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/Abstract: Calcium phosphate nanoparticles have a high bio-
compatibility and biodegradability due to their chemical
similarity to human hard tissue, for example, bone and
teeth. They can be used as efficient carriers for different
kinds of biomolecules such as nucleic acids, proteins, pep-
tides, antibodies, or drugs, which alone are not able to enter
cells where their biological effect is required. They can be
loaded with cargo molecules by incorporating them, unlike
solid nanoparticles, and also by surface functionalization.

-

This offers protection, for example, against nucleases, and
the possibility for cell targeting. If such nanoparticles are
functionalized with fluorescing dyes, they can be applied for
imaging in vitro and in vivo. Synthesis, functionalization and
cell uptake mechanisms of calcium phosphate nanoparticles
are discussed together with applications in transfection,
gene silencing, imaging, immunization, and bone substitu-
tion. Biodistribution data of calcium phosphate nanoparticles
in vivo are reviewed.
)

Introduction

Nanoparticles have a high surface-to-volume ratio which
causes their specific physicochemical, biological, optical, elec-
trical, and catalytic properties. In general, he application of
nanoparticles in biology and medicine is a rapidly growing
field, for example, the efficient targeted delivery of drugs and
biomolecules in vitro and in vivo in cancer therapy and immu-
nology. Besides polymeric nanoparticles and biological nano-
particles, inorganic nanoparticles like iron oxides,” silica,®
gold,”™ and calcium phosphate® have gained high attention
due to their mechanical stability and integrity, ease of prepara-
tion, tunable size, and versatile surface chemistry. Among inor-
ganic nanoparticles, calcium phosphate nanoparticles have dis-
tinct advantages, mainly their high biocompatibility and biode-
gradability. In bulk form or as coating, calcium phosphate is a
well-known biomaterial which in nanoparticulate form has
found many applications in vitro and in vivo."” Within the or-
ganism, calcium phosphate is present in biomineralized hard
tissue, usually as nanoplatelets embedded in a softer protein
matrix (collagen). There, it is the mineral component of bones
and teeth, usually as calcium-deficient hydroxyapatite with dif-
ferent ionic substitutions.”®”" Unlike many artificial nanoparti-
cle materials like iron oxide, polymers, silica or nanodiamonds,
calcium phosphate is almost ubiquitous in the body due to its
presence in bone, teeth, saliva, and blood, leading to a high
biocompatibility and an intrinsic non-toxicity.” The main inter-
est in calcium phosphate lies in the manufacture of biomedical
implants and the elucidation of biomineralization processes,”
but applications in molecular biology and biomedicine have
also been intensively explored. In particular, calcium phosphate
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nanoparticles have been extensively investigated for biomedi-
cal applications in the last decades.®

In contrast to many other kinds of inorganic nanoparticles
(e.g. gold, magnetite, silica, some polymers), calcium phos-
phate nanoparticles are readily soluble at the low pH inside
endolysosomes or phagosomes, that is, after cellular uptake,
but stable at neutral pH, for example, in the blood. They can
therefore be considered as well biodegradable, in contrast to
biopersistent materials like gold, nanodiamonds, magnetite, or
carbon nanotubes. Furthermore, calcium phosphate nanoparti-
cles meet many important requirements for an efficient deliv-
ery system, that is, the ability to incorporate drugs or biomole-
cules 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 in-
herent biodegradation to harmless compounds (calcium and
phosphate ions)."” Polymeric nanoparticles are also very versa-
tile, but it has to be emphasized that they are often not biode-
gradable and with a few exceptions, consist of monomers
which are unknown to the body. Consequently, most (but not
all) are not very “biomimetic” and not resorbed by the body,
but simply excreted. Exceptions are biopolymers and polyes-
ters which degrade to naturally occurring oligomers and mon-
omers like sugars or lactic acid. Mesoporous silica nanoparti-
cles are another example of multifunctional porous nanoparti-
cles for drug delivery."" Figure 1 summarizes the main advan-
tages of calcium phosphate nanoparticles.

Here we summarize the procedures established so far for
the synthesis of calcium phosphate nanoparticles and their ap-
plication in biology and medicine. First, we introduce different
synthesis and characterization methods for calcium phosphate
nanoparticles. Then, we discuss how calcium phosphate nano-
particles can be loaded and functionalized on the surface with
different drugs and biomolecules. Finally, we review the appli-
cation of functionalized calcium phosphate nanoparticles in
vitro and in vivo.

Synthesis of Calcium Phosphate Nanoparticles

Different methods for the synthesis of calcium phosphate
nanoparticles with different size, morphology, and composition
were developed."? These methods are focused on the synthe-
sis of calcium phosphate particles in the nanoscale dimension
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Figure 1. Advantages of calcium phosphate nanoparticles as a carrier system for biomedical applications.

(i.e., less than 100 nm) in more or less agglomerated form, for
applications in biology and medicine.""™

In general, calcium phosphate is synthesized by various
methods like wet-chemical precipitation, sol-gel chemistry,"!
flame spray pyrolysis,"?*'® and solid-state reactions (Table 1).
Calcium phosphate is sparingly soluble in neutral water, that is,
it tends to precipitate easily from supersaturated solutions.
The precipitation from water is easy, cost-efficient, and envi-
ronmentally friendly, as no organic solvent is required.” It has
some advantages like the possibility to control particle crystal-
linity and size by varying pH, concentration, temperature, and
precipitation time."*“'® If performed quickly at ambient tem-
perature, the precipitation usually leads to poorly crystalline
particles."?* "9 A higher temperature and a lower crystallization
rate enhance particle crystallinity and lead to a better defined
particle shape, especially in hydrothermal processes." It is
possible to add (bio)organic compounds during the synthesis,
unlike as in high-temperature processes or syntheses involving
organic solvents where a denaturation of biomolecules like nu-
cleic acids or proteins may occur.

The sol-gel synthesis is based on the reaction of a calcium
source and a phosphate source, usually in an organic sol-
vent.™ |t offers different possibilities to fabricate a wide range
of structured nanomaterials, including coatings on metallic im-
plants.”®2" The sol-gel synthesis is advantageous due to its
simplicity, high versatility, comparatively homogeneous prod-
uct composition (e.g. Ca:P ratio), and low synthesis tempera-
ture.2 24 |t has been applied to prepared nanoparticles with
different composition, including fluoroapatite.”*”!

Flame-spray pyrolysis is a versatile method for the large-
scale synthesis of calcium phosphate nanoparticles. A solution
or a 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 engi-
neering make this method suitable to produce particles with
variable properties, also for biomedical applications.216a.d.17.24
The method is adjustable with respect to particle morphology,
crystallinity, and size. The applied solvents or precursors, the
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local temperature, and the residence time in the flame all influ-
ence the combustion reaction, giving some control over pri-
mary particle size and crystalline phase, but irreversible particle
agglomeration is frequently observed."® Although it requires
specialized equipment, flame-spray pyrolysis is an efficient
method to prepare larger quantities of nanoparticulate calcium
phosphate with defined properties, but the high processing
temperature prevents the incorporation of all organic or bio-
logical compounds.

Pulsed laser ablation has also been applied to prepare calci-
um phosphate nanoparticles from synthetic®® and biological

Viktoriya Sokolova obtained a PhD degree in
Inorganic Chemistry at the University of Duis-
burg-Essen in the group of Prof. Epple in
2006. She received the Young Scientist Award
of the Klee Family of the German Society for
Biomedical Technology and the Award of the
German Society for Biomaterials. Since 2011
she leads the biological research in the group
of Prof. Epple at the University of Duisburg-
Essen. The focus of her research is the synthe-
sis of inorganic nanoparticles and their appli-
cation in 2D and 3D cell culture models.

Matthias Epple studied chemistry at the Uni-
versity of Braunschweig and obtained his PhD
with Prof. H.K. Cammenga in 1992. After post-
doctoral studies at the University of Washing-
ton (Seattle; Prof. J.C. Berg) and the Royal In-
stitution (London, UK; Prof. JM. Thomas), he
joined the group of Prof. A. Reller at the Uni-
versity of Hamburg for his habilitation. In
2000, he became Associate Professor at the
University of Bochum and in 2003 Full Profes-
sor at the University of Duisburg-Essen. His re-
search interests cover biomaterials, biominer-
alization, nanoscience and nanomedicine.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202005257

Table 1. Synthetic methods to prepare calcium phosphate nanoparticles.

Method Advantages

Limitations References

Precipitation from aque-
ous solutions

Sol-gel method
Flame-spray pyrolysis

Low cost; control over chemical composition
Good crystallinity; possibility for scale-up

Pulsed laser ablation

laser parameters
Solid-state synthesis
(high-temperature meth-
ods)

Bulk synthesis possible; low cost; incorporation of organic Upscaling can be difficult and requires a continuous pro-
or biological compounds possible; only water as solvent  cess

Control over product properties possible by adjustable

Easy and low cost; well-crystallized particles; high yield

[30]

Upscaling can be difficult; organic solvents required i1

Particle agglomeration; no incorporation of organic mol-
ecules possible; special equipment necessary

Tendency for particle agglomeration; high-end laser
equipment needed; difficult scale-up

Agglomerated particles; poor redispersability; applica-
tion of organic compounds possible only after the syn-
thesis

[16b,¢,17,24c¢,32]

[25-26]

[18b,33]

calcium phosphate substrates.”® This method is based on the
ablation of nanoparticles from a solid substrate and has turned
out to be very versatile to prepare metallic and ceramic nano-
particles.”” However, its applicability to prepare calcium phos-
phate nanoparticles is probably limited in comparison to other
methods where particle size and composition can be con-
trolled more easily. Conventional solid-state chemical synthesis
involves precursor salts like CaCO; and K;PO, which are mixed,
ground, and sintered at elevated temperature. This typically
leads to well-crystalline products in high yield, but it is general-
ly difficult to disperse the material in nanoparticulate form be-
cause the particles are sintered.'*?%*! Physical methods like
plasma spraying®® and magnetron sputtering are used to coat
metallic implants, often with nanocrystalline calcium phos-
phate phases.l?"?!

When comparing all methods for synthesis of calcium phos-
phate nanoparticles for biological application, a precipitation
from aqueous solutions has distinct advantages compared to
the other methods. It allows to load biomolecules into the par-
ticles or/and to functionalize them on the surface, leading to
reproducible and uniform nanoparticles in stable colloidal dis-
persions. It also avoids organic solvents.

We want to stress that there is not only one calcium phos-
phate but a whole family of them, due to the different proto-
nation states of the phosphate anion (PO,*~, HPO,*", H,PO,")
and the ability of calcium phosphates to substitute anions and
cations by other ions.""“* The most common calcium phos-
phate phase is hydroxyapatite, Cas(PO,);O0H, which is also the
biomineral in mammalian bone and teeth.®” In many reports
involving calcium phosphate nanoparticles, the crystalline
phase which is actually present is neither investigated nor
known, and the material is simply denoted as “calcium phos-
phate”.® The chemical nature of a given calcium phosphate
sample can only be determined by crystallographic techniques,
namely, X-ray diffraction (XRD) and electron diffraction (usually
together with transmission electron microscopy; TEM). Howev-
er, broad X-ray diffraction peaks and recrystallization artifacts
in TEM often prevent a clear phase identification of nanoparti-
cles. A frequently used parameter is the molar ratio of calcium
to phosphate which is indicative but not characteristic for crys-
talline calcium phosphate phases.***“¥ |onic substitutions,
multiphase samples, and amorphous phases (which are very
difficult to detect in the presence of crystalline phases) often
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prevent a clear assignment because they can change the calci-
um to phosphate ratio. 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, this does not particularly affect the biomedical
application.

Characterization of Calcium Phosphate
Nanoparticles

For most biological applications, calcium phosphate nanoparti-
cles as all other nanoparticles have to be dispersed in water or
biological media.'®3® The following considerations apply to
many other kinds of nanoparticles as well. The colloidal stabili-
ty of nanoparticles directly depends on their surface character-
istics (charge, hydrophobicity, functional groups).*” The main
parameter for the estimation of colloidal stability in the case of
electrostatic stabilization is the zeta potential: Nanoparticles
with a zeta potential above + 30 or below —30 mV are consid-
ered to be stable in aqueous dispersion, as the surface charge
prevents aggregation of the particles. For instance, by applying
a cationic polymer like polyethylenimine (PEI) for the stabiliza-
tion of calcium phosphate nanoparticles, positively charged
nanoparticles (430 mV) are obtained. For negatively charged
calcium phosphate nanoparticles (—30 mV), an anionic poly-
mer carboxymethylcellulose (CMC) can be used. A colloidal sta-
bilization can also be caused by the adsorption of proteins
from the biological dispersion medium (e.g. blood), the so-
called protein corona.®® For the characterization of nanoparti-
culate systems in colloidal dispersion, different methods are
generally applied. The main methods are summarized in the
Table 2 with special emphasis on calcium phosphate nanoparti-
cles. However, most considerations apply to other kinds of
nanoparticles as well.

In general, different methods are usually applied for the
characterization of calcium phosphate nanoparticles, as it is
generally recommended for nanoparticles."*“*® This is impera-
tive if nanoparticles are acting as carriers for drugs or biomole-
cules where the particle composition must be exactly known.
In that case, regulatory bodies are demanding an in-depth
characterization, for example, for biomedical or nanomedical
application. At minimum, the loading with a drug or a biomol-
ecule must be known, accompanied by particle properties like
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Table 2. Possibilities and limitations of different analytical methods for the characterization of calcium phosphate nanoparticles. Scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), dynamic light scattering (DLS), disc centrifugal sedimentation (DCS), analytical ultracentrifugation
(AUC), nanoparticle tracking analysis (NTA), optical spectroscopy (UV-VIS), X-ray powder diffraction (XRD, also sometimes denoted as wide-angle X-ray
scattering, WAXS), small-angle X-ray scattering (SAXS), inductively-coupled plasma—mass spectrometry (ICP-MS), and atomic absorption spectroscopy

Limitations

References

(AAS).

Method Possibilities

SEM Size and shape of nanoparticles (only calcium phosphate core);

and phase identification if combined with electron diffraction (ED)

TEM and/or energy-dispersive X-ray spectroscopy (EDX) (important for
calcium phosphates due to different possible phases)

DLS Easy and fast determination of particle size and surface charge
(zeta potential)

DCS Easy determination of particle size

AUC Discrimination between particles of different size and density

NTA Direct determination of particle size (hydrodynamic radius); direct
visualization of dispersed particles

UV-VIS  Determination of the loading with drugs and biomolecules

XRD Identification of crystalline calcium phosphate phases; determina-
tion of nanoparticle crystallinity and domain size; detection of
crystalline impurities

SAXS Determination of hydrodynamic radii and agglomeration state;
calcium phosphate is well suited due to its density

ICP-MS  Determination of overall particle composition with high precision

AAS Determination of metal content, for example, calcium or substi-
tuting ions

Imaging in the dry state; only a small number of particles can be
analyzed; possible contamination by other compounds (e.g. salts
or biomolecules from the dispersion medium); beam damage
may cause artifacts, especially with hydrated or amorphous calci-
um phosphate phases

Works well for monodisperse systems and poorly for polydisperse
systems

Works well for calcium phosphate nanoparticles due to their den-
sity (about 3,000 kg m-%)

Works well for calcium phosphate nanoparticles due to their den-
sity

Analysis of only a small number of particles; large particles may
sediment and remain undetected

Fluorescent labeling of analytes is usually necessary

Only for crystalline particles; broad diffraction peaks; amorphous
phases may go undetected besides crystalline phases

Complex data analysis
Analysis of single particles possible if not too big; calcium phos-

phate nanoparticles are usually too large (40 nm or more)
Lower sensitivity than ICP-MS; not possible for phosphate

[39]

[5a,40]

[41]

[42]

[43]

[44]

[45]

[46]

(471

(441

size, charge, and shape.®@ In the following, we will restrict
ourselves to the peculiarities of calcium phosphate nanoparti-
cles, but most considerations can be applied to other kinds of
nanoparticles as well. We will also use the overall expression
“cargo” for all kinds of drug molecules or biomolecules, irre-
spective of their chemical nature.

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 nanoparticles. DLS is a fast and appropriate method
if the particle size distribution is monomodal and narrow. This
has to be confirmed by other techniques like electron micros-
copy or disc centrifugation. In polydisperse systems, DLS tends
to produce artifacts due to the fact that large particles scatter
the light much more intensely than smaller particles (r° de-
pendency of the scattering power).*"*? If the nanoparticles are
not spherical or occur as a polydisperse mixture, this will lead
to false results. These may go unnoticed unless additional
methods like SEM or DCS are applied to characterize the nano-
particles. Figure 2 shows typical characterization data for bio-
molecule-loaded calcium phosphate nanoparticles. Note that
SEM probes the solid calcium phosphate core in the dry state
whereas DLS probes the hydrodynamic diameter in the dis-
persed state, including possible aggregates of smaller primary
particles.

If prepared for biomedical use, the calcium phosphate nano-
particles must be thoroughly purified to remove excess re-
agents from the synthesis and unwanted synthesis by-products
like the inorganic counter ions of calcium phosphate. Other-
wise, these will render the interpretation of biological results
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impossible (just imagine the effect of excess cargo molecules
which are present in solution and not on the nanoparticle).
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 to 100 nm). After
purification and size characterization, the amount of cargo
must be quantitatively determined. This is more difficult than
generally assumed and not always done (or reported) in the lit-
erature. Autofluorescent or fluorescently labelled drug mole-
cules can be easily detected by UV-spectroscopy or (less accu-
rately) by fluorescence spectroscopy.®” This can be performed
either with the cargo-loaded nanoparticles or with the super-
natant that remains after nanoparticle purification. If the cargo
itself is not fluorescent, a quantification is often difficult or

-]

= CaP/PEI/$I0,-SH
~~~~~~ CaP/PEI/Poly(I:C)/Si0,-SH

5}

Intensity / %

1 10 100 1000 10000
Size / nm

Figure 2. Scanning electron micrograph of calcium phosphate/PEIl nanoparti-
cles with an outer silica shell, loaded with the toll-like receptor ligand
poly(l:C) (a nucleic acid) (A). Dynamic light scattering data of unloaded
nanoparticles (CaP/PEI/SiO,-SH) and of nanoparticles carrying poly(l:C) (CaP/
PEI/poly(1:C)/SiO,-SH) (B).*” Reprinted from Ref. [50] with permission from
Elsevier.
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even impossible with standard laboratory methods (HPLC is an
option after acidic dissolution of the nanoparticles). In the case
of fluorescently labelled cargo molecules like proteins or anti-
bodies, it is usually tacitly assumed that they have the same
biological and physico-chemical properties as their non-la-
belled parent compounds. If cargo molecules are available
only in small amounts (like many biomolecules), a full charac-
terization is sometimes impossible due to the lack of material.
In that case, model cargo molecules (like unspecific IgG anti-
bodies) can be used instead of the real cargo molecules (like
specific antibodies).

The number concentration of calcium phosphate nanoparti-
cles in a dispersion can be determined by elemental analysis.
Typically, AAS and ICP-MS are the methods of choice. From the
calcium and/or the phosphate concentration, the concentra-
tion of calcium phosphate in the dispersion can be derived if
its stoichiometry is known. Usually, the stoichiometry of the
most common calcium phosphate phase hydroxyapatite,
(Cas(PO,4);0H), is tentatively applied. Furthermore, the particle
density of the «calcium phosphate (hydroxyapatite:
3,140 kgm™), the particle shape (usually spherical), and a mon-
odisperse particle size distribution must be assumed. As not all
parameters are exactly known, the particle concentration in a
dispersion is accessible only with limited accuracy (error at
least +25%, concerning particle number concentra-
tions).*®3**2 To our experience, direct methods that claim to
be able to determine absolute particle concentrations like NTA
or DLS are even less accurate.

Loading and Surface Functionalization of
Calcium Phosphate Nanoparticles

The efficient action of calcium phosphate nanoparticles in bio-
logical systems depends both on the core composition as well
as on the surface properties.” Different methods for nanopar-
ticle loading and surface functionalization were published,
some of them based on physical interactions and others on
the formation of covalent bonds.®“*¥ Calcium phosphate
nanoparticles can be surface-functionalized with polyelectro-
lytes or charged macromolecules like polyethylenimine (PEIl) or
DNA for colloidal stabilization. This is a purely adsorptive bind-
ing between charged macromolecules and calcium phosphate
particles that prevents their agglomeration and subsequent
sedimentation. It is also possible to add another layer of oppo-
site charge on top, like negatively charged DNA onto positively
charged CaP/PEl, as in the layer-by-layer approach.” By this
way, polyelectrolyte nanocapsules are accessible after acidic
dissolution of the calcium phosphate core.® It is often better
to include the cargo molecules into the nanoparticles to pro-
tect them against external degradation. This is especially im-
portant for nucleic acids like DNA and RNA which are sensitive
to nucleases and RNAses. Such a protection is possible by
adding another layer of calcium phosphate, followed by an
outermost charged layer (e.g. PEl or DNA) for colloidal stabili-
zation.['#43

Targeting or labelling molecules can be attached or ad-
sorbed to the surface of a calcium phosphate nanoparticle to
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modify the specific affinity of the material (usually for cell tar-
geting).**" For example, antibodies, peptides, and aptamers
have been applied as targeting agents by surface functionaliza-
tion of different kinds of nanoparticles.**3%%% |f 3 stable sur-
face functionalization is desired, a purely adsorptive binding is
not the method of choice. For a mere adsorption, for example,
of an antibody, it is never clear how stable the attachment is
under biological conditions. A better method is the covalent
attachment of a molecule to the outermost adsorbed macro-
molecule layer (like a PEl-antibody conjugation), but this may
compromise the colloidal stability and does not fully eliminate
the question of adsorptive stability.

Calcium phosphate itself is an ionic compound that cannot
be covalently functionalized. However, a promising approach is
the attachment of a thin silica shell onto the calcium phos-
phate surface, followed by well-established siloxane chemistry
to bind triethoxysilanes like APTES to silanol groups.?***% With
such an amine- or thiol-terminated nanoparticle surface, fur-
ther conjugation strategies can be employed. For instance,
proteins and antibodies can be attached to the nanoparticle
surface. Then we have a stable covalent bond, consisting of
the sequence SiO;-O-C,H,-linker-protein. Such a covalent ap-
proach is typical for gold or silica nanoparticles where biomol-
ecules are strongly attached on the surface.®” However, com-
pared to gold or silica nanoparticles, the advantage of calcium
phosphate nanoparticles is the possibility to load cargo mole-
cules into the particles. Figure 3 summaries the possible ways
for preparation of functionalized calcium phosphate nanoparti-
cles. Adsorptive and covalent binding approaches can be com-
bined for calcium phosphate nanoparticles, leading to multi-
functional nanoparticles as described above.

Using such functionalization strategies, calcium phosphate
nanoparticles have been used as carriers for different biomole-
cules, for example, peptides for immunization,®" proteins for
imaging,®*®? and siRNA for gene silencing and plasmid DNA
for transfection (Table 3).

As outlined above, a covalent surface modification provides
a more stable binding than an adsorptive physical interac-
tion.® The functionalization of silica-terminated calcium
phosphate nanoparticles with (3-aminopropyl)triethoxysilane
(APTES) or (3-mercaptopropyl)trimethoxysilane (MPS) to intro-
duce either amine or thiol terminal groups to the surface has
been reported.?® Such amine terminal groups can be used to
couple dyes or biomolecules by suitable crosslinkers. For in-
stance, calcium phosphate nanoparticles have been modified
on the surface with anti-CD11c antibodies to target dendritic
cells,”® Hen Egg Lysozyme (HEL) for immunization (B-cell tar-
geting),®™% and synthetic antigens for HSV-1 (Herpes simplex
virus 1).7% A drawback of this method is the need to develop
and optimize individual surface functionalization strategies for
each case.

A more flexible surface conjugation is based on the non-co-
valent, but very strong avidin-biotin-interaction. A surface con-
jugation of calcium phosphate nanoparticles with avidin per-
mits the non-covalent attachment of any biotinylated mole-
cule. This was shown with anti-CD11c antibodies where cell
targeting was demonstrated in vitro and in vivo.**¥ As another
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ELECTROSTATIC APPROACH

CaP CaP/PEI

COVALENT APPROACH

CaP with silica shell CaP/PEI/pDNA/SIO,

CaP/pDNA CaP/PEI/pDNA

CaP/PEI/pDNA/SiO,-SH CaP/PEI/pDNA/SiO,-Ab

Figure 3. Principles of internal loading and surface-functionalization of calcium phosphate (CaP) nanoparticles with biomolecules (here: Plasmid DNA; pDNA).
In the electrostatic approach (top row), the calcium phosphate core is coated either with the cationic polyelectrolyte PEI or with negatively charged pDNA.
This leads to an electrosteric stabilization with either positive (CaP/PEl) or negative (CaP/pDNA) particle charge. It is also possible to attach another layer of
pDNA onto a positively charged CaP/PEI nanoparticle. A covalent attachment of ligands to calcium phosphate is not directly possible because calcium phos-
phate is an ionic compound. The covalent approach is depicted in the bottom row. The coating with a silica shell (SiO,) encapsulates PEl and pDNA and per-
mits to conjugate molecules like antibodies (Ab) to the nanoparticle surface, using siloxane chemistry and established bioconjugation procedures.

Table 3. Loading of calcium phosphate nanoparticles with biomolecules for biological application.
Method Cargo molecules Examples Application References
Adsorptive loading Nucleic acids (e.g. pDNA-EGFP pDNA- Transfection, bone regenera- ~ 1°&%¢%
plasmid DNA, siRNA)  BMP7 pDNA-VEGF tion, genetic vaccination
pDNA-HBsAg
SIRNA-EGFP, siRNA-TNF- Gene silencing, anti-inflamma- 3¢
a tion
Covalent surface functionalization Antibodies, peptides  DEC205, anti-Cd11c, Cell targeting (392,58]
19G, RGDfK
Loading or surface functionalization Peptides and proteins  Antigens, BSA, lyso- Immunization, cell targeting ~ ©'2¢¢
zyme, HIV-Eny, Avidin
Adsorption of dye-labelled polymers or covalent surface con- Dyes Cy5, FITC, TRITC, Imaging, photodynamic thera- 3%:405:67)
jugation of dye molecules via click-chemistry TAMRA py (PDT)

versatile surface conjugation method, the highly specific and
orthogonal copper-catalyzed azide-alkyne cycloaddition
(CUAAC) as most prominent click reaction”" is possible on the
nanoparticle surface. After surface-functionalization with azide,
all kinds of alkyne-carrying ligands can be clicked onto the cal-
cium phosphate surface, including dyes and proteins. A strain-
promoted azide-alkyne cycloaddition (SPAAC) is as also possi-
ble (Figure 4).3%67

If the particle concentration in a dispersion has been deter-
mined, it can be related to the number concentration of the
cargo molecules in the dispersion. Of course, one has to
ensure that all free cargo molecules have been removed by
previous purification steps. Then, the number of molecules per
calcium phosphate nanoparticle can be calculated.”? This can
also be related to the specific particle surface if the particle ge-
ometry (e.g. spherical) is known, giving the number of mole-
cules per nanoparticle surface area (molecular footprint). If the

cargo molecules are located inside the nanoparticle and not
on its surface, the calculation is the same, but of course does
not lead to the surface coverage. Table 4 gives typical data for
calcium phosphate nanoparticles, loaded with different cargo
molecules.

Uptake of Calcium Phosphate Nanoparticles
by Cells In Vitro

An important property of calcium phosphate nanoparticles
(shared with other nanoparticles) is their ability to act as trans-
porter of specific cargo molecules into cells.*? Depending on
nanoparticle size, charge and surface functionalization, differ-
ent uptake mechanisms by the cell can occur, with endocytosis
and phagocytosis being the most prominent.®’#*274 Smaller
particles (<200 nm) are usually taken up via endocytosis””
which can be divided in clathrin-mediated, caveolin-mediated
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Figure 4. Two pathways for the synthesis of azide-terminated calcium phosphate nanoparticles, followed by a covalent surface modification either by CuAAC

(copper-catalyzed azide-alkyne cycloaddition) or SPAAC (strain-promoted azide-alkyne cycloaddition) click chemistry."

Ref. [39b]. Copyright 2020, Wiley-VCH.

3%.67) Reprinted with permission from

Table 4. Loading of calcium phosphate nanoparticles with different cargo molecules. (pDNA-EGFP: Plasmid encoding for enhanced green fluorescent pro-
tein; Poly(I:C): Double-stranded RNA-analogue polyinosinic-polycytidylic acid, a Toll-like receptor 3 ligand; siRNA-TNF-a.: anti-tumor necrosis factor alpha
(TNF-a) siRNA. Tandem: EGFP-mRFP1 fusion protein.

Nanoparticle type and Cargo molecule Location of cargo Method of cargo  Number of cargo molecules Surface density of cargo Reference
diameter molecule fixation per nanoparticle molecule/nm?
CaP/PEI/Poly(1:C)/SiO,- Poly(I:C) (130 kDa) Inside Adsorption 900 - 5

SH (120 nm)

CaP/PEI/pDNA-EGFP/  pDNA-EGFP (4056 kDa) Inside Adsorption 131 - 50

SiO, (64 nm)

CaP/PEI/siRNA-TNF-a/  siRNA-TNF-a. Inside Adsorption 2,040 - (65l

SiO, (40 nm) (M=3,460 gmol ™)

CaP/PEI/SiO,-Env HIV Env-trimer Surface Covalent attach- 865 0.17 (66bl

(40 nm) (140 kDa) ment

CaP/PEl/Tandem/CaP/ EGFP-mRFP-Tandem Inside Adsorption 7,100 - 73

PEI (131 nm) protein (52 kDa)

CaP/PEI/SiO,-S-Avidin  Avidin (62 kDa) Surface Covalent attach- 240 0.03 (589l

(120 nm) ment

CaP/PEI/SiO,-FAM FAM-alkyne Surface Covalent attach- 12,200 1.01 (3961

(62 nm) (M=413 Da) ment (CuAAc)

CaP/PEI/SiO,-FAM FAM-alkyne Surface Covalent attach- 3,230 0.21 (3961

(70 nm) (M=413 Da) ment (SPAAC)

and clathrin/caveolae-independent endocytosis. Clathrin-medi-
ated endocytosis can occur by receptor-specific or non-specific
adsorptive uptake. In the case of receptor-specific uptake, the
protein clathrin mediates the process in which a clathrin-rich
cavity is formed after the particle recognition, followed by an
invagination of the cell membrane. With the help of adaptors
and other accessory proteins, the membrane internalization is
stabilized.”*"!

Caveolin-mediated endocytosis occurs via caveolae mem-
brane invaginations with a size around 50 nm. As soon as the
particle is recognized, secondary proteins help with membrane
stabilization and vesicle encapsulation. Compared to the cla-
thrin-mediated endocytosis, the caveolin-mediated endocytosis
favors a lysosomal escape that prevents degradation.” Inhibi-
tors permit a more or less complete shutdown of individual

Chem. Eur. J. 2021, 27, 7471 - 7488 www.chemeurj.org
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endocytosis pathways. The uptake mechanisms of positively
and negatively charged calcium phosphate nanoparticles have
been studied in vitro (Figure 5).°47% |t was shown that calcium
phosphate nanoparticles are taken up by Hela cells by macro-
pinocytosis,”? going first into early endosomes and then into
endolysosomes where they are dissolved.®”?!

Confocal laser scanning microscopy and flow cytometry are
the most common techniques to quantify the particle uptake,
but both work only if the particles have been fluorescently la-
belled or carry a fluorescent cargo molecule.*®3%%2 Thijs can
also be accomplished by doping the calcium phosphate with
fluorescent lanthanoids.”®”” By high-resolution microscopy, for
example, structured illuminated microscopy (SIM) and stochas-
tic optical reconstruction microscopy (STORM) beyond the dif-
fraction limit, individual fluorescing calcium phosphate nano-
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Figure 5. Uptake of red fluorescent CaP/PEI-Cy5/SiO, nanoparticles by Hela
cells after 24 h incubation investigated by confocal laser scanning microsco-
py. The calcium phosphate particles are mostly co-localized with endolyso-

somes. Cy5-labelled nanoparticles (magenta), lysotracker for endolysosomes
(green), DAPI for cell nuclei (blue), and overlay are shown. Scale bar

10 pm.[se] Reprinted from Ref. [5e] with permission from Elsevier.

particles were localized inside the endolysosomes of Hela cells
after uptake (Figure 6).5%%" Clearly, different microscopic tech-
niques have different resolutions, but scanning electron mi-
croscopy is not directly applicable for nanoparticles which
were taken up by cells. Transmission electron microscopy is
also not optimal to look for calcium phosphate nanoparticles
inside cells due to the low scattering contrast of calcium phos-
phate and the presence of various electron-rich particle-like
objects inside a cell, especially after the drying for TEM prepa-
ration. Rasel et al. studied the biophysical responses of cells,

that is, stiffness and adhesive properties, after the incubation
with calcium phosphate nanoparticles by Raman spectroscopy.
They found an increase in cell stiffness after the uptake of
nanoparticles and a decrease in cell adhesion.”®

Proteins are a major class of biomolecules which typically
cannot cross the cell membrane alone, therefore a carrier to
enable their transport inside the cell is needed.®*7%7" The en-
docytosis of calcium phosphate nanoparticles, loaded with the
autofluorescent protein phycoerythrin, confirmed that the par-
ticles end up in endolysosomes where a degradation of the
protein by nucleases occurs.*¥ Kollenda et al. presented calci-
um phosphate nanoparticles which were loaded with either a
Tandem fusion protein or a plasmid encoding for this protein,
and studied their uptake and intracellular processing by differ-
ent cell lines. This Tandem protein combined two fluorescent
molecules (MRFP1-EGFP) and served as biological pH sensor
that allowed to track the nanoparticles and the proteins inside
the cells. Time-lapse confocal microscopy confirmed that the
Tandem-loaded nanoparticles were directed to endolysosomes
after endocytic uptake.””

The uptake of calcium phosphate nanoparticles has also
been studied in 3D cell culture models on spheroids generated
from Hela cells with a diameter around 500 um. The distribu-
tion of red fluorescent calcium phosphate nanoparticles inside
the spheroids was visualized by confocal laser scanning micros-
copy. It was also shown on the cellular level that nanoparticles
were taken up by single cells inside a spheroid (Figure 7).>®

After cellular uptake, calcium phosphate nanoparticles end
up in endolysosomes where they dissolve at the low pH
(about 4) and incorporated cargo molecules are released. The
influx of acid to dissolve the basic calcium phosphate probably
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Societies Publishing
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Figure 6. Uptake and particle size distribution of green-fluorescent CaP/PEI/SiO,-Alexa488 nanoparticles by HelLa cells determined by CLSM and SIM after 24 h
incubation. Pure nanoparticles without cells were investigated by SEM for comparison. Note the different resolution capabilities of these methods. However,
! Reprinted with permission from Ref. [39b].

SEM is not usually applicable for nanoparticles after uptake into cells. Nuclei were stained blue with DAPI.!

Copyright 2020, Wiley-VCH.
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Contrast

Figure 7. Representative images of green-fluorescent HeLa-EGFP spheroids incubated with red fluorescent CaP/PEI-Cy5/SiO, nanoparticles for 24 h by confocal
laser scanning microscopy (left). The presence of nanopatrticles inside one cell at high magnification (right).* Reprinted from Ref. [5e] with permission from

Elsevier.

leads to an increase of the osmotic pressure inside the endoly-
sosome due to ion release which leads to its rupture and an
endosomal escape.® 7 This is similar to the proton sponge
effect reported for polyethyleneimine®™ and a clear advantage
of calcium phosphate nanoparticles. This effect is important to
achieve a delivery of cargo molecules into the cytosol before
they suffer lysosomal degradation by low pH and degrading
enzymes (e.g. proteases, nucleases). If cells are subjected to
very high doses of calcium phosphate nanoparticles, an over-
load of calcium may occur that disrupts the intracellular calci-
um balance. This can even lead to cell death as cells have a
very low internal calcium concentration.®” However, under all
“reasonable” conditions, calcium phosphate nanoparticles will
not lead to adverse effects towards cells and organisms.® The
released calcium ions are usually pumped out of the cell
within minutes and hours.®?

Biomedical Applications of Calcium Phosphate
Nanoparticles

Unfunctionalized calcium phosphate nanoparticles have a long
tradition for the treatment of bone defects. After all, bone con-
tains calcium phosphate nanoparticles, therefore they are a
natural choice as biomaterial. Calcium phosphate nanoparticles
have been prepared in pasty form and injected into bone de-
fects with good results for bone regeneration.®® Of course,
such particles are highly agglomerated due to the absence of
surface functionalization, but for this application, a pasty form
is highly appropriate. In contrast to sintered calcium phos-
phate ceramics, calcium phosphate nanoparticles are resorbed
faster by osteoclasts due to their higher specific surface area
and their higher solubility under acidic conditions.®™ Micro-
and nanoscopic calcium phosphate (unfunctionalized) is also

Chem. Eur. J. 2021, 27, 7471 - 7488 www.chemeurj.org

7480

used in various toothpastes in order to enhance the tooth
repair process. The underlying idea is to fill cavities and tu-
bules in dentin and to remineralize enamel.’®

Nanoparticles for therapeutic nanomedical applications are
typically between 10 to 100 nm in size to ensure a good bio-
distribution.®® Depending on their size and charge, the circula-
tion time of nanoparticles in the bloodstream is variable. Nano-
particles smaller than 30 nm are rapidly excreted in the kidney
by renal filtration whereas nanoparticles bigger than 200 nm
are eliminated by phagocytosis.”” It was also found that nano-
particles of 30-150 nm are found in bone marrow, heart,
kidney and stomach whereas nanoparticles with a size of 150-
300 nm mainly end up in the liver and in the spleen.® Fur-
thermore, the cellular uptake of nanoparticles can be strongly
influenced by a protein corona, which covers the particles after
their contact with biological fluids.*®*" There is a vast litera-
ture on nanomedicine and nanomedical approaches (see, for
example,*®°) but here we will discuss only the applications
of calcium phosphate nanoparticles. As outlined above, calci-
um phosphate nanoparticles can carry different cargo mole-
cules both inside and on the surface and also more than one
species in the same nanoparticle. Therefore, they are also able
to simultaneously deliver different types of biomolecules, for
example, a fluorophore, an antigen, and an adjuvant for immu-
nization, to one designated cell or tissue.

The introduction of foreign plasmid DNA into eukaryotic
cells is called transfection. After successful entry of desired
plasmid DNA into the nucleus, the expression of the gene and
the following production of specific protein occurs.P“%“°1 Ag
DNA alone is not able to cross the cell membrane and also
prone to enzymatic degradation, a suitable delivery system is
required. Different kinds of nanoparticles, dendrimers, and lipo-
somes have been developed for transfection, including calcium
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phosphate nanoparticles.?**? The standard calcium phos-
phate transfection method was introduced by Graham and van
der Eb in 1973.%% This method is based on a co-precipitation
of calcium phosphate and DNA, leading to poorly defined
nano- and microparticulate aggregates. Better defined calcium
phosphate nanoparticles are therefore promising candidates as
delivery vehicles for DNA, also due to their good biocompati-
bility and high biodegradability.3<°"*4

DNA-loaded calcium phosphate nanoparticles are usually
prepared by a precipitation of calcium phosphate from calci-
um- and phosphate-containing solutions, followed by a rapid
colloidal stabilization with polyelectrolytes, including nucleic
acids 402436408291 Tha advantage of this controlled prepara-
tion in comparison to the conventional in situ precipitation
method is a much better control over size, charge, and compo-
sition of these particles.”“®°® For a successful transfection, the
particle properties (e.g. size and charge), the loading with
DNA, and the particle concentration in the medium play deci-
sive roles.”"**91 As protective coating, another shell of calci-
um phosphate,"® a silica shell,®** or an outer polymer layer
(e.g. polylactide) can be applied.®'¥ It has been demonstrated
that the incorporation of DNA into the nanoparticle enhances
the transfection efficiency compared to an outer shell of DNA,
obviously due to a better protection of DNA from nucleases.
Chernousova et al. compared the transfection efficiency of cal-
cium phosphate nanoparticles and Lipofectamine (a liposomal
transfection agent) by live-cell imaging (Figure 8).* The abso-
lute number of transfected cells by calcium phosphate nano-
particles was comparable to Lipofectamine, but the advantage
of calcium phosphate was its lower cytotoxicity in contrast to
Lipofectamine, which is a major criterion for a potential in vivo
application >

As ceramic, putty or paste, calcium phosphate is clinically
used for bone regeneration in orthopedic surgery and dentist-
ry.2*%8 |n these areas, calcium phosphate nanoparticles are es-
pecially useful for the delivery of plasmid DNA to induce the
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production of specific proteins for bone healing or vasculariza-
tion. Tenkumo etal. applied plasmid DNA-loaded calcium
phosphate nanoparticles in collagen scaffolds for gene trans-
fection in vivo. They induced the production and a prolonged
release of bone morphogenetic protein-2 (BMP-2) after suc-
cessful transfection from these scaffolds.**? Khalifehzadeh
et al. developed a single-step synthesis method to prepare Sr-
doped calcium phosphate nanoparticles with a diameter of
about 300 nm. They showed that the cellular uptake increased
with decreasing strontium content. The presence of strontium
in the nanoparticles had a strong influence on the gene trans-
fection efficiency and the alkaline phosphatase activity in a
human fetal osteoblastic cell line.®” Krebs et al. reported an in
vivo gene delivery system based on alginate hydrogels con-
taining calcium phosphate nanoparticles loaded with DNA
with a size around 100 nm, encoding for BMP-2.1"%! Hadjichara-
lambous et al. reported that calcium phosphate nanoparticles
loaded with plasmid DNA encoding for BMP-7 induced an os-
teogenic response in pre-osteoblasts after transfection, which
was demonstrated by measuring the alkaline phosphatase
(ALP) activity and calcium phosphate deposition with alizarin
red staining.®®’ Keneey et al. prepared collagen/calcium phos-
phate scaffolds which were loaded with a plasmid encoding
vascular endothelial growth factor,¢s (PVEGF,¢) and served as
a delivery system. They showed a successful transfection from
such scaffolds, indicating that no additional transfection vec-
tors were needed.®* A bioactive paste based on DNA-loaded
calcium phosphate nanoparticles for the in situ transfection of
BMP-7 and VEGF-A was investigated in vitro®® and also in
vivo. This bioactive paste led to a faster initial healing of a criti-
cal-size bone defect in the rabbit tibia.”*” Rojas et al. reported
that plasmid DNA-loaded calcium phosphate nanoparticles ac-
tivated antigen-presenting cells better than the free biomole-
cules and that the transfection efficiency of such nanoparticles
was comparable with the efficiency of the plasmid alone ap-
plied by electroporation.””

Genetic disorders can also be treated by gene si-
lencing techniques, that is, RNA interference (RNAI),
which is based on the specific inhibition of the pro-
tein synthesis in a cell.®'" On the cellular level, the
synthesis of a protein is inhibited via double-strand-
ed RNA (dsRNA) which has to be transported inside
the cell. After entering the cell, dsRNA is processed
by an endonuclease into small interfering RNA
(siRNA) which is complementary to messenger RNA
(mRNA) of the specific protein. Finally, after multiple
processes in the cell, the biosynthesis of the protein
is inhibited. The main challenge for a therapeutic ap-
plication of gene silencing is the delivery of siRNA
into the target cells, as siRNA alone only to small
extent permeates the cell membrane.®*? Further-
more, siRNA is highly unstable in the body as it is de-
graded by RNAses." There has been intensive work
on the delivery of RNA for a therapeutic application,

70

Figure 8. Live-cell fluorescence microscopy imaging of Hela cells during transfection
with EGFP-pDNA-loaded nanoparticles and Lipofectamine. The transfection efficiency (in-
dicated by green fluorescent cells) increases with increasing incubation time.**” Reprint-
ed with permission from Ref. [63c]. Copyright 2017, Springer Nature.
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including vaccination, usually by nanoparticles, lipo-
somes, and dendrimers, following the same path-
ways as with transfection,[%2¢10%]
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Calcium phosphate nanoparticles are able to successfully de-
liver and release siRNA inside a cell. Different strategies have
been developed to load calcium phosphate nanoparticles with
siRNA, usually by adsorption onto cationic nanoparticles or by
incorporation during synthesis.©6%191¢1%4 Dayarasy et al. car-
ried out investigations with hybrid siRNA-loaded calcium phos-
phate nanoparticles, demonstrating a high gene silencing effi-
ciency (up to 95%) in luciferase-expressing cells in vitro and
their biodistribution in mice, with their localization mainly in
the liver."* Pittella et al. described calcium phosphate/polymer
hybrid nanoparticles, loaded with VEGF-silencing siRNA, and
showed a high gene silencing efficiency in vitro in pancreatic
cancer cells and a significant reduction in the subcutaneous
tumor growth, together with VEGF gene silencing in the
tumor."® Tobin et al. developed siRNA/doxorubicin-loaded PE-
Gylated multi-shell calcium phosphate nanoparticles to induce
gene silencing of XIAP (X-linked inhibitor of apoptosis protein)
in a tumor in vivo.""”? Wang et al. reported siRNA-loaded calci-
um phosphate nanospheres which effectively induced cell
apoptosis in vitro.'®® Gene silencing of inflammatory cytokines
is a promising treatment for chronic inflammations. Frede et al.
reported the application of calcium phosphate nanoparticles
loaded with siRNA directed against pro-inflammatory cytokines
(e.g. TNF-q, IFN-y, IP-10 and CCL-2) for specific gene silencing
in vivo.®%* Tenkumo et al. developed a bioactive calcium
phosphate paste containing siRNA against TNF-a. Its anti-in-
flammatory effects were shown in vitro and in vivo in a rat pe-
riodontitis model.’®*

Calcium phosphate nanoparticles have also been successful-
ly applied for vaccination and immunization, for example, to
induce a specific host immunity against infectious diseas-
es.* 1% They can serve as vaccine delivery system that allows
the flexible dosage of adjuvants and antigens in one nanopar-
ticle, which is important for the optimization of vaccines.*?
Calcium phosphate nanoparticles have been loaded with the
oligonucleotides CpG (TLR9 ligand; an adjuvant) and hemag-
glutinin (a short peptide, a viral antigen from the influenza A
virus) and applied in vitro and in vivo in mice. It is important
that the different cargo molecules are present in and on one
and the same nanoparticle, which is difficult or impossible to
achieve with solid nanoparticles like gold or iron oxide. The
protection offered by calcium phosphate nanoparticles for
cargo packaged inside is a clear advantage. The nanoparticles
were efficiently taken up by dendritic cells in vivo and induced
a strong immune response in immunized mice.* 041 Fyr-
thermore, calcium phosphate nanoparticles, functionalized
with CpG and retroviral T cell epitopes (Friend virus) were effi-
cient against acute and chronic retroviral infections. The immu-
nization of Friend virus-infected mice reactivated effector T-
cells and led to a significant decrease in viral loads (Fig-
ure 9).67%%4 Sahdev et al. developed ovalbumin-sugar-coated
calcium phosphate nanoparticles and applied them in mice by
intradermal injection. It was shown that the production of
ovalbumin-specific antibodies in vivo was strongly induced.""
Biomolecules like CpG, poly(l:C) or flagellin which serve as ad-
juvants during immunization can also be loaded into calcium
phosphate nanoparticles, thereby enhancing the immune re-

Chem. Eur. J. 2021, 27, 7471 - 7488 www.chemeurj.org
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Figure 9. Immunization of mice with functionalized calcium phosphate
nanoparticles protected them from the Friend virus (FV)-induced splenome-
galy (pathologic spleen growth) and reduced the viral loads. Left: Spleen
weight at day 21 post-infection. Right: Representative images of a spleen
per group at day 21 post-infection. PBS: Control; CpG/gp70/GagL: Mixture
of dissolved biomolecules; CaP(CpG/gp70/GagL): Three different biomole-
cules, loaded to the same calcium phosphate nanoparticles.®*® Reprinted
from Ref. [66a] with permission from Elsevier.

sponse.®" Lin etal. reported that biocompatible calcium
phosphate nanoparticles with tunable characteristics can also
act as adjuvants by inducing more balanced Th1 and Th2
immune responses.'”" Chiu et al. synthesized protein-coated
calcium phosphate nanoparticles with a size of 100 nm and ap-
plied them as adjuvant/antigen delivery system to dendritic
cells."™ Kopp et al. developed calcium phosphate nanoparti-
cles which were internally loaded with CpG and surface-coated
with a synthetic peptide specific for herpes simplex virus type
1 (HSV-1). The immunization of mice with such nanoparticles
resulted in the production of cell-to-cell spread-inhibiting anti-
bodies.” Morcol et al. showed that the application of the re-
combinant hemagglutinin protein by calcium phosphate nano-
particles resulted in a significantly higher IgG production, he-
magglutination inhibition, and decreased virus titers in
mice."™ Temchura et al. reported calcium phosphate nanopar-
ticles which were loaded with adjuvants and surface-function-
alized with the protein antigen HEL, resulting in antigen-specif-
ic targeting and primary activation of naive B-cells in vivo.”>®)
Damm et al. prepared calcium phosphate nanoparticles loaded
with p30 (T-helper epitope of Tetanus toxoid), functionalized
the surface with Env (protein trimers of the HIV-1 envelope)
and applied them for immunization in a mouse model. These
nanoparticles induced the activation of naive Env-specific B-
cells in vitro and were able to induce HIV-1 Env-specific anti-
body responses in vivo.**" In most of these cases, the multi-
functionality of the calcium phosphate nanoparticles was of
decisive influence, that is, that all cargo molecules were trans-
ported into the same cell with one nanoparticle.

Instead of carrying the required protein, it is also possible to
deliver the plasmid of interest that encodes the require protein
into the cell to induce an immune response (genetic vaccina-
tion). In such an approach, calcium phosphate nanoparticles
were loaded with plasmid DNA encoding for the hepatitis B
virus surface antigen (HBSAg) and applied for transfection in
vitro and in vivo.B%

Tissue engineering is a promising tool for regenerative medi-
cine, but the search for suitable scaffolds composed of a bioac-
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tive degradable substrate is still a challenge.®®" In general,

calcium phosphate nanoparticles are well suited in tissue engi-
neering for hard tissue regeneration (mainly bone) due to their
presence in bone, causing their biocompatibility, biodegrada-
bility, bioactivity, osteoconductivity, and osteoinductivity. Scaf-
folds for hard tissue regeneration can be supplemented by
bioactive calcium phosphate nanoparticles that are loaded
with stimulating biomolecules. For instance, it is possible to
stimulate tissue growth by releasing proteins or DNA for trans-
fection, loaded to calcium phosphate nanoparticles.® " It is
also possible to enhance the mechanical properties of organic
scaffolds by the mineral calcium phosphate."” Accordingly,
calcium phosphate has been incorporated into different natu-
ral and synthetic polymers to produce nanocomposites with
specific mechanical and biomedical properties."*® Chitosan,
collagen, gelatin, polycaprolactone, and poly(lactic acid) are ex-
amples of polymers which are widely used as biodegradable
matrix for such nanocomposites.!'?

In Vivo Tracing of Calcium Phosphate
Nanoparticles

In vivo effects of nanoparticles depend on many parameters,
for example, the particle size, the agglomeration tendency, the
circulation time in the body, the immunogenicity, the cellular
uptake, the intracellular trafficking, the degradation by cells,
the physicochemical dissolution, the flow properties in the
bloodstream and the clearance from the blood.*®*"?” Optical
microscopy in the near-infrared (NIR) region is a valuable tool
to follow suitably labelled nanoparticles in vivo. Antinoglu
etal. have synthesized and studied bioresorbable calcium
phosphate nanoparticles carrying the near-infrared emitting
fluorophore indocyanine-green. Nanoparticles accumulated in
solid xenograft breast adenocarcinoma tumors (5 mm diame-
ter) within 24 h after systemic tail vein injection in a nude
mouse model.®™ Figure 10 shows fluorescence distributions of
Cy5-siRNA-loaded nanoparticles and of free dissolved Cy5-
siRNA in SMMC-7721 tumor-bearing mice 4 h and 24 h after in-
jection. Cy5-siRNA nanoparticles accumulated in tumors within
4 h and were observed up to 24 h after injection at the tumor
site in contrast to free Cy5-siRNA which was mostly eliminated
4 h post-injection. Furthermore, no fluorescence signals of free
Cy5-siRNA were observed in the tumor or major organs 24 h

4h 24 h

post-injection. However, significant fluorescence signals were
observed in the liver and the lung after injection of Cy5-siRNA
loaded nanoparticles."”™ Haedicke et al. prepared fluorescent-
ly labelled calcium phosphate nanoparticles (DY682; NIR dye)
and followed their pathway in mice after tail-vein injection.
After 24 h, the nanoparticles were mainly found in the lung
and in the liver."4°50

Optical methods are restricted by the absorption in tissue,
even in the NIR region. Therefore, other methods must be ap-
plied if a look deeper into the body is required. Positron-emis-
sion tomography (PET) is an imaging technique that uses radi-
oactive isotopes to visualize and measure metabolic activities
of cells and to trace radioisotope-labelled molecules and nano-
particles in vivo.'”" Labelling with '®F is a good option for cal-
cium phosphate nanoparticles because fluoride is readily incor-
porated to form insoluble fluorapatite, Cas(PO,)sF. Jauregui-
Osoro et al. reported that hydroxyapatite nanoparticles bind
['®F]-fluoride in various biological media. The in vivo behavior
of ['®F]-labelled hydroxyapatite nanoparticles was studied by
PET-CT imaging in mice.'”? Kollenda et al. functionalized calci-
um phosphate nanoparticles with the metal ligand DOTA by
covalent surface-coupling and labeled them with the PET radi-
oisotope ®Ga.**”’ The biodistribution of these nanoparticles
was investigated by small animal PET-CT. After intravenous in-
jection into mice, the particles were mobile and traveled with
the bloodstream mostly into liver and lung (Figure 11).

Figure 12 shows the ex vivo distribution of CaP-PEI-SiO,-S-
DOTA-®Ga nanoparticles 5 h post-injection. Most nanoparticles
were found in spleen, lung and liver after intravenous injec-
tion. After intramuscular, intratumoral, and soft-tissue injection,
the particles predominantly stayed at the injection site during
the observation period.®® Lobaz et al. followed intravenously
administered radiolabeled polymer-coated hydroxyapatite
nanoparticles by single-photon emission computed tomogra-
phy (SPECT) visualization."** Maia et al. synthesized **™Tc-radio-
labeled mesoporous hydroxyapatite nanoparticles and studied
their biodistribution in mice. A high concentration was ob-
served in liver and spleen after uptake by macrophages.'*”

The intravenous injection of calcium phosphate nanoparti-
cles leads to a pronounced distribution in the body, with liver,
lung and spleen the most prominent target organs. Their long-
term fate is unknown, but based on the known cell-biological
effects, it can be safely assumed that they will be taken up by
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Figure 10. In vivo NIR fluorescence imaging of Cy5-siRNA loaded nanoparticles and free Cy5-siRNA in SMMC-7721 tumor-bearing mice at 4 h and 24 h post-in-
jection (A). Fluorescence images of tumors and organs at 24 h post-injection (B)."""™ Reprinted from Ref. [101b], by Gao et al. (2016).
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Figure 11. Representative whole-body maximum intensity projections of one
BALB/c mouse for each group after injection of CaP-PEI-SiO,-S-DOTA-%Ga
nanoparticles. Intravenous (i.v.) injection in healthy mice (A); intramuscular
(i.m.) injection in healthy mice (B); intratumoral (i.t.) injection in tumor-bear-
ing BALB/c mice (C); soft tissue (s.t.) injection in healthy mice (D). In vivo
local and systemic biodistribution of nanoparticles for five mice per group
(E).5? * Injection site. Reprinted from Ref. [52b] with permission from Elsevi-
er.
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Figure 12. Ex vivo biodistribution of CaP-PEI-SiO,-S-DOTA-*Ga nanoparticles
in healthy and tumor-bearing BALB/c mice by gamma counter measurement
of extracted organs after sacrifice 5 h post-injection. Intravenous (i.v.) injec-
tion in healthy mice (A); intratumoral (i.t.) injection in tumor-bearing BALB/c
mice. Most nanoparticles remained in the tumor, and only a small fraction
was mobile in the body as detailed in the pie diagram (C).** Reprinted
from Ref. [52b] with permission from Elsevier.

cells (including macrophages) and dissolved to the constituting
harmless ions, that is, Ca’" and PO,*”, unlike other insoluble
inorganic and polymeric nanoparticles. Upon direct injection
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into tissue or a tumor, the calcium phosphate nanoparticles
are much less mobile which represents an attractive option
for a local drug delivery, induced by locally injected nanoparti-
cles. The question whether a targeted delivery by nanoparti-
cles is possible is controversially discussed in nanomedicine
for all kinds of nanoparticles and beyond the focus of this re-
VieW.[48a'90b' 125]

In summary, not only the composition, but also the size of
nanoparticles plays a critical role in their biodistribution in the
body. Calcium phosphate nanoparticles are usually of the
order of 100 nm and therefore end up in lung, liver or spleen
where they are taken up by cells and degraded to harmless
ions.”®

Summary and Outlook

Among inorganic materials, calcium phosphate nanoparticles
are well suited to transport organic or biological molecules
into cells and tissue. They are well tolerated by cells and or-
ganisms and have a clearly defined degradation pathway, also
due to their almost ubiquitous presence in the body. If they
are used as carriers, they are advantageous to encapsulate sen-
sitive cargo like proteins or nucleic acids inside to protect
them from enzymatic degradation, something that is impossi-
ble with solid nanoparticles. A surface functionalization further
enhances their potential for a targeted delivery, for example,
to tumors or cells of the immune system. Polymeric or liposo-
mal particles are competing strategies, but it is advantageous
that calcium phosphate nanoparticles contain the same com-
ponents as biomineralized mammalian tissue (unlike synthetic
polymers) and that they have a solid core with high mechani-
cal stability (unlike liposomes). Therefore, we expect more
widespread applications in different areas of cell biology and
medicine in the future as the basic synthetic steps have been
explored and several in vivo studies have demonstrated their
potential. Promising applications are seen in drug and gene
delivery and also in immunization, for example, for vaccination.
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