e.g., gold,
magnetite, silica), calcium phosphate nanocarriers have gained
increasing interest in nanomedicine because of their high biocompati-
bility and good biodegradability, which is due to the fact that calcium
phosphate is the inorganic mineral of human bone and teeth [6,7]. Cal-
cium phosphate nanoparticles are readily soluble at the low pH inside
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endo/lysosomes or phagosomes after cellular uptake, but stable at
neutral pH, for example, the circulation in the body [8]. Furthermore,
calcium phosphate nanoparticles meet many important requirements for
an efficient delivery system, that is, the ability to incorporate drugs or
biomolecules both inside and on the surface, either physically or cova-
lently bound, the ability to retain such biomolecules until the particle has
reached the target site and is dissolved, and its inherent biodegradation
to harmless compounds (calcium and phosphate ions) [9–11].

In this review, we highlight a number of applications where calcium
phosphate nanoparticles were successfully applied in biological systems
for drug delivery. First, we shall introduce different preparations and
characterization methods for calcium phosphate nanoparticles. Further-
more, we shall discuss those strategies of loading drugs and biomolecules
functionalized in calcium phosphate nanoparticles. Compared with pre-
vious publications reviewing CaP design and applications in nano-
medicine, our review provides a new materials science perspective,
focusing more on the relationship of nanostructures and biological
function of different CaP designed as therapeutics. This will be a major
safety concern hindering clinical translation of different formulations of
CaP nanocarriers developed for diseases therapy.
icmm.ac.cn (J. Wang).
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Table 1
Selected CaP phases of interest for biomedical applications [21–26].

Ca/P
Molar
Ratio

CaP phase Name Formula pH
Stability
Range

Density
(g/cm3)

0.5 MCPM
(monobasic
calcium
phosphate
monohydrate)

Ca(H2PO4)2⋅H2O 0.0–2.0 2.22

1.0 DCPA (dicalcium
phosphate
anhydrous)

CaHPO4 2.0–5.5
(>80 �C)

2.929

1.0 DCPD (dibasic
calcium
phosphate
dehydrate)

CaHPO4⋅2H2O 2.0–6.0 2.319

1.3 OCP (octa
calcium
phosphate)

Ca8(HPO4)2(PO4)4⋅5H2O 5.5–7.0 2.673

1.5 TCP (tricalcium
phosphate)

Ca3(PO4)2 – 2.814

1.2–2.2 ACP (amorphous
calcium
phosphate)

CaxHy(PO4)z⋅nH2O n ¼
3–4.5 15%–20% H2O

5–12 –

1.5–1.67 CDHAp (calcium
deficient
hydroxyapatite)

Ca10-x (HPO4) x (PO4)6-x
(OH)2-x (0 < x < 2)

6.5–9.5 –

1.67 HAp
(Hydroxyapatite)

Ca10(PO4)6(OH)2 9.5–12.0 3.155

2.0 TTCP (tetra
calcium
phosphate)

Ca4(PO4)2O – 3.056
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2. Preparation and characterization of calcium phosphate
nanocarriers

Different methods for the preparations of calcium phosphate nano-
particles with different size, morphology, and composition were devel-
oped. These methods are focused on the preparation of calcium
phosphate particles in the nanoscale dimension and several forms of
calcium phosphate are prepared using a variety ratio of materials: hy-
droxyapatite (HAp) (Ca/P ¼ 1.67); tricalcium phosphate (TCP) (Ca/P ¼
1.5); brushite (Ca/P ¼ 1); and amorphous forms of CaP (ACP) (Ca/P ¼
1.5) and so on [12]. Current CaP coprecipitation synthesis protocols
typically generate CaP particles using NaH2PO4, Na2HPO4, Na3PO4 or a
combination of these three phosphate salts [13–15]. For example, CaP
was synthesized as the following precipitation reaction [15]:

10CaCl2 þ 6Na3PO4 þNaOH¼Cað9þx=2ÞðPO4Þ6ðOHÞ2 þð18þ xÞNaCl
þð1� x = 2ÞCaCl2 x¼ 0; 1; 2

The supersaturation of different CaP phases in solution is dependent
on many parameters, such as the calcium and phosphate ion
Table 2
Summary of main synthesis methods for CaP.

Method CaP phase Size Shape Adv

sol-gel chemistry ACP, β-TCP,
HAp, DCPA

Nano/micron Particle/sheet nar
com
tem

flame spray pyrolysis β-TCP, HAp submicron to
hundreds of
microns

particle rap
resu

solid-state reactions β-TCP,
α-TCP, HAp

micron diverse low

wet-chemical precipitation
in room temperature

Mainly HAp nano diverse bul
inc
onl

wet-chemical precipitation
under heating
conditions

ACP, HAp nano Controllable
shape

hig
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concentrations in solution, pH and temperature. Table 1 lists the major
members of the CaP family that are of interest to biomedical applications,
according to Ca/P atomic ratio, pH stability range in aqueous solutions at
25 �C, and density. We want to stress that there is not only one calcium
phosphate but a whole family of them, due to the different protonation
states of the phosphate anion (PO4

3�, HPO4
2�, H2PO4

�) and the ability of
calcium phosphates to substitute anions and cations by other ions [12,
16]. In various reports, the crystalline phase which is actually present is
neither investigated nor known, and the material is often simply denoted
as “calcium phosphate”. Thus, calcium phosphate nanomaterials often
contain a mixture of different calcium phosphate phases. Given the fact
that all of them are acid-soluble to calcium and phosphate ions, but this
does affect the biomedical application mainly due to the degradability of
different CaP phases in acidic buffers is different, which is sorted as
follows (”≫” denotes much greater solubility): ACP ≫ α-TCP ≫ β-TCP >

CDHAp ≫ HAp > fluorapatite [13]. Besides, among them, the most
ubiquitous form of CaP is HAp. The process of HAp is formed in a neutral
to basic solution by the interaction of calcium ions and phosphate ions to
form a precursor amorphous phase (ACP) composed of Ca/P ¼ 1.5
aqueous calcium phosphate (Ca3(PO4)2⋅xH2O), forming a spherical
(Ca9(PO4)6) Posner's cluster (PCs) dense accumulation, which binds to
water at the gap to form larger spherical particles [17–19]. However,
HAp also is one of the most stable phases that can be generated under
physiological conditions [20]. Hence it has been the model system that
has been commonly developed for drug delivery.

In general, calcium phosphate is synthesized by various methods like
sol-gel chemistry [27–29], flame spray pyrolysis [20,30,31], solid-state
reactions [32,33] and wet-chemical precipitation [34–36], as shown in
Table 2. The sol–gel synthesis is based on the reaction of a calcium source
and a phosphate source, usually in an organic solvent [37]. It offers
different possibilities to fabricate a wide range of structured nano-
materials, including coatings on metallic implants [38]. As shown in
Fig. 1, synthetic method involves injection of tetrabutylammonium
phosphate into oleic acid solution of calcium oleate at 200–330 �C and
controlling the nucleation-growth kinetics of calcium phosphate by
temperature, molar ratio of calcium to phosphate, reaction time and
solvent. Nanorods are formed at calcium to phosphate molar ratio of 2:1
and with increasing temperature more anisotropic nanowires are formed
[39]. As the reaction progress at a certain growth condition, the length of
nanorod/nanowire increases with time, attains a maximum and then
length distribution becomes broad. These hydrophobic nano-
rods/nanowires are highly soluble, can be processed like conventional
high quality hydrophobic nanoparticle and can be transformed into
water soluble functional nanoparticle via ligand exchange or polymer
coating approach. The sol-gel synthesis is advantageous due to its
simplicity, high versatility, comparatively homogeneous product
composition, and low synthesis temperature [27,40,41] (see Table 3).

Flame-spray pyrolysis is a versatile method for the largescale syn-
thesis of calcium phosphate nanoparticles [42–44]. A solution or a
antages Disadvantages Ref.

row size distribution,
paratively low synthesis
perature

high cost, serious aggregation,
usually needs special regents

[27–29],
[37,38,40]

id synthesis, large-scale, usually
lted in spheic structure

difficult to obtain nano-size
product, high energy
consumption

[42–44]

cost, large-scale serious aggregation, poor
redispersability

[45,46]

k synthesis, low cost,
orporation of compounds, often
y water as solvent

upscaling can be difficult and
requires a continuous process

[47–51]

h reaction rate and efficiency energy consumption; cannot
load drugs (nucleic acids or
proteins)

[52–55]



Fig. 1. A) Synthesis approach for calcium phosphate nanorod and nanowire of controlled Length; B) Proposed mechanism of formation of calcium phosphate
nanorod/nanowire; C) TEM images of CaP nanorod or nanowire with increasing length to width ratio [39].
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dispersion of the precursors is injected into a flame where the particle
formation occurs at high temperature. The possibilities for precursor
selection and reactor system engineering make this method suitable to
produce particles with variable properties, also for biomedical applica-
tions. The applied solvents or precursors, the local temperature, and the
residence time in the flame all influence the combustion reaction, giving
some control over primary particle size and crystalline phase, but irre-
versible particle agglomeration is frequently observed. Although it re-
quires specialized equipment, flame-spray pyrolysis is an efficient
method to prepare larger quantities of nanoparticulate calcium phos-
phate with defined properties [101], but the high processing temperature
prevents the incorporation of all organic or biological compounds, which
limits the application in the medical drug delivery.

Pulsed laser ablation has also been applied to prepare calcium
phosphate nanoparticles from synthetic and biological calcium phos-
phate substrates [45]. This method is based on the ablation of nano-
particles from a solid substrate and has turned out to be very versatile to
prepare metallic and ceramic nanoparticles. However, its applicability to
prepare calcium phosphate nanoparticles is probably limited because it is
difficult to disperse the material in nanoparticulate form in the case of
sinter [102].

According to the researches in recent decades, calcium phosphate
designed to overcome the pharmacokinetic limitations of drugs delivery
is mostly limited in the nano field due to the specific physicochemical,
biological, optical, electrical, and catalytic properties of nanomaterials
[103,104]. The CaP micromorphology of sol-gel chemistry, flame spray
pyrolysis and solid-state reactions for drugs delivery often limited for
external use or in vitro study. However, their preparation process
involved high temperature or organic solvent often provides a control-
lable advantage over morphology and particle size, including
zero-dimensional (0D) shape of particle and sphere, 1D shape of rod,
fiber, wire and whisker, 2D shape of sheet, disk, plate, belt, ribbon and
flake, 3D shape of porous, hollow, and biomimetic structures similar to
biological bone and tooth [22,46], which resulted in the unique appli-
cations that some of these uniform nano-sized particles would be selected
as pre-fabricated basic materials to constructure the CaP nanocarriers.
3

Among various methods for synthesis of calcium phosphate nano-
particles for biological application, wet-chemical precipitation from
aqueous solutions has distinct advantages. Based on its sparingly soluble
in neutral water, calcium phosphate tends to precipitate easily from su-
persaturated solutions, resulting in the easy and cost-efficient precipita-
tion from water where no organic solvent is required in the process of
wet-chemical precipitation [47]. Meanwhile, it has some advantages
like the possibility to control particle crystallinity and size by varying pH,
concentration, temperature, and precipitation time [48,49]. Themethods
of wet-chemical precipitation contained different refinement methods,
such as the room-temperature coprecipitation method, the hydro-
thermal/solvothermal method, the microwave-assisted method, the
sonochemical method and others [11].

In the room-temperature coprecipitation method, various organic/
inorganic regulators and stabilizers are adopted to prevent the rapid
nucleation and disordered growth of calcium phosphate, resulting in
calcium phosphate-based nanocomposites or ion-doped nanocarriers. For
example, Kazunori Kataoka et al. [50,64] presented a hybrid nanocarrier
system composed of calcium phosphate comprising the block copolymer
of poly (ethylene glycol) (PEG) and charge conversional polymer (CCP)
as a siRNA vehicle. The “one-pot” method is described as following: a
solution of CaCl2 was mixed with another solution containing
PEG-PAsp(DET), siRNA and Na3PO4 in buffer (pH ¼ 7.5) by pipetting for
around 20 s. The TEM observations revealed hybrid nanoparticles with
relatively homogenous spherical shape and average size of 40 nm. It al-
lows to load biomolecules into the particles or/and to functionalize them
on the surface, leading to reproducible and uniform nanoparticles in
stable colloidal dispersions [50,51], and the lower-temperature processes
avoids the denaturation of biomolecules like nucleic acids or proteins
may occur in high temperature. However, the growth and crystallization
of calcium phosphate are accelerated under heating conditions, so the
hydrothermal, solvothermal and microwave heating methods were
developed widely to prepare calcium phosphate nanoparticles [11].
Different from conventional hydrothermal/solvothermal methods that
heat the reaction system from the outside to the inside by heat conduc-
tion, microwave heating could rapidly and uniformly heat the whole



Fig. 2. General mechanism proposed for the uptake and intracellular processing of calcium phosphate nanoparticles by cells [119].
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reaction system, and there was no obvious temperature gradient in the
reaction system [52–55]. Usually, the microwave-assisted method could
complete the synthetic reactions in minutes rather than hours or days
required by the traditional heating methods, so it had higher reaction
rate and efficiency to save time and reduce energy consumption. Simi-
larly, the sonochemical method could provide intense local heating, high
pressure, and rapid cooling due to the continuous formation, growth and
implosive collapse of bubbles in the reaction system, which also became a
promising strategy for the preparation of nanostructured calcium phos-
phate [105–107].

Above all, regardless of the synthesis method, calcium phosphate
nanoparticles need to be dispersed in water or biological media for most
biological applications. And the colloidal stability, function and safety of
nanoparticles directly depends on their surface characteristics [108].
Hence this is imperative if nanoparticles are acting as carriers where the
particle composition must be exactly known, including those properties
like size, charge, shape and the entrapment rate of drugs or biomolecules
[109,110] which will conduct the comparative analysis in the following
applications section. Presently, we will firstly discuss different methods
which are generally applied for the characterization of calcium phos-
phate nanoparticles in colloidal dispersion.

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) are universal choices for observing the morphology and
particle size of calcium phosphate nanoparticles [111,112]. Electron
microscopy is imaging in the dry state and often only a small number of
particles can be analyzed. Attentionally, it is possible contaminated by
salts or biomolecules from the dispersion medium and beam damagemay
cause artifacts, especially with hydrated or amorphous calcium phos-
phate phases. Besides electron microscopy, dynamic light scattering
(DLS) is probably the most prominent method to analyze the size and the
surface charge (zeta potential) of dispersed calcium phosphate nano-
particles if the particle size distribution is monomodal and narrow [113,
114]. If the nanoparticles are not spherical or occur as a polydisperse
mixture, DLS tends to produce artifacts due to the fact that large particles
4

scatter the light much more intensely than smaller particles. Note that
SEM or TEM probes the solid calcium phosphate core in the dry state
whereas DLS probes the hydrodynamic diameter in the dispersed state,
including possible aggregates of smaller primary particles [76,115].

For medical drugs delivery, the calcium phosphate nanoparticles
must be thoroughly purified to remove excess reagents from the synthesis
and unwanted synthesis by-products like the inorganic counter ions of
calcium phosphate. Commonly applied purification techniques are
centrifugation, nanofiltration, and dialysis. Centrifugation is the best
option for calcium phosphate nanoparticles due to their density and
comparatively large diameter (typically 50–200 nm) [113].

The amount of cargo also is an important character need to be
quantitatively determined, which is more difficult than generally
assumed. Auto fluorescent or fluorescently labelled drug molecules can
be easily detected by UV-spectroscopy or (less accurately) by fluores-
cence spectroscopy [116,117]. This can be performed either with the
cargo-loaded nanoparticles or with the supernatant that remains after
nanoparticle purification. In the case of fluorescently labelled cargo
molecules like proteins or antibodies, it is usually tacitly assumed that
they have the same biological and physic-chemical properties as their
non-labelled parent compounds. If cargo molecules are available only in
small amounts, model cargo molecules can be used instead of the real
cargo molecules. Additionally, HPLC is an option as the standard labo-
ratory method after acidic dissolution of the nanoparticles. Moreover, the
number or concentration of calcium phosphate nanoparticles in a
dispersion can be determined by elemental analysis, such as atomic ab-
sorption spectroscopy (AAS) and inductively-coupled plasma-mass
spectrometry (ICP-MS) [118].

3. Application of calcium phosphate nanocarriers

In recent decades, nanosized and nanostructured calcium phosphates
have been used in several applications, including biomimetic reminer-
alization, as fluorescent labels, bioactive coating for implants, especially



Fig. 3. Schematic illustration of the interaction between the group of representative molecules and the Ca2þ in CaP nanocarriers.
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non-viral vectors for gene and drug delivery. Fig. 2 shows the general
mechanism which we propose for the uptake of calcium phosphate
nanoparticles by eukaryotic cells [119]. The pDNA/CaP nanoparticle is
regarded as the model and a five-step process needs to be implemented
before giving effect. (I) Overcome biological barriers to obtain a good
cellular uptake, (II) endosome loaded nanoparticles fuses with a lyso-
some (III), the acidification of lysosomes will degrade part of nano-
particles, and (IV) quickly endo/lysosomal escape is the key for
subsequent effects, which is supported by an increased osmotic pressure
inside the lysosome due to neutralization of acid by suitable basic com-
pounds that the acid-soluble calcium phosphate will lead to a consider-
able number of calcium and hydrogen phosphate ions after dissolution.
(V) The lysosome ruptures and released its cargo into the cytosol. Excess
calcium is pumped out (VI) and pDNA enter the nucleus.

The mechanism of drug entrapment by calcium phosphate nano-
carriers is the interaction between calcium ions and the functional groups
of drug molecules. As shown in Fig. 3, the functional groups contain the
phosphate group (-PO3H, nucleic acids, such as DNA, siRNA and micro-
RNA or other small molecule compound, such as zoledronic acid [120]),
the carboxyl group (-COOH, such as naproxen [121]), the sulfonic group
(-SO3H, such as methazolamide [122]), the amino-group (-NHn, such as
cisplatin [123]), the hydroxyl or fluorine group (-OH or –F, such as
gemcitabine [68] and doxorubicin [59]), the sulfhydryl group (-SH) and
so on. Theoretically, small molecule chemical drugs or macromolecular
biological drugs containing the functional groups mentioned above may
be delivered by the calcium phosphate nanocarriers for various medical
applications.

Note that the stability of calcium phosphate nanoparticles is closely
related to the concentration of ions in the medium and the introduction
of modified molecules will break this balance, which resulted in the
unstable agglomeration or dissolution of calcium phosphate nano-
particles. Hence, the preparation of calcium phosphate nanoparticles
should be controlled from various perspectives, such as the method
(material dosage, pH, temperature, electrolyte and feeding order). Be-
sides, surface functionalization of the therapeutic CaP's is necessary to
5

prolong their circulation in blood or adding targeting molecules (e.g.,
peptides and antibodies) to their surface, which often enable CaP's
enhanced permeation and retention (EPR) in nidus, leading to higher
therapeutic efficacy with lower dosage of the administered nanoparticles
[124]. Various methods have been used for surface functionalization of
the CaP's, using covalent or non-covalent (electrostatic) conjugation of
macromolecules (e.g., lipids, polymers, peptides and nucleic acids) to
their surface. Briefly, a qualified calcium phosphate nanoparticle needs
to maintain its nano-structural stability and have special functions at the
same time.

Based on this, scientists have devised a wide range of approaches to
satisfy the two fundamental needs, mostly utilizing liposomes, polymers,
and inorganic materials, which produce a variety of structural shapes
using various techniques [9]. There were four main categories (Fig. 4):
(1) To create a “Mix-CaP” as depicted in Fig. 4A, the Ca2þ, phosphate
water solutions, and chemotherapeutic or nucleic acid medicines were
swiftly combined; (2) Calcium phosphate is first prepared as the core,
then chemotherapy and nucleic acid drugs are adsorbed around it, or
phosphate ions, calcium ions, and drugs precipitate to form a calcium
phosphate core. Other materials are then modified or coated as the outer
shell, such as “CaP Core”with a “Polymer Shell” (Fig. 4B) or “Lipid Shell”
(Fig. 4C); (3) A “Muti-Layer” is created when calcium phosphate and
pharmaceuticals or materials combine layer by layer (Fig. 4D); (4) A “CaP
Shell” is created when medications molecules and materials first
assemble into a nanocore and then phosphate ions and calcium ions
precipitate to form the structure (Fig. 4E).

Additionally, depending on the intended use, the synthesis of calcium
phosphate nanoparticles will include modifying agents to add specific
functionalities, such as conjugated with target molecules (e.g., anti-
bodies, peptides and polymer), labelled molecules (fluorescent dyes or
photographic agents), and other materials, such as organosilane and
methacrylate. Sometimes, the needle-shaped CaP may be a promising
strategy for improving bioactivity of biomedical implants, promoting
bone ingrowth and enhancing osseointegration, compared with spherical
CaP [125]. And other CaP morphologies (nano-clusters [126] or porous



Fig. 4. Schematic illustration of synthetic strategies to prepare different CaP nanocarriers. A) the “Mix-CaP” is prepared by mixing various materials directly; B) the
hybrid CaP nanoparticles with a “Polymer-Shell” are prepared by “one-pot” method; C) the multifunctional CaP nanoparticles with a “Lipid-Shell” are prepared by
micro-emulsion method; D) the “Muti-Layer” CaP nanoparticles are prepared by a layer-by-layer method and E) the “CaP-Shell” CaP nanoparticles are prepared by the
external precipitation on the core of polymer or inorganic.
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structures [127]) have also been investigated as high-loading capacity
candidates, but the relatively larger size and multiple synthesis steps are
considered as the major drawback hindering their potential applications
in clinical trials. However, most of the recent CaP-based in vivo therapy
studies have used spherical calcium phosphate nanoparticles for delivery
6

of the therapeutic agents to cancer tissues, which mainly because
spherical nanoparticles provide highest possible specific surface area for
loading drugs and round morphologies that are more stable thermody-
namically [7].



Fig. 5. Schematic diagrams: a) chemical structure of adenosine 50-triphosphate disodium salt (ATP); b) formation of ACP porous nanospheres synthesized by a rapid
microwave-assisted hydrothermal method using ATP as the phosphorus source and stabilizer [54].
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3.1. Mix-CaP

The assembly of calcium phosphate nanoparticles mainly depends on
the chemical bonding coprecipitation between Ca2þ and phosphate ion.
Nucleic acid drugs have the backbone of phosphate group, such as DNA,
siRNA, microRNA and antisense oligodeoxynucleotides. Hence the use of
calcium phosphate for gene delivery was first demonstrated to delivery
DNA in 1973 [128]. The nano-sized DNA loaded calcium phosphate
particles were prepared by mixing Ca2þ with a DNA rich aqueous solu-
tion, which would lead to the spontaneous formation of the calcium
phosphate structure due to the interfering of DNAs’ phosphate group
with Ca2þ. DNA, Ca2þ and phosphate group are distributed randomly in
nanoparticles, like stars dotted in the night sky, which is the origin of the
name “Mix-CaP” rather than the mix preparation process (Fig. 4A).
However, the uncontrolled growth of calcium phosphate nanoparticles
will lead to aggregation, which is the key to limit their application.

Control over the main reaction parameters (e.g., mixed manner, Ca/P
ratio, temperature, pH, reaction time and precursor concentrations) is
important to enable optimization of the particle properties to ensure
stability and reproducibility [129]. Dana Olton et al. [130] reported a
nanosized pDNA calcium phosphate nanoparticle by mixing the calcium
and phosphate precursors in a controlled and regulated manner repro-
ducibly. Meanwhile, the average particle size of the CaP/pDNA pre-
cipitates decreased from 2543� 667 nm with a Ca/P ratio of 30 to 19.30
� 7.54 nm with a Ca/P ratio of 700. Moreover, CaP/microRNA nano-
particles were synthesized via a straightforward one-pot bio-
mineralization-inspired protocol employing citrate as a stabilizing agent
and regulator of crystal growth, which was efficiently delivered for car-
diovascular disease therapy [56]. Similarly, citrate was also designed as a
stabilizing agent and regulator to prepare CaP nanoparticles for deliv-
ering methazolamide to eye [122]. Ying-Jie Zhu et al. [59] prepared the
CaP hybrid nanoparticles to deliver docetaxel for cancer therapy by using
poly (diallyl-dimethyl ammonium chloride) (PDADMAC) and poly
(acrylate sodium) (PAS) as the dual templates. First, the PAS/Ca2þ and
PDADMAC/PO4

3� complexes form through electrostatic interactions and
then two complexes self-assemble into CaP-HNPs after mixing them
together, which can regulate the growth of CaP and reduce the size to the
nanometer range. Additionally, arginine [76], sodium polymethacrylate
7

[123] and trisodium citrate [120] were employed as stabilizing agent to
constructure nano-CaP for the delivery of siRNA, cisplatin and zoledronic
acid or other drugs, respectively.

Notably, the phosphorus source is an important factor in the prepa-
ration of calcium phosphate nanoparticles. In the traditional synthetic
methods, phosphate salts are usually used as the phosphorus source and
the chemical reaction between free Ca2þ and PO4

3� are rapid, which often
resulting in difficult control over the crystal growth of calcium phosphate
[11]. Recently, the Zhu and Qi research groups developed a new method
for the synthesis of calcium phosphate nanocarriers using biocompatible
phosphorus-containing biomolecules (e.g., adenosine triphosphate [54,
57], adenosine 50-diphosphate [52], adenosine 50-monophosphate [131],
creatine phosphate [55,132], riboflavin-50-phosphate [133], pyridox-
al-50-phosphate [77], fructose 1,6-bisphosphate [134]) as organic phos-
phorus sources. Different from the traditional methods, the phosphorus
source was provided by the slow hydrolysis of phosphorus-containing
biomolecules, so the hydrolysis rate of phosphorus-containing bio-
molecules could be used to regulate the morphology, size, and structure.
For example, as shown in Fig. 5, Qi et al. [54] synthesized a highly stable
amorphous calcium phosphate (ACP) porous nanospheres with a rela-
tively uniform size and an average pore diameter of about 10 nm by a
microwave-assisted hydrothermal method with adenosine 50-triphos-
phate disodium salt (ATP) as the phosphorus source and stabilizer. The
as-prepared ACP porous nanospheres have a high stability in the phos-
phate buffer saline (PBS) solution for more than 150 h without phase
transformation to hydroxyapatite, and the morphology and size were
essentially not changed.

Besides, bisphosphonates (BPs) are a group of small-molecule drugs
used in clinics for the first-line treatment of osteoporosis due to its
phosphate group [135]. The Xu and Gu research groups developed
several calcium phosphate nanocarriers using BPs as the stabilizer. For
example, Gu et al. [136] prepared the bone-targeted drug delivery system
(Ca-RISNPs) using a third-generation BP (risedronate) and drugs
(plasmid and oligo double strand DNA). These Ca-RISNPs exhibited high
specificity in killing tumor-associated macrophages (TAMs) and inhibit
TAM-induced tumor cell migration. Similarly, they modified the calcium
phosphate nanoparticles with a low amount of alendronate and bovine
serum albumin (BSA) to overcome the poor chemical and colloidal



Fig. 6. Schematic diagram illustrates the design and function of mannose- and bisphosphonate-modified calcium phosphate (MBCP) nanoparticles as DNA
nanovaccine.
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stability for the effective delivery of plasmid DNA to macrophages [137].
Moreover, as shown in Fig. 6, they designed the mannose-modified and
BP-stabilized calcium phosphate (MBCP) nanoparticles (~130 nm) to
deliver ovalbumin-encoded plasmid DNA vaccine for anti-tumor immu-
nity [58].

Furthermore, changing the preparation method or introducing other
materials is also an effective method to prepare uniform and stable CaP
nanoparticles. Nengqin Jia et al. [60] used the double reverse emulsion
approach to prepare a Mix-CaP nanoparticle (50–70 nm) as antisense
oligodeoxynucleotides (ASODNs) delivery vehicle and achieved high
cellular transfection efficiency. Similarly, Yu Zheng et al. [61] prepared
the CaPi-pDNA-PLGA-NPs by a water-in–oil–in-water (w/o/w) double
emulsion solvent evaporation method. Effect of various processing pa-
rameters and polymer characteristics on the mean diameter and
entrapment efficiencies of the nanoparticles were discussed, including
the MW of PVA, the Ca/P ratio, initial CaCl2 concentration, the compo-
sition of organic phase, sonication time and power and aqueous phase
pH. CaPi-pDNA-PLGA-NPs produced by the optimal formulation exhibi-
ted spherical shape with a particle size of 207 � 5 nm, zeta potential of
�2.18 � 0.17 mV, which had the remarkably increased transfection ef-
ficiency relative to pDNA-PLGA-NPs. Additionally, an injectable hydro-
gel contained CaP nanoparticles based on the thermo-reversible
methylcellulose polymer was prepared by one pot reaction for bone
regeneration [62]. The methylcellulose could inhibit the aggregation of
CaP nanoparticles with stable size (40–50 nm) and it evenly distributed
in the gel network. The resultant hydrogel with bioactive CaP nano-
particles exhibited the sol-gel transition in few seconds at below the body
temperature, which showed a great potential as an injectable hydrogel
for bone regeneration.

Although Mix-CaP nanoparticles frequently produce positive results
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when administered locally or in vitro, their use in vivo is severely con-
strained [138]. In the process of systemic circulation, numerous ions,
proteins, and other substances intervene could cause the aggregation or
dissolution of nanoparticles [139]. Larger nanoparticles usually have a
short blood circulation time due to rapid accumulation in reticuloendo-
thelial system (RES), while ultrasmall nanoparticles smaller than 8–10
nm have a fast renal clearance from the blood. Therefore, synthesis of
CaP nanoparticles should be optimized to tune their sizes within the
range of 10–80 nm in order to achieve longest blood circulation time and
highest amount of uptake by target cells [140–142].
3.2. Polymer-Shell

In order to inhibit the uncontrolled aggregation and prevent the
release of loaded drugs in the delivery process, the CaP nanoparticles are
functionated by outer-coating a shell on the CaP core, in which polymers
are mainly used (Fig. 4B), including polyethyleneimine (PEI), poly (lac-
tic-co-glycolic acid) (PLGA), poly-ethylene-glycol (PEG) or their
derivative.

Polyethyleneimine (PEI) is a hydrophilic positive polymer, widely
used in conjunction with other materials as a nano-vector for cell trans-
fection due to its favorable chemistry, such as enhancing the cellular
uptake and endo/lysosomal escape of drugs [143]. PEI has been used as
an outer shell for surface functionalization of calcium phosphate nano-
particles. Hyosook Jung et al. [51] prepared the linear polyethyleneimine
(LPEI)-coated CaPs (LPEI-CaP) containing common miRNA-34a or
lc-miRNA-34a, a long chain miRNA-34a conjugate prepared by cross-
linking miRNA-34a with cleavable disulfide bonds. The particle size of
LPEI-CaP/lc-miRNA (304 � 10 nm) was smaller than that of
LPEI-CaP/miRNA (433� 19 nm). LPEI-CaP/lc-miRNAs were observed to



Fig. 7. Schematic representation of the preparation and application of PEG-derivatives functionated calcium phosphate NPs: A) PEG-bisphosphonates [63], B)
PEG-CCP [64], C) PEG–SS–siRNA [67], D) FA-PEG-Pam [146] and E) PEG-PLG-GEM [68].
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be successfully delivered into PC-3 cells to inhibit cancer cell prolifera-
tion. However, the PEI moderation is limited due to its high cytotoxic and
PEI modification with PEG grafting is the most common approach to
reduce the cytotoxicity consequently. Smith et al. [144] reported the
degree of substitution for PEI-PEG polymers strongly decreased cyto-
toxicity of PEI. Meanwhile, the molecular weight of PEG affected the
cellular uptake ability of PEG-PEI copolymers also became a new barrier.

Poly-ethylene-glycol (PEG), a neutral hydrophilic polymer, not only
prevents nanoparticle agglomeration by inhibiting particle growth, but
also increases calcium phosphate biocompatibility by decreasing non-
specific protein absorption in vivo [7]. Moreover, the use of a PEG
shell also helps to minimize the calcium ion release from calcium phos-
phate following enzymatic degradation in the cytosol [145]. In order to
obtain a PEG shell, various PEG derivatives containing the groups could
interact with Ca2þ were synthesized. For this method, the bioactive
compounds (e.g., siRNA or DNA) could be incorporated inside the core of
CaP nanocarriers, while the surface shell of PEG could control the size
and endow CaP nanocarriers with colloidal stability. Firstly, Giger et al.
[63] synthesized the PEG-bisphosphonates to prepared DNA loaded
calcium phosphate nanoparticles (Fig. 7A). The strength of the interac-
tion between the bisphosphonate and the calcium phosphate enabled the
formation of stable, but bioresorbable particles of around 200 nm, which
exhibited physical stability over several days, proving the positive effect
of surface functionalization of PEG in preventing particle agglomeration.
Additionally, the nanoparticles revealed good and sustained ability to
transfect cells while displaying low toxicity. Beside this, Giger et al. [35]
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also prepared the calcium phosphate-siRNA nanoparticles using the outer
polymer of PEG-alendronate (ALE). The functionated CaP nanoparticles
maintained the stable properties (~260 nm, �17 mV) for over one
month, which facilitated good transfection efficacy of siBcl-2 via
clathrin-dependent endocytosis in PC-3 cells.

PEG-carboxyl derivative was also synthesized to functionate the PEG
shell on outer of CaP core. Kataoka et al. [50,64] designed a novel
PEG-PAsp (DET) to present a hybrid “core-shell” calcium phosphate
nanocarrier as a siRNA vehicle. Noted that PAsp (DET) is a good
pH-responsive material because of the protonation behavior of its side
chain, which leads to pH-selective membrane destabilization and its
biodegradability in physiological conditions [64]. The hybrid nano-
particles (~40 nm, �2.2 mV) indicated a higher in vivo gene silencing
efficacy in the spontaneous pancreatic cancer cells (60% with ~40 ng
siRNA) (Fig. 7B). Similarly, they synthesized the poly (ethylene
glycol)-block-poly (aspartic acid) (PEG-PAA) as the shell of calcium
phosphate nanoparticles, which exhibited a mean particle size of 140 nm
and obtained a significant improvement in transfection efficacy showing
up to 60% silencing [65,66].

However, the PEG dilemma limited the application of PEG-ylation,
such as cellular uptake and endosomal escape. Several approaches have
been investigated to overcome this hurdle, including adding specific li-
gands to target the desired cells and introducing cleavable PEG systems.
Based on this, an effective conjugate folate-polyethylene glycol-pamidr-
onate (shortened as FA-PEG-Pam) was designed and coated on the sur-
face of CaP/NLS/pDNA (CaP/NDs), forming a versatile gene carrier FA-



Fig. 8. (A) Schematic illustration of the preparation of core-shell type CaP-AHA/siRNA nanoparticles; (B) After injection via intravenous route, i) the CaP-AHA/siRNA
nanoparticles passively accumulated in tumor tissues by the enhanced permeation and retention effects (EPR effects), ii) Cell uptake through CD44-mediated
endocytosis, iii) Lysosomal escape and release of siRNA into the cytoplasm with pH responsive disassembling of CaP core, iv) Gene silencing effects induced by
the released siRNA in cytoplasm [34].
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PEG-Pam/CaP/NDs [146]. Inclusion of FA-PEG-Pam significantly
reduced the size of CaP nanoparticles, thus inhibiting the aggregation of
CaP nanoparticles (Fig. 7D). FA-PEG-Pam/CaP/NDs showed better
cellular uptake than mPEG-Pam/CaP/NDs, which could be attributed to
the high-affinity interactions between FA and highly expressed FR.
Furthermore, in vivo studies revealed that the hybrid nanoparticles had
supreme antitumor activity (IR% ¼ 58.7%) among the whole prepara-
tions. Approximatively, to increase the speed of endo/lysosomal escape,
Zhang et al. [67] designed a PEG-drug derivative (PEG–SS–siRNA) to
constructure a redox-responsive CaP nanoparticle containing a disul-
phide bond between PEG and siRNA (Fig. 7C). The nanoparticle
demonstrated instability when inserted into a reducing environment
such as cytosol, allowing for effective siRNA release from lysosome. The
resultant nanoparticles (~100 nm) also confirmed the ability of PEG
inhibiting calcium phosphate particle growth. Likewise, the polymeric
material methoxy poly (-ethylene glycol)-block-poly (L-glutamic
acid)-graft gemcitabine (mPEG-b-PLG-g-GEM) was synthesized by Xing
Tang [68]. The amide bond linked gemcitabine polymer was able to
protect GEM from cytidine deaminase degradation in vivo, and the
skeleton formed by the calcium phosphate enhanced the stability and
prolonged the half-life of GEM (Fig. 7E).

Apart from PEG, natural polymers, including chitosan and hyaluronic
acid, have also been used for the surface functionalization of calcium
phosphate nanoparticles. Chitosan is a natural polysaccharide contains
many amine groups and hydroxyl groups that can effectively control the
synthesis of calcium phosphate nanoparticles by absorbing Ca2þ and
forming chitosan/CaP nanoparticles [147]. Meanwhile, it has a high
positive charge to enhance the electrostatic interactions with cell mem-
brane, which contributed to the cellular uptake of nanoparticle. Choi
et al. developed a stable CaP nanocarrier (CaP/Gln-Ochi, ~119 nm) with
enhanced intracellular uptake of siRNA by adding highly cationic
chitosan-glutamine [69]. They subsequently loaded a Noggin siRNA into
the calcium phosphate nanoparticles and evaluated transfection efficacy
and ALP expression in adipose tissue derived stem cells, which obtained
the transfection values comparable to Lipofectamine2000. Lee et al. [70]
further functionalized these nanoparticles for DNA and siRNA delivery by
adding dopamine, achieving enhanced nanoparticle stability. The cate-
chol group of the dopaminemolecule was crucial to particle stabilization,
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acting as a bridge between the Ca2þ and chitosan. The
chitosan-dopamine-siRNA-calcium phosphate nanoparticles displayed
enhanced target-gene silencing by siRNA when compared to the
chitosan-siRNA-calcium phosphate nanoparticles. Likewise, the doxoru-
bicin loaded calcium phosphate/carboxymethyl chitosan hybrid nano-
particles (CaP/CMC/KALA) were prepared by KALA, a polypeptide
composed of 30 amino acids (Trp-Glu-Ala-Lys-Leu-Ala-Lys-Ala-Leu-Ala--
Lys-Ala-Leu-Ala-Ly-
s-His-Leu-Ala-Lys-Ala-Leu-Ala-Lys-Ala-Leu-Lys-Ala-Cys-Glu-Ala) [71].
The positively charged KALA was absorbed in the outer layer through the
electrostatic interaction with the negatively charged CMC chains. The in
vitro study showed that the cell inhibition effect could be significantly
enhanced by the presence of KALA.

Compared with chitosan, hyaluronic acid performed a better poten-
tial for the functionalization of CaP nanoparticles because the negative
material helps to maintain the stability of internal circulation and it could
serve as a target agent due to its specific interactions with CD44 high-
expressed on cell surface. Hence, various derivatives of hyaluronic acid
were developed, such as the thiolate hyaluronic acid (HA-SH) [36], the
alendronate-hyaluronic acid (AHA) [34], dopamine-hyaluronic acid and
PLA-hyaluronic acid [148]. Lee et al. [72,73] demonstrated that
increasing dopamine-hyaluronic acid functionalization resulted in
increased particle stability and achieved significantly transfection in
human bone marrow-derived MSCs (hMSCs) as a result of the specific
interactions between hyaluronic acid and CD44 of hMSCs. Qiu et al. [34]
developed a hyaluronan-functionalized calcium phosphate nanoparticle
(CaP-AHA/siRNA NP) prepared by coating alendronate-hyaluronan graft
polymer (AHA) around the surface of calcium phosphate-siRNA co-pre-
cipitates, as shown in Fig. 8. The prepared CaP-AHA/siRNA NPs had a
uniform spherical core-shell morphology with approximate size of 170
nm and improved the physical stability of nanoparticles over one month
based on the strong interaction between phosphonate and calcium. In
vitro experiments demonstrated that the negatively charged
CaP-AHA/siRNA NPs could effectively deliver EGFR-targeted siRNA into
A549 cells through CD44-mediated endocytosis and significantly
down-regulate the level of EGFR expression. Also, the internalized
CaP-AHA/siRNA NPs exhibited a pH-responsive release of siRNA, indi-
cating that the acidification of lysosomes probably facilitated the



Fig. 9. (A) Schematic illustration of the preparation procedure of GMP- and/or VEGF siRNA-loaded LCP formulations [78].
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disassembling of nanoparticles and the resultant ions sharply increased
the inner osmotic pressure and thus expedited the release of siRNA from
late lysosomes to cytoplasm.

Similarly, Jie Tang et al. [61] prepared the CaP/pDNA PLGA nano-
particles coated with pDNA using PLGA as the shell by W/O/W double
emulsion method. The experimental results showed that the particle size
of the nanoparticles was controlled at about 200 nm, the pDNA loading
efficiency was 95.7%. In addition, heparin, as an endogenous substance
in the body, contains more carboxyl and sulfate groups, which can be
tightly complexed with Ca2þ. Ping Liang et al. [74] prepared the hep-
arin/CaCO3/CaP mixed nanoparticles by mixing heparin sodium, CaCl2,
Na2CO3 and Na2HPO4 in the aqueous phase and by dialysis purification.
The scanning electron microscope results showed that the nanoparticles
had small particle size (<50 nm), and the mixed nanoparticles of hep-
arin/CaCO3/CaP loaded with doxorubicin could better solve the drug
resistance of tumor cells. Similarly, PSVII carboxymethyl-β-cyclodextrin
inclusion compound was successfully encapsulated in colon cancer tar-
geting calcium phosphate nanoparticles (PSVII@MCP-CaP) by using
modified citrus pectin as stabilizer agent and colon cancer cell targeting
moiety [75].

Additionally, cationic and amphipathic cell-penetrating peptides
(CPP) have been used to functionalize calcium phosphate nanoparticles
for gene delivery applications [149]. Arginine has a guanidium head
group that can bind to the negatively charged cell membrane through
hydrogen bonding, which leads to cell penetration at physiological pH.
Arginine-rich peptides, for example the Arg-Gly-Asp peptide sequence
RGD, have been successfully used for calcium phosphate functionaliza-
tion to improve siRNA delivery [76]. Sathy et al. [150] subsequently
exploited the use of amphipathic RALA (a 30-amino acid cell penetrating
amphipathic peptide made up of repeating arginine/alanine/leucine/a-
lanine units) to enhance delivery of CaP nanoparticles, proving the
positive effect of RALA-CaP in stimulating osteogenic markers and
facilitating mineralization both in vitro and in vivo.
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To sum up, the main method to solve the uncontrollable growth of
calcium phosphate nanoparticles is to cover the outer layer with a pro-
tective shell, which is mainly divided into two categories [9,13]: 1) the
shell is a self-assembling material (such as lipid) or the molecule contains
groups (such as chitosan, hyaluronic acid, heparin, PLGA, etc.) that can
closely complex with Ca2þ. The size of these groups and their complexing
force are as follows: the phosphate group > the carboxyl group > the
hydroxyl group �the sulfhydryl group > the amino group. 2) Chemically
modify macromolecules with those groups that can closely coordinate
with Ca2þ, such as phosphorylation or carboxylation of PEG. More
importantly, when the above twomethods are used together, the stability
of calcium phosphate nanoparticles can be significantly improved.

3.3. Lipid-Shell

Liposomes are nano-sized to microsized vesicles comprising a phos-
pholipid bilayer that surrounds an aqueous core, in which the core en-
capsulates the water-soluble drugs and the hydrophobic domain is
responsible for entrapping insoluble agents [151]. And Liposomes can be
modified to specifically interact with cellular membranes and fuse with
the lipid bilayer to release their contents intracellularly. Progress in
liposome technology, modulation of the lipid composition, size and
charge of the vesicle and modification of their surface has enabled the
shift from conventional vesicles to “smart-generation” liposomes and li-
posomes are widely used in the treatment of various diseases due to their
multifunctional properties [152]. Certainly, liposomes have been used
with greater success for the surface modification of calcium phosphate
nanoparticles where they have effectively achieved nanoparticle
stabilization.

Leaf Huang's research group used the lipid layer to control the growth
of calcium phosphate nanoparticles for the first time, and prepared (Lipid
coated calcium phosphote-1, LCP-1) by the reverse microemulsion
method (Fig. 4C) [153]. The reverse microemulsion is prepared by



Fig. 10. Schematic representation of the mechanism of immunogenic therapy by TT-LDCP NPs containing siRNA against the immune checkpoint PD-L1 and pDNA
encoding the immunostimulant cytokine IL-2 [81].
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dispersing the aqueous solution into the cyclohexane oil phase solution
containing nonylphenol polyoxymethylene ether (IGEPAL–CO–520).
Disperse CaCl2 solution (pH ¼ 9) and siRNA/Na2HPO4 (pH ¼ 9) mixed
solution into oil phase respectively, mix and stir the two phases, and
microemulsion exchange reaction generates calcium phosphate precipi-
tation containing siRNA; After that, sodium citrate was added until the
solution was clarified and stabilized calcium phosphate nanoparticles
(~80 nm). At the same time, the surface of the nanoparticles was nega-
tively charged, which was conducive to binding with cationic liposomes.
Followed with ethanol water elution and silica gel column purification, it
further interacts with cationic DOTAP/cholesterol to obtain LCP-1
nanoparticles with a particle size of about 150 nm. The mole ratio of
DSPE-PEG modified nanoparticles encapsulated by liposomes with cal-
cium phosphate nanoparticles as the core can be as high as 20%. The long
cycle and target accumulation ability of LCP-1 can be improved by post
modification of DSPE-PEG or DSPE-PEG-AA.

However, in the process of preparing LCP-1, citric acid stabilized
calcium phosphate nanoparticles have strong polarity and could only be
stored in water. Furthermore, 1,2-dioleoyl phosphatidic acid (DOPA) as
an amphiphilic phospholipid with strong complexing ability with Ca2þ

was used for modification [154]. Firstly, mixed CaCl2/siRNA solution
(pH ¼ 9) and Na2HPO4/DOPA (pH ¼ 9), and DOPA would complex with
calcium phosphate nanoparticles at the oil-water interface, forming a
hydrophobic layer on the surface of the nanoparticles and stabilizing the
growth of the nanoparticles. The ethanol was demulsified, centrifuged
and redispersed in chloroform. DOPA modified calcium phosphate
nanoparticles with uniform particle size (~15 nm). DOTAP, cholesterol
and DSPE-PEG self-assemble with DOPA modified calcium phosphate
nanoparticles as the core through hydrophobic interaction to form
core-shell calcium phosphate nanoparticles (LCP-2) (25–30 nm) with
asymmetric lipid bilayer encapsulation, which are stable at �20 �C for
upward of 1year. In H-460 cells and heterotopic tumor models, the gene
silencing effect of LCP-2 is 40 times (in vitro) and 4 times (in vivo) that of
LPD (cationic lipid direct delivery siRNA). Furthermore, they formulated
vascular endothelial growth factor (VEGF) siRNA targeting VEGFs and
gemcitabine monophosphate (GMP) into a single cell-specific, targeted
lipid/calcium/phosphate (LCP) nanoparticle formulation (Fig. 9). Anti-
tumor effect of the combination therapy using LCP loaded with both
VEGF siRNA and GMP was evaluated in both subcutaneous and
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orthotopic xenograft models of NSCLC with systemic administration. The
improved therapeutic response, as compared with either VEGF siRNA or
GMP therapy alone, was supported by the observation of 30–40% in-
duction of tumor cell apoptosis, eightfold reduction of tumor cell pro-
liferation and significant decrease of tumor microvessel density (MVD)
[78]. Similarly, LCP nanoparticles were developed for inhibiting lung
metastasis by siRNAs or chemo-drugs [155,156], vaccination against
advanced melanoma [157] and photodynamic therapy for head and neck
cancer treatment [158].

To improve the targeting of calcium phosphate nanoparticles and
promote the cellular uptake, various modifications were designed, such
as modified by targeted molecule (e.g., folic acid [79,159], antibody
[160,161]), charge reversible property [80]. Huang et al. [81] engi-
neered the nanoparticles (NPs) that contain an HCC-targeting peptide
(sp94) and a unique dendrimer–calcium phosphate (CaP) core that har-
bors nucleic acids for gene delivery. Fig. 10 illustrates the design of a
tumor targeted NP that carries siRNA against the immune checkpoint
PD-L1 and pDNA encoding the immunostimulant cytokine IL-2 to pro-
mote antitumor immunity and increase the efficacy of whole-cell cancer
vaccines. This nanoscale immunogenic therapy exhibits multifunctional
characteristics, including (i) a tumor-targeting peptide (SP94) that en-
hances the tumor accumulation of NPs and increases the efficiency of
intracellular delivery of the therapeutic pDNA/siRNA to HCC cells; (ii) a
pH stimuli-responsive CaP core to achieve endosomal escape, along with
enhanced release of the nucleic acid; (iii) thymine-capped polyamido-
amine (PAMAM) dendrimers loaded in the CaP core to further enhance
the endosomal escape and nuclear entry of pDNA, leading to promising
gene transfection activity; and (iv) thymine-capped PAMAM dendrimers
that can activate the stimulator of interferon genes (STING)–cyclic
GMP-AMP synthase (cGAS) pathway and serve as immunotherapy ad-
juvants to promote cellular immunity. Xu et al. [79] synthesized a new
folic acid (FA) receptor-targeted lipid-coated calcium carbo-
nate/phosphate (LCCP) nanoparticle incorporating two often-used ther-
apeutics, cell death siRNA and α-tocopherol succinate. The nanoparticles
exhibited a high gene/drug loading efficiency (60%) with folic
acid-enhanced cellular uptake and inhibited the growth of B16F0 mela-
noma cells. Chen et al. [82] developed a microRNA delivery system based
on lipid-coated calcium phosphonate nanoparticles (CaP/miR@pMNPs)
containing conjugated mannose and sterically shielded with a



Fig. 11. Composition of triple-shell CaP nanoparticles functionalized with CpG and a peptide [85,86].
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pH-responsive material. The nanocarrier could respond to the low pH in
the tumor microenvironment and expose mannose to promote cellular
internalization in TAMs, which is potential therapeutic strategy for tumor
immunotherapy. Zhou et al. [80] reported a calcium phosphate lipid
hybrid nanoparticle that possessed charge reversible property was pre-
pared to enhance the activity of siBcl-2 in vivo. The average diameter and
zeta potential of siBcl-2 loaded calcium phosphate lipid hybrid nano-
particles (LNPS@siBcl-2) were 80 nm and�13 mV at pH 7.4 whereas the
diameter and zeta potential changed to 1506 nm and þ9 mV at pH 5.0.
LNPS@siBcl-2 could efficiently deliver siBcl-2 to the cytoplasm and
decreased the expression of Bcl-2 in A549 cells. Apart from these, the CaP
NPs of LCP form were also used for amyotrophic lateral sclerosis [162],
kidney injury [163] and bone biomineralization [164].

Further, LCP cores are readily amenable to the prototypical thin-film
hydration process common to a variety of liposome formulations. A
subset of cationic and helper lipids (DOTAP, dioleoyl phosphatidylcho-
line (DOPC)), stabilized by cholesterol (Chol) is dried under nitrogen gas
and desiccated, and subsequently hydrated with the core solution to
produce the LCP nanoparticles: a CaP core, encapsulated by a lipid
bilayer, coated on its outer leaflet by both cationic and PEGylated lipids.
Chen et al. [83] developed polycation liposome-encapsulated calcium
phosphate nanoparticles (PLCP) for siVEGF delivery to MCF-7 cancer in
vivo. PCLs were prepared by film dispersion method with a lipid mixture
of PEI-Chol and DOPE (molar ratio 1:1), and then hydrated with CaP/-
siRNA nanoparticle solution followed by sonication and filtration
through 0.22 μm filter. PLCP were constructed of CaP/siRNA nano-
particles as inner aqueous phase and PCL as outer lipid layer. Moreover,
Lee et al. [84] designed the nanoparticle system could co-encapsulate and
co-deliver a combination of therapeutic agents with different physico-
chemical properties (inhibitors for miRi-221/222 and paclitaxel).
miRi-221/222 are hydrophilic and were encapsulated with calcium
phosphate by co-precipitation in a water-in-oil emulsion. The pre-
cipitates were then coated with DOPA to co-encapsulate hydrophobic
paclitaxel outside the hydrophilic precipitates and finally PLGA-PEG was
coated as the outer layer. A single PLGA-b-PEG NP (30–80 nm) was found
to encapsulate up to about 16 lipid/CaP/miRi complexes (10–25 nm).
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3.4. Muti-Layer

In the process of constructing calcium phosphate nano delivery sys-
tem, materials and drugs or calcium phosphate layer by layer self-
assembly sandwich like structure can be obtained by controlling the
ratio of added materials, adding order and reaction time, which is called
“multi-layer” delivery system, as shown in Fig. 4D. Multilayer structure
can significantly improve the drug loading efficiency, and achieve the
purpose of controlled drug release by a layer-by-layer dissolution.

In 2006, Sokolova et al. [165] firstly prepared the stable colloids by
coating the inorganic CaP nanoparticles with single- and double-stranded
siRNA. The efficiency of such nanoparticles to specifically inhibit protein
synthesis was tested on HeLa-EGFP cells whose green fluorescence was
turned off by the coated nanoparticles (gene silencing with siRNA).
Furthermore, they prepare the triple shell biodegradable calcium phos-
phate nanoparticles as carriers for the immunoactivity toll-like receptor
ligands CpG and polyinosinic-polycytidylic acid for the activation of
dendritic cells (DC) combined with the viral antigen hemagglutinin (HA)
[85,86]. For the first time, an accurate quantification of the composition
of such triple-shell nanoparticles was developed, as shown in Fig. 11, and
the composition of triple-shell CaP nanoparticles is shown schematically.
The core consists of CaP (47 wt%), the first shell consists of peptide (7 wt
%) and CpG (15 wt%), both adsorbed on the CaP surface. The second
shell consists of CaP (27 wt%), which forms the inorganic protective CaP
layer. The third layer consists of CpG (5 wt%). Immunostimulatory ef-
fects of purified calcium phosphate nanoparticles on DC were demon-
strated by increased expression of co-stimulatory molecules and MHC II
and by cytokine secretion.

Based on this, Neuhaus et al. [87] developed the triple shell calcium
phosphate-siRNA-CaP-PEI by three-steps: i) calcium-L-lactate and dia-
mmonium hydrogen phosphate firstly were pumped into a solution of
siRNA to obtain the single-shell calcium phosphate nanoparticles with a
shell of siRNA. ii) calcium-L-lactate and diammonium hydrogen phos-
phate solutions were subsequently added to the colloidal for the second
shell of calcium phosphate. iii) The third shell of polyethyleneimine were
added as follows. The triple shell could increase calcium phosphate sta-
bilization and transfection efficacy, where the outer PEI shell provided a
positive charge and calcium phosphate colloidal stability. Same method



Fig. 12. The CaP shell nanoparticles with different inorganic core: A) Au [91], B) SiO2 [92] and C) Fe3O4 [94], respectively.
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was applied in CaP/DNA/CaP/PEI nanoparticles for the apoptosis in
corneal endothelial cells or others [166–168]. Similarly, Vanegas Sa'enz
et al. [88] prepared a multi-shell octa-arginine functionalized
DNA-loaded CaP nanoparticles for non-viral vector gene delivery in
human mesenchymal stem cells (hMSC) and human osteoblasts (hOB).
Compared with PEI, octa-arginine (R8) is a small cationic synthetic
peptide with lower cellular toxicity [169,170]. Apart from these, pol-
y-(L-lysine) (PLL) was also used to synthesize the triple shell calcium
phosphate-shRNA nanoparticles [89].

The similar operation was also used for the oral administration of
vaccines, Xu et al. [90] investigated calcium phosphate nanoparticles
coated with polysaccharides as nanocarriers for oral protein antigen
delivery. In this design, the CaP NP core had an optimized antigen
encapsulation capacity of 90 mg (BSA-FITC)/g (CaP NPs). The poly-
saccharides chitosan and alginate were coated onto the CaP NPs
layer-by-layer to protect the antigens against acidic degradation in the
gastrointestinal environment and enhance the immune response in the
small intestine. The antigen release profiles showed that
alginate-chitosan-coated CaP NPs prevented antigen release in a simu-
lated gastric fluid (pH 1.2), followed by sustained release in simulated
intestinal (pH 6.8) and colonic (pH 7.4) fluids. Cellular uptake and
macrophage stimulation data revealed that the chitosan coating
enhanced antigen uptake by intestine epithelia cells (Caco-2) and mac-
rophages and improved surface expression of costimulatory molecules on
macrophages. In vivo test further demonstrated that oral administration
of alginate-chitosan-coated CaP@OVA NPs significantly enhanced the
mucosal IgA and serum IgG antibody responses as compared to naked
OVA, indicating that the CaP-Chi-Alg nanoparticle can potentially be
used as a promising oral vaccine delivery system.
3.5. CaP-shell

To prevent drug leakage during delivery, one important approach of
modifying the surface is by coating with inert inorganic materials such as
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silica [171,172] and Au [173,174]. However, calcium phosphate mostly
is selected as the coating material due to their excellent biocompatibility
and non-inflammatory properties. More importantly, calcium phosphate
is responsive to low pH in the endosomes or lysosomes, which contrib-
utes to the release of drugs. In this mode, drugs molecule and materials
firstly assemble to nanocore, then phosphate ions and calcium ions pre-
cipitate to form a calcium phosphate shell, named as “CaP Shell”
(Fig. 4E), which mainly divided into two common structural forms:
inorganic nanoparticles/drugs or organic polymer/drug self-assembly as
the core. However, drugs could be loaded inside the nanosized core and
the CaP shell or hollow CaP nanospheres, respectively.

Calcium phosphates nanocarriers with large surface area and porous
structure were considered to be ideal inorganic materials for enzyme
immobilization. Liang et al. [91] reported a facile method of retaining
full enzymatic activity by immobilizing glucose oxidase (GOx) into
core-shell nanoparticles with polydopamine (PDA) sandwiched between
gold nanoparticle (Au NP) core and calcium phosphate (CaP) shell
(Au@PDA@CaP, Fig. 12A). The strong adhesion of PDA on Au NPs and
its metal chelating properties directed the preferential growth of the CaP
shell on the Au NPs, leading to well-dispersed and uniform nanohybrids
(~100 nm). As a result, Au@PDA@CaP-immobilized GOx had similar
activity but better resistance against heating, long-term storage and
repeated uses compared to free GOx. Moreover, mesoporous silica
nanoparticles (MSNs) also attracted attention in drug loading and release
with a CaP nanocoating shell. Lee et al. [92] reported a CaP covered
mesoporous silica nanocontainers for controlled release of doxorubicin
guest molecules. The doxorubicin was loaded into the pores of MSNs and
then doxorubicin-loaded MSNs were capped by CaP coatings through the
urease-mediated surface mineralization, and the final DOX-Si-MP-CaP
was prepared (Fig. 12B). The doxorubicin-loading content inside MSNs
was 4.2% by weight and facilitated DOX release was triggered under the
low pH condition. DOX-Si-MP-CaP released a large amount of DOX
(81.4%) even after 1 day. Meanwhile, Au and SiO2 were selected as the
co-core with a CaP shell to prepared the Yolk–Shell nanoparticles for the



Fig. 13. The CaP shell nanoparticles with different organic core: A) PEG-PBO [95], B) PEG-PAA [96], C) Curcumin/NaCas [99] and hyaluronic acid/Zn(II)-DPA [100],
respectively.
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dual-mode imaging and pH/NIR-responsive drug delivery [175].
Furthermore, Liang et al. [93] reported the design and fabrication of
multifunctional mesoporous silica nanoparticles coated with poly
(N-isopropylacrylamide)-co-acrylic acid and calcium phosphate (MSCNs)
with pH-triggered doxorubicin release and dual-targeting transferrin
(Tf)/RGD ligand functions. It was shown that Tf/RGD-MSCNs delivered
the anti-tumor drug doxorubicin more efficiently into lysosomes and the
resulting DOX-loaded nanoparticles (DOX-Tf/RGD-MSCNs) showed a
stronger inhibitory effect towards tumor cell growth than free DOX and
DOX delivered by unmodified MSNs. Besides, to explore the effect of pH
on the synthesis and properties of SiO2/calcium phosphate core-shell
nanoparticles, SiO2 cores with a particle diameter of 46 nm were suc-
cessfully coated with an approximately 6-nm-thick Eu3þ-doped calcium
phosphate shell [176]. It has been established that the formation of a
calcium phosphate shell is possible at pH below 4.5 and above 6.5. In the
pH interval between 4.5 and 6.5, no shell growth but the formation of
secondary NPs containing CaO and Ca(OH)2 was observed.

Due to its natural magnetic properties, iron oxide is often used as the
core of calcium phosphate drug delivery systems. Zhou et al. [94]
fabricated a positively charged magnetic nano-formulation through the
biomineralization of calcium phosphate on the surface of the super-
paramagnetic iron oxide nanoparticles with PEI, which was used to
co-deliver DNA and doxorubicin for cancer therapy in A549 and HepG2
cells (Fig. 12C). Such a drug-loaded magnetic CaP nanoparticles showed
a pH-dependent drug release behavior and inhibited tumor growth under
an external magnetic field. Furthermore, Zhu et al. [177] prepared a
magnetic, pH-responsive drug-delivery system based on magnetic iron
oxide@amorphous calcium phosphate (MIO@ACP) core-shell hollow
microspheres. The hollow structure was prepared by etching solid mag-
netic iron oxide microspheres (SMIOs) in hydrochloric acid/ethanol so-
lution. After loading a drug into HMIOs, the drug-loaded HMIOs were
coated by a protective layer of ACP by using Na2ATP as stabilizer, and an
HMIOs/drug/ACP drug-delivery system based on MIO@ACP core-shell
hollow microspheres was obtained, which showed a pH-responsive
15
drug-release behavior. At pH 7.4, drug release was very slow, but was
significantly enhanced at pH 4.5 due to dissolution of the ACP protective
shell.

Another strategy is the CaP shell nanoparticles with different organic
core, including PEG related polymer, lipid, hyaluronan and so on. The
most common form is that calcium phosphate precipitates in the linking
part of hydrophobic and hydrophilic regions of micelles, which will
contribute to protect drugs from enzymatic degradation. For example, as
shown in Fig. 13A, Shen et al. [95] demonstrated a non-anion stabili-
zation strategy using a boroxole-containing block polymer, PEG-b-poly
(benzoxaborole) (PEG-PBO), which forms pH-responsive boronic ester
bonds with ribose rings of siRNA and also excellently adheres to the
hydroxyapatite surface of CaP. The PEG-PBO/siRNA/CaP nano-
composites exhibited high siRNA loading efficiency, low cell cytotoxicity
and excellent colloidal stability at neutral pH. The nanocomposites easily
entered cancer cells mainly via clathrin-mediated endocytosis and
transferred into acidic lysosomes, where the boronic esters broke,
nanoparticles dissociated, and siRNA released and escaped from lyso-
somes. PEG-PBO/siRNA/CaP NPs showed significantly higher gene
silencing efficacy than lipofectamine2000/siRNA lipoplex in multiple
cancer cells. Similarly, Tao et al. [96] presented a unique strategy using a
polymer (poly (Pt (IV) prodrug)) bearing numerous carboxyl side groups
and incorporating redox-sensitive cisplatin Pt (IV) prodrugs in its back-
bone as the payload for encapsulation in CPNPs (Fig. 13B). The poly (Pt
(IV) prodrug) was efficiently encapsulated in CPNPs (>90%), attributing
to its improved solubility in alkaline water and strong binding affinity
with CaP deriving from the plenty of carboxyl side groups. The CPNPs
were stable and almost entirely inhibited the premature release of plat-
inum drugs in the medium mimicking the pH condition of the blood-
stream, whether there were reduction agents or not. While in an acidic
condition with reduction agents, they released platinum drugs rapidly
due to simultaneous reduction and hydrolysis of the poly (Pt (IV) pro-
drug). Further bioactivity experiments demonstrated the poly (Pt (IV)
prodrug) encapsulated CPNPs were of higher efficacy against cancerous



Table 3
Application of nanosized calcium phosphate in drug delivery.

Structural
form

Materials Size/Shape Drug Features/Functions Disease/Cells Ref.

Mix-CaP Sodium citrate 129 nm Spherical miR-133 Synthesized via a straightforward one-pot
protocol

Cardiovascular disease [56]

Adenosine 50-
triphosphate

150–240 nm Spherical Doxorubicin Sonochemical synthesis human gastric
carcinoma cancer

[57]

Alendronate ~130 nm Spherical pDNA ovalbumin Mannose- and BP-dual modified E.G7 tumor cells [58]
PDADMAC PAS 72 nm Spherical Docetaxel Self-assembly by using two oppositely

charged templates
Human gastric
carcinoma cancer

[59]

Sodium silicate 50–70 nm Spherical and
porous

ASODNs Double reverse emulsion approach Cervical carcinoma
cancer

[60]

PLGA 207 nm Spherical pDNA Water-in–oil–in water (w/o/w) double
emulsion solvent evaporation method

Human embryonic
kidney 293 cancer

[61]

Methylcellulose 40–50 nm – One-pot synthesis to prepare thermo-
sensitive hydrogel

Bone regeneration [62]

Polymer-
Shell

LPEI 304 nm Spherical miR-34a Coated by a long chain miRNA-34a conjugate
and LPEI

Human prostate
cancer

[51]

PEG-bisphosphonates 160 nm Spherical pDNA Coated by PEG-bisphosphonates Stable over
72 h

Cervical carcinoma
cancer

[63]

PEG-alendronate 260 nm Spherical siBcl-2 Coated by PEG- alendronate Stable over 1
month

Cervical carcinoma
cancer

[35]

PEG-PAsp(DET) 40 nm
Spherical

siLuc pH-responsive Pancreatic cancer [50,
64]

PEG-PAA 140 nm
Spherical

siGL3 pH-responsive Human 293 cells [65,
66]

PEG–SS–siRNA 100 nm Spherical siRNA Redox-responsive Huh-7 cells [67]
mPEG-b-PLG-g-GEM 122 nm Spherical Gemcitabine cathepsin B- responsive Pancreatic cancer [68]
Chitosan-glutamine 119 nm Spherical Noggin siRNA Enhanced the cellular uptake Stem cells [69]
Chitosan-dopamine 131 nm Spherical pDNA and siRNA Enhanced the cellular uptake COS-7 cells [70]
Carboxymethyl chitosan,
KALA

237 nm Spherical Doxorubicin Enhanced the cellular uptake by KALA Hela cells [71]

Thiolated hyaluronic acid 168 nm Vermicular/
Spherical

siRNA Disulfide cross-linked HA as an anionic shell B16F10 cells [36]

Dopamine-hyaluronic
acid

63–278 nm Spherical siRNA Enhanced the cellular uptake by targeting
CD44

HT-29 cells [72,
73]

Alendronate- hyaluronic
acid

170 nm Spherical siEGFR Enhanced the cellular uptake by targeting
CD44

A549 cells [34]

PLGA 200 nm Spherical pDNA PLGA as the shell by W/O/W double
emulsion method

HEK293 cells [61]

Heparin <50 nm Spherical Doxorubicin Heparin/CaCO3/CaP mixed nanoparticles Hela cells [74]
Citrus pectin,
carboxymethyl-
β-cyclodextrin

108 nm Spherical Paris saponin VII Enhanced the cellular uptake, NPs stable
within 18 days

Orthotopic drug-
resistant colon cancer

[75]

Arg-Gly-Asp peptide
sequence RGD

150/15 nm needle siRNA Enhanced the cellular uptake A549 cancer cells [76]

Lipid-Shell DOTAP, Cholesterol,
DSPE-PEG-AA
IGEPAL–CO–520

80 nm Spherical siRNA LCP-1: prepared by the reverse
microemulsion method

H-460 cells [77]

Cholesterol, DOTAP,
DOPA,
DSPE-PEG-AA

20 nm Spherical VEGF siRNA and
gemcitabine

LCP-2: Codelivery of VEGF siRNA and
gemcitabine in a single nanoparticle

Orthotopic xenograft
NSCLC

[78]

DOPA, DOPC,
FA-DSPE-PEG

40 nm Spherical CD siRNA
α-Tocopheryl
succinate

Targeting combinate treatment of cancer Melanoma [79]

CHOL-AA,
DOTAP, DOPA,
CHOL-AA-Cit

80 nm Spherical siBcl-2 Charge reversible property to enhance the
activity

A549 cancer cells [80]

PAMAM dendrimers
DOPA, DOPC, DOTAP,
SP94-DSPE-PEG

110.5 nm Spherical PD-L1 and pDNA Dual-targeted immunogene therapy against
cancer

Hepatocellular
carcinoma

[81]

DOTAP, DOPE, DOPE-
CDM-PEG

42 nm Spherical miRNA-155 Microemulsion to form miRNA loaded lipid
coated CaP and then coating with PEG-lipid
in organic phase

Murine sarcoma
cancer

[82]

PEI-Chol, DOPE, Pluronic
F68

207 nm Spherical siVEGF Film dispersion hydrated method with CaP
nanoparticle solution

MCF-7 cancer cells [83]

DOPA, PLGA-PEG 30–80 nm Sphericity of
cluster

miRi-221/222 and
paclitaxel

Co-encapsulate miRi-221/222 and paclitaxel
in different area for combination

MDA-MB-231 cancer
cells

[84]

Muti-Layer Viral antigen
hemagglutinin (HA)

200–300 nm Spherical CpG Triple shell calcium phosphate-CpG-CaP-HA Dendritic cells [85,
86]

PEI25k 316 nm agglomeration siTNF-a Triple shell calcium phosphate-siRNA-CaP-
PEI

MODE-K cells [87]

Octa-arginine (R8) 220–580 nm
agglomeration

pDNA Triple shell calcium phosphate-DNA-CaP-R8 hMSC and hOB cells [88]

poly-(L-lysine) (PLL) 100–250 nm Spherical
and polyelectrolyte films

shRNA Triple shell calcium phosphate-DNA-CaP-PLL human osteoblasts [89]

(continued on next page)
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Table 3 (continued )

Structural
form

Materials Size/Shape Drug Features/Functions Disease/Cells Ref.

Chitosan, alginate 35 nm Spherical BSA or OVA Triple shell CaP-Chi-Alg NPs as an oral
vaccine delivery vehicle

Caco-2 and RAW264.7
cells

[90]

CaP Shell Gold nanoparticle
Polydopamine (PDA)

~100 nm nanohybrids glucose oxidase
(GOx)

Gold nanoparticle core and calcium
phosphate shell (Au@PDA@CaP)

– [91]

mesoporous silica ~50 nm Spherical doxorubicin SiO2 core and calcium phosphate shell Breast cancer MCF-7
cells

[92]

mesoporous silica
PNiPAM/AA

~100 nm Spherical doxorubicin SiO2 core coated with PNiPAM/AA and CaP,
decorated with transferrin (Tf)/RGD ligand

HepG2 and HUVEC
cells

[93]

Fe3O4, PEI 185–257 nm Spherical DNA or doxorubicin SPIONs@PEI-CPs/DNA or doxorubicin A549/HepG2 cancer
cells

[94]

PEG-b-poly
(benzoxaborole) (PEG-
PBO)

140 nm Spherical siRNA pH-responsive siRNA delivery MDA-MB-231 cells [95]

PEG-PAA, poly (Pt (IV)
prodrug

85 nm Spherical Pt (IV) High drug loading efficiency and capacity A549 cancer cells [96]

lipid-PEI, PAsp ~770 nm pDNA Mineralization responsibles for higher
transfection efficiency

MC3T3-E1 cells [97]

PLLA, DOPA, DSPE-PEG 170 nm Spherical miR-21 and
doxorubicin

The CaP-coated hybrid lipid-polymeric NPs MDA-MB-231/A549
cancer cells

[98]

NaCas 150–200 nm Spherical Curcumin Robust stability, controlled release A549 cancer cells [99]
Zn(II)-dipicolylamine,
hyaluronic acid

124 nm Spherical siRNA and
doxorubicin

Cationic derivatives to incorporate nucleic
acid derivative.

OVCAR8/ADR cancer
cells

[100]
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cells than free cisplatin and poly (Pt (IV) prodrug) owing to the enhanced
platinum drugs uptake by cancerous cells via the CPNPs.

Apart from PEG derivatives, Uludag et al. [97] used the
lipid-modified PEI and poly (aspartic acid) (PAsp) to prepare a core
loaded pDNA, followed to form the calcium phosphate shell by outer
precipitating with phosphate and calcium ions. The modification
enhanced the transfection efficiency and uptake of polyplexes in
MC3T3-E1 cells. Similarly, Lee et al. [98] developed a calcium phosphate
coated nanoparticle formulation by lipids to co-deliver miR-21 along
with Dox. The NP formulation was confirmed to downregulate miR-21
levels and upregulate tumor suppressor gene levels.

Besides, Liang et al. [99] prepared a novel core-shell structure of
NaCas@CaP as a nanodelivery system with NaCas (Sodium Caseinate) as
the core for increasing solubility of curcumin and CaP as the shell for
enhanced stability (Fig. 13C). After exposure to 80 �C for 2 h, the
NaCas@CaP loaded curcumin still retained 80% stability while under the
same conditions only 12% of free curcumin remained intact. UV-light
stability was remarkably enhanced 8.56-fold by the protection of the
core-shell structure. More importantly, pH responsive release was ach-
ieved owing to the CaP surface coating. The encapsulated curcumin by
NaCas@CaP NPs exhibited an enhanced cellular and anti-cancer activity
against A549 cancer cells than free curcumin. Moreover, Choi et al. [100]
developed versatile RNAi nanoformulas (NFs) based on hyaluronan,
conjugated with an artificial RNA receptor Zn (II)-dipicolylamine
(DPA/Zn) for RNA loading, and stabilized with CaP layer (CaP-HDz/R-
NA-NF) (Fig. 13D). The doxorubicin could be encapsulated within the
hydrophobic inner core of the nanocarriers, exhibiting pH-sensitivity and
targeted drug delivery. By co-delivery doxorubicin andMDR1 gene target
siRNA by this system could overcome the MDR of OVCAR8/ADR cancer
cells to doxorubicin and improve the antitumor efficiency in vitro and in
vivo.

No matter the core's shape, the coated or precipitated calcium phos-
phate structure's core-shell structure can efficiently encapsulate phar-
maceuticals and subsequently release them in a way that is responsive to
the environment, including pH sensitivity, redox sensitivity, temperature
sensitivity, etc. It should be noted that calcium phosphate, when used as
an outer layer, frequently exhibited instability when exposed to the
medium. This instability could cause uncontrollable aggregation, which
could increase particle size, even at the micron level. According to the
findings of the literature review, modifying with PEG or other polymers
in its outer layer to increase the stability of nanoparticles is a reasonably
effective treatment approach.
17
4. Conclusion and future direction

Recent advances in the field of nanotechnology have opened up
possibilities for the pleasant CaP-based therapy of nucleic acids and tiny
molecules (Table 3). The CaP-based nanocarriers generally have a
number of potential benefits for medication delivery: (1) readily avail-
able at low cost; (2) biocompatible and devoid of obvious toxicity or
immune response; (3) biodegradable in biological environments; (4)
responsive to low pH for a controlled release and endo/lysosomal escape
of drugs; (5) stable biochemical properties that do not affect the bioac-
tivity of payloads; and (6) flexible and modifiable features to create
multifunctional nanoparticles.

This review gave an overview of the emerging trends of CaP nano-
particles and three key problems were discussed in detail: 1) preparation
and characterization of CaP nanoparticles; 2) application of CaP nano-
particles based on multiple delivery systems, which have been relatively
few reported on the relationship of nanostructures and biological func-
tion of different CaP designed as therapeutics. To achieve the satisfied
therapeutic effects, four structural forms of CaP nanoparticles were
concisely concluded following as: 1) the Ca2þ, phosphate aqueous solu-
tions and chemo-drugs or nucleic acids drugs mixed quickly to form a
“Mix-CaP”; 2) calcium phosphate firstly prepared as the core, subse-
quently load drugs and finally other materials modified or coated as outer
“Polymer Shell” or “Lipid Shell”; 3) calcium phosphate and drugs or
materials integrate layer by layer to constructure a “Muti-CaP Layer”; 4)
drugs molecule and materials firstly assemble to nanocore, then phos-
phate ions and calcium ions precipitate to form a “CaP Shell”, respec-
tively. However, we consider that those CaP nanocarriers with an outer
“Polymer Shell” or “Lipid Shell” will be the most promising delivery
systems, which is supported by the realistic problems of nanoparticles.
For in vivo applications, there is the general problem of the change of the
dispersion medium from aqueous dispersion over inorganic physiological
solutions (like PBS) to cell culture media (containing also proteins) and
finally to blood or tissue [178,179]. Proteins are present in systemic
circulation, and once they attach to the surface of nanoparticles and alter
their charge, hydrophilicity and surface chemistry. And the ion strength
of the solution increases, electrostatic repulsion between the nano-
particles decreases, resulting in agglomeration. Besides, the practical
questions of sterilization and storage have to be solved for a final clinical
application. Therefore, functional nanoparticles in blood or tissue will
behave differently from them in vitro medium. The“Polymer Shell” or
“Lipid Shell” could reduce proteins adsorption and avoid the CaP core
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dissolution, which is conducive to the stability of in vivo application. And
their core-shell structure is more stable for storage, which can be
confirmed by many other liposomal nanodrugs that have been used in
clinical application, such as Doxil/Caelyx (PEGylated liposomal doxo-
rubicin) [180], AmBisome (Liposomal amphotericin B) [181], Onpattro
(Lipid-siRNA nanoparticles) [182] and so on. Notably, Calcium phos-
phate nanocarriers maymake faster breakthroughs in local application or
non-intravenous treatment, such as the calcium phosphate osteopontin
particles used for controlling the development of dental caries [183].
Nevertheless, there are still many technical barriers which hindered the
development in clinic, although with scientific advances over decades.
Therefore, future efforts may be focusing on optimizing CaP nanocarriers
for clinical applications, including large scale preparation, systemic
toxicity evaluation of elevated intracellular calcium levels, pharmacoki-
netic and pharmacodynamic study of nanosized materials in vivo, as well
as a deeper understanding of physiological characteristics.
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