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1. Introduction

As the main constituent of inorganic phase in the human
body, hydroxyapatite (HAp) has excellent biocompatibility,
bioresorbability, osteogenesis, osteoconductivity and osteo-
inductivity, and easily forms direct chemical bonds with
living tissue."™ Therefore, HAp plays extremely important and
irreplaceable roles in the field of tissue engineering. In
order to endow other materials with excellent biological and
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the fields of tissue engineering, medicine, etc. In this review, recent advances in the tunable synthesis, ion
doping, assembly and applications of monodisperse HAp nanocrystals are summarized, which may be
helpful for the designed synthesis and surface modification of HAp or other nanocrystals according to

mechanical properties, HAp nanocrystals are often used as
coating materials and inorganic phase of organic/inorganic
composites.”® HAp has many other applications. HAp spheres
can be used as nano-carriers for controlled drug delivery.’
Nanoscale HAp could selectively inhibit the growth of cancer
cells and is expected to become novel green anticancer
drugs.’®"? In addition, HAp is a good medium to separate and
purify sugars, amino acids, peptides, nucleic acids, enzymes,
proteins, and other biological macromolecules in the non-
acidic system.”®™® HAp powder can be used as a water treat-
ment agent to remove heavy metal ions such as Cd**, Hg*",
and Pb** based on ion-exchange reaction.'®'” HAp is usually
used in catalysis as supporting material. Recently, HAp was
found to be an inexpensive and effective phase-pure catalyst
for volatile organic compound combustion.'®
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Up to now, many methods have been reported for the
preparation of HAp, such as (microwave-) hydrothermal, homo-
geneous precipitation, sol-gel, electrophoretic deposition,
microemulsion, the template method, the solid phase method,
and biomineralization.'®®” HAp with various shapes, sizes,
stoichiometries, and levels of crystallinity can be obtained,
depending on the synthetic technique. Foreign-ion doping
further enriches the kinds and properties of HAp and extends
their potential applications. For example, europium ions will
endow HAp crystals with bright fluorescence properties,*® and
silver or zinc ion doping makes HAp crystals have antimicro-
bial and catalytic properties.>®*

HAp particles in native bone are nanoscale platelets
or rods."” However, most of the preparation of HAp crystals is
fulfilled in the water phase, and the resulting particle size
is relatively too large, and/or prone to aggregate, limiting
their effective application. The controlled synthesis of mono-
disperse hydroxyapatite nanocrystals is a continuing focus.

Herein, we mainly summarize our recent endeavor on the
synthesis, assembly and application of monodisperse HAp
nanorods, nano-spindles, nanowires, etc. The whole summary
consists of four parts. Firstly, Liquid-Solid-Solution (LSS)
phase transfer and separation strategy’' is interpreted and
applied in the preparation of HAp nanorods and fluorine-sub-
stituted (FHAp) nanotubes. Secondly, based on this or a modi-
fied strategy, synthesis and properties of monodisperse ion-
doped HAp nanocrystals are reviewed. Thirdly, we describe the
(self-) assembly of several kinds of monodisperse HAp nano-
crystals and analyze the related mechanism of assembly.
Finally, we introduce surface grafting modification and encap-
sulation methods, by which hydrophobic HAp nanocrystals are
converted into hydrophilic ones. Meanwhile, the corres-
ponding biological application experiment is described.

2. LSS phase transfer and separation
strategy

In 2005, Wang et al. first presented a LSS phase transfer syn-
thetic strategy for the synthesis of various functional nanocrys-
tals with different chemistries and properties.*" As shown in
Fig. 1, the LSS strategy reveals actually an oil-water interface-
controlled reaction system which refers to three phases (liquid,
solid, and solution phase) and two interfaces (liquid-solid and
solid-solution interface). In this system, water, ethanol, long
chain fatty acid and its metal-salt form a relatively complex
three-phase reaction system: a water-ethanol mixed solution
acts as the main continuous solution phase dissolving starting
inorganic salts, ethanol and long chain fatty acid (like oleic
acid or linoleic acid) serve as a liquid phase, and fatty acid
metal salt (sodium linoleate, sodium oleic acid, and so on) is a
solid phase. Under the designated reaction conditions, the
M"™" ions of (RCOO),M could be reduced to metal nanocrystals
by ethanol, or dehydrate to oxides and/or composite oxides, or
react with other anion species from solution phase to yield a
large variety of functional nanocrystals.*>° The as-obtained
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Fig. 1 LSS strategy for nanocrystal synthesis. Adapted with permission
from ref. 31, Copyright 2005, Nature Publishing Group.

product will be easily collected because of a spontaneous
phase-separation process based on the weight of nanocrystals
and/or incompatibility between their hydrophobic surfaces
and hydrophilic surroundings. This strategy has been demon-
strated to be effective in the synthesis of HAp nanocrystals
with controllable sizes and shapes comparable with those of
other colloidal nanocrystals.

2.1 LSS strategy for the synthesis of monodisperse HAp
nanorods

Based on this LSS strategy, Wang et al. successfully fabricated
uniform monodisperse HAp nanorods with tunable sizes,
aspect ratios, and surface properties at 80-200 °C for about
8-10 h.*® As shown in Fig. 2, sodium linoleate (or sodium
oleate), linoleic acid (or oleic acid), and ethanol were mixed
together under agitation; then an aqueous solution of
Ca(NO3), was added to form the liquid (ethanol/linoleic acid),
solid (sodium linoleate), and solution (Ca(NO;), aqueous solu-
tion) phases. After the ion-exchange process of Ca®* and Na*, a
solution of Na;PO, was added to the solution phase and
reacted with the calcium linoleate. The as-obtained Hap

Linoleic acid + ethanol (Liquid)

+Liwid-solid interfaces

B e Ton exchange % - o -
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_g ca Complexation (0‘3)" Crystal Growth 2

Na (Solid) a —_— cor :
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Fig. 2 LSS strategy to HAp nanorods and their assembly. Adapted with
permission from ref. 40, Copyright 2006, Wiley Online Library.
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nanocrystals have highly uniform sizes and narrow size- and
length-distributions. By tuning the reaction temperatures, the
surface properties can be further controlled, and the experi-
mental results show that the HAp nanorods possess stable
hydrophobic surface properties under higher-temperature con-
ditions based on monolayer complexation of linoleic acid on
the outer surface, or unstable hydrophilic ones under lower-
temperature conditions which were attributed to the bilayer
absorption of linoleic acid on the surfaces.

2.2 Synthesis of FHAp nanotubes based on Kirkendall effect

Compared with nanorods, single-crystal nanotube structures
have better mechanical properties.*’™ Based on the LSS
process and Kirkendall effect, Hui et al. synthesized monodis-
perse single-crystal F-substituted HAp (FHAp) nanotubes with
different aspect ratios via a hydrothermal-based synthetic
method (Fig. 3a-i).*® It was found that uniform nanotubes can
be obtained when F~ ions were added to the system before
PO,*” ions; in contrast, only nanorods with small pores on the
surfaces can be obtained if PO,*>” ions were added before F~
ions. The possible process was that Ca®>" ions and F~ ions first
generate CaF,, and then the CaF, react with the absorbed PO,*~
ions to form CaF, @ HAp. CaF, gradually vanished with F~
doped into the HAp lattice, so hollow interior space was left
with the formation of nanotubes. The TEM images from the
as-obtained nanotubes revealed that with the increase of F/Ca
molar ratios from 0.033 to 0.25, the aspect ratios of HAp nano-
tubes would decrease, and the diameters would increase from

Fig. 3 (a-i) Representative TEM and HRTEM images of FHAp nanotubes
with different doping levels: a-c, F/Ca = 0.033, 100 °C; d-f, F/Ca =
0.05, 100 °C; g-i, F/Ca = 0.25, 100 °C. (j) Variance of lengths and dia-
meters of nanotubes with the difference in the F/Ca ratio. (k) IR spectra
taken from F-HAp nanotubes with different doping levels. Adapted with
permission from ref. 46, Copyright 2009, American Chemical Society.

This journal is © the Partner Organisations 2014
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10 to 20 nm when the lengths decreased from 200 to 50 nm.
Further study showed that the addition of the amphiphilic
ligand polyethylene glycol (PEG, higher than 10 000, MW) into
the reaction system would lead to formation of nanotubes with
amphiphilic surface properties, which was attributed to the co-
anchoring of PEG and hydrophobic oleic acid on the outer
surface of the nanotubes.

F doping into the lattice of HAp will certainly improve their
anti-erosion performance. To investigate the stability of FHAp
nanotubes and pure HAp nanorods synthesized in the LSS
system, they were immersed in the mixed solution of acetic
acid and water for a certain period of time. The results showed
that HAp nanorods were quickly destroyed and converted into
dicalcium phosphate dihydrate (DCPD) hollow nanospheres
with diameters of about 10-60 nm, while the structures
of FHAp nanotubes remained nearly the same as before
erosion.*®*” All these indicate that these FHAp nanotubes are
quite stable in acidic environments.

3. Doping chemistry of HAp
nanocrystals
3.1 Rare-earth doped FHAp nano-spindles and/or nanowires

Rare-earth element doping was proved to be effective in the
preparation of novel functional nanomaterials, which not only
can effectively control the growth of the nanocrystals, but also
endow the product with abundant performance for potential
applications, such as optical communication, display devices,
catalysis, biological labeling, etc.*®° For the mixed solvent
system of octadecylamine, oleic acid and water, different rare-
earth ions (La*", Ce®", Nd**, Eu®**, Gd**, Tb**, Er*", Tm*", Yb*",
etc.) and F~ ions are chosen as doping ions. We found that the
reaction temperature, pH value, and volume ratio of the mixed
solvent were crucial to synthesize HAp nanostructures with
different morphologies and properties. As shown in Fig. 4,
when the mixture of 4 mL oleic acid, 16 mL ethanol, about
16 mL water and 0.5 g octadecylamine was used as the reaction
system, and Ca(NO;),-4H,0O, NazPO,;, NaF, and rare-earth
nitrates were used as starting materials, FHAp:Ln®" (Ln = Ce,
Eu, Tb, etc.) nano-spindles were easily prepared. The increas-
ing amount of fluorine ions led to smaller length-to-diameter
ratios of the nano-spindles, and the increasing amount of rare-
earth ions contributed to the preparation of nano-spindles
with more sharp heads.”” In our previous work, rice-like FHAp
nanocrystals were once reported as the intermediate in the
process of crystal growth.’® Herein, it was apparent that the
absorption of octadecylamine on the surface and the doping
of rare-earth ions suppressed the growth along the c-axis and
resulted in the formation of rice-like end-product. The experi-
mental results also showed that the anion surfactants oleic
acid could be preferable for the growth along the c-axis and
rare-earth ions could further enhance the template function of
oleic acid because of their higher positive charge than calcium
ions in the absence of octadecylamine. As shown in Fig. 5,
when choosing the mixture of 20 mL of oleic acid, 8 mL of
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Fig. 4 Representative TEM and HRTEM images of FHAp nanoparticles
with different doping levels (molar ratio) in the reaction system com-
posed of octadecylamine, oleic acid, ethanol, and water (F/Ca = 0.2,
150 °C, 12 h for all samples): (a) Eu/Ca = 0, (b) Eu/Ca = 2.5:97.5, (c-f)
Eu/Ca = 5:95, (g) Tb/Ca = 5:95, (h) Ce/Ca = 5:95, and (i) Er/Ca =
20:80. The inset in (f) shows a local enlargement of the HRTEM image
(bottom right corner) and the corresponding Fourier-transform
diffractogram (top left corner). Adapted with permission from ref. 57,
Copyright 2011, Wiley Online Library.

Fig. 5 Representative TEM and HRTEM images of FHAp nanowires with
different doping levels (molar ratio) at 180 °C for 36 h in the reaction
system composed of NaOH, oleic acid, ethanol, and water: (a—d) 10%
Yb3*, (e) 10% Er®*, (f) 10% Tm>* (F/Ca = 0.2, Ln** doping percent based
on the total molar number of Ca and Ln®*). (g) HRTEM image and the
corresponding Fourier-transform diffractogram (inset) of the nanowires
shown in (a)—(d). Adapted with permission from ref. 57. Copyright 2011,
Wiley Online Library.
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Fig. 6 Luminescent spectra of rice-like FHAp-Eu®* nanoparticles under
different doping conditions: (a) 5% Eu®* at 220 °C (green line), 180 °C
(blue line), 150 °C (red line), and 120 °C (black line); (b) 10% Eu®* (green
line), 5% Eu®* (blue line), 2.5% Eu®* (red line), and 1% Eu** (black line).
The inset in (a) shows the ordinary (left) and luminescent (right) photo-
graphs of FHAp-Eu®* (5%) nanoparticles (180 °C, 12 h) dissolved in
cyclohexane. (c) Luminescent spectra of rice-like FHAp-Tb®* nanoparti-
cles with different Tb**-doping levels: 10% (green line), 5% (red line),
2.5% (blue line), and 1% (black line). The inset in (c) shows the fluo-
rescence photograph of FHAp-Tb** (5%) nanoparticles (180 °C, 12 h)
dissolved in cyclohexane. (d) The fluorescence micrograph of FHAp-
Eu®* powder shown in the inset in (a). Adapted with permission from ref.
57. Copyright 2011, Wiley Online Library.

ethanol, 9 mL of water, and the right amount of NaOH as the
reaction system, and Ca(NOj3),-4H,0, NazPO,, NaF, and rare-
earth nitrates were likewise used as starting materials, the end-
product could be dramatically tuned from rice-like nanocrys-
tals to single-crystal ultrathin nanowires with diameters
3-4 nm and lengths up to 5-10 pm.*” The ionic radius of the
Ln*" ion is close to that of the Ca** ion, which well proved that
different rare-earth elements would lead to similar results in
the same reaction systems.

Studies have shown that the doping of Eu*" (or Tb**) ions
usually makes nanocrystals have novel optical properties.’®>°
In the doping experiments as described above, FHAp:Eu®" (or
Tb*") nano-spindles were endowed with bright red (or green)
luminescence properties (Fig. 6).>” It was clear that the replace-
ment of -OH groups in the lattice by F~ ions could lessen the
hydroxyl-quenching effects on the photoluminescence pro-
perties and significantly enhance the luminescence properties
of the nanocrystals. In addition, the reaction temperature and
the doping amount of Eu®*" (or Tb**) ions strongly affected the
fluorescence properties of the as-obtained materials. However,
it was worth noting that the HRTEM images of nano-spindles
and ultrathin nanowires show that they all grow along the
c-axis corresponding with the (002) lattice plane and were
highly crystalline (Fig. 4f and 5g), and the former possessed
better fluorescence intensity than the latter, when adopting
the same conditions of temperature, reaction time, and the
molar ratio of raw materials.

This journal is © the Partner Organisations 2014
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3.2 Ultrathin CHAp nanowires and their full color emission
by rare earth doping

In the natural bone mineral, HAp nanocrystals are not
pure and contain about 4-8 wt% of carbonate and other ionic
substitutions like Na*, Mg**, K", F~, Cl~, and so on. According
to the hydroxyapatite structure, the carbonate group can easily
substitute both the hydroxyl and the phosphate ions of the
HAp crystal lattice, and form A-type and B-type carbonated
hydroxyapatite (CHAp), respectively.®*®> CHAp nanocrystals
are characterized by the low stability and high reactivity which
meet the needs of the organism.®>

To simulate natural biological minerals in the structure
characteristics and further investigate the mutual influence
between PO,*~ and CO;>~ groups in the synthesis of nano-
crystals, abundant carbonate ions were introduced into the
reaction system in the preparation of HAp nanoparticles.®® The
results displayed that the reaction temperature and P/C (PO,*/
CO;3>7) molar ratios of precursors were the main factors that
influenced the structures of the final products. With the same
reaction temperature (90-220 °C), time and Ca/C (Ca*'/CO;>")
molar ratios of 1, increasing the P/C molar ratios in the
reaction system would gradually tune the diameter from ~1 to
4 nm and length from 200 to 800 nm of the as-obtained CHAp
solid-solution ultrathin nanowires (Fig. 7).

Perhaps because of the existence of abundant HAp unit
cells, in which the PO,*>~ and OH™ ions were replaced by CO;>,
the ultrathin CHAp solid-solution nanowires obtained in the
suitable P/C molar ratio could produce bright self-activated
blue luminescence (Fig. 8a).°*°° If the ultrathin CHAp nano-
wires were chosen as the matrix and doped with Tb>" or Eu**
ions by the second hydrothermal synthesis process, the as-
prepared CHAp:Eu®*" (or Tb*") nanowires with unchanged
morphology could emit bright green (red) luminescence
(Fig. 8b and c). Using the above tricolors of ultrathin nano-
wires, recombination luminescence over a full-color spectrum
range was easily obtained (Fig. 8d and e).®® Fig. 9 shows TEM
images and the corresponding EDS analysis of the ultrathin
CHAp:Eu®" (or Th*") nanowires prepared by a two-step process.

3.3 Ultrathin CHAp/Ln** solid-solution nanowires

In the same system containing oleic acid, octadecylamine,
ethanol and deionized water, we succeeded in synthesizing
ultrathin CHAp:Ln** (Ln = Ce, Eu, Tb) nanowires of about
1 nm diameter and 10-300 nm length by suitably tuning the
doping amount of the rare-earth ions via a one-step approach,
which further pushed the size of the CHAp nanobuilding
blocks to one unit cell region (Fig. 10).°® FTIR spectra demon-
strated that the rare-earth-doped ultrathin nanowires also have
the same characteristic peaks similar to the CHAp nanocrystals
as reported in the literature (Fig. 11A).°° It showed that the
co-doping synergy of different foreign ions could easily cause
the growth malformation of the original matrix and lead to the
formation of novel ultrathin nanostructures.

This journal is © the Partner Organisations 2014
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Fig. 7 TEM images of the ultrathin CHAp solid-solution nanowires
under different conditions. (a, b) 90 °C, 12 h, the P/C molar ratios of 9
and 36%; (c) 150 °C, 12 h, the P/C molar ratio of 30%. (d—f) 220 °C, 12 h,
the P/C molar ratios were 6, 12 and 30%, respectively. Inset in (d), STEM
image of nanowires (left), HRTEM image of the bulky nanowire end
(middle), and the corresponding Fourier-transform diffractogram (right).
Inset in (f), HRTEM image of the nanowires and the corresponding
Fourier-transform diffractogram. Adapted with permission from ref. 63.
Copyright 2012, Wiley Online Library.

4. Assembly of monodisperse HAp
nanocrystals

The in vivo complex hierarchical macrostructures with multi-
functions like bone, muscle fiber, lipid bilayer, etc. are all per-
fectly assembled by different levels of tiny units.®” The rapidly
developing electron microscopy technique reveals how the fas-
cinating magic structures happen. Inspired by these assembly
phenomena of micro/nanoscale units, scientists have been
especially keen on researching the assembly and performances
of various elementary building blocks.®®*7° Due to interesting
shape- and size-dependent phenomena and properties, the
self-assembly and potential applications of nanocrystals have
been extensively investigated in catalysis, sensing, energy
storage, electronics, tissue engineering, medicine, environ-
ment, etc.””’° The bottom-up strategy is usually implemented
by the assembly of basic nanoscale blocks (such as nanorods,
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Fig. 8 (a)—(c) Fluorescence spectra of three ultrathin CHAp nanowires
formed under different doping conditions (Ln/Ca molar ratio: none, 10%
Tb**, and 10% Eu®", respectively); insets: the nanowire solution in cyclo-
hexane under visible light (left) and under UV light (right). (d) Full-color
images of the three fluorescent solutions (left) and their mixtures (right).
(e) Fluorescence spectra and photograph (inset) of a mixture of the
green and red fluorescent solutions. Fluorescent photographs were
taken under 12 = 254 nm UV light by using a camera. Adapted with per-
mission from ref. 63. Copyright 2011, Wiley Online Library.

Fig. 9 TEM images of ultrathin CHAp solid-solution nanowires doped
with (a) Tb** ions and (b) Eu* ions. Inset: the corresponding EDS analy-
sis. Adapted with permission from ref. 63. Copyright 2012, Wiley Online
Library.

nanowires, nanotubes, and nanopolyhedra) into expected
macro/nanostructures. Compared with single atoms or mole-
cules and the bulk counterparts, individual nanocrystals show
different properties and become excellent building blocks. But
this usually requires precise control over the nanocrystals
themselves in terms of size, shape, concentration, monodis-
persity and the medium in which they are suspended.””

The LSS strategy is not only a general method of monodis-
perse nanocrystal synthesis, and but also of surface modifi-
cation of nanocrystals prone to self-assembly. Using universal

6 | Inorg. Chem. Front, 2014, 00, 1-11
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Fig. 10 TEM images of the ultrathin CHAp/Ln** solid-solution nano-
wires synthesized through a one-step hydrothermal process at 120 °C
for 12 h. Precursor: COs2~ (7 mL), Ca®* (7 — x) mL, PO, 0.35 mL, x is
the doping ions, as follows: (a) Ce** (0.7 mL), (b) Ce>* (0.8 mL), (c) Eu*
(0.35 mL), (d) Eu®* (0.7 mL), (e) Tb** (0.14 mL), (f) Tb** (0.35 mL).
Adapted with permission from ref. 63. Copyright 2012, Wiley Online
Library.

LSS methods, Wang and his colleagues have synthesized
different kinds of nanocrystals and found that specific shapes
and long-chain ligand modified surfaces are two key factors to
direct the self-assembly of functional nanocrystals into higher-
order superstructures, and the interactions between the long-
chain ligands on the crystal surface would induce the crystal to
assemble into certain patterns.®“®' For example, Hu et al.
availed a mixture of oleic acid, oleylamine, ethanol and water
to synthesize new kinds of one-dimensional ultrathin nano-
structures of rare earth hydroxide.*® Through the reduction of
size and the increased ratio of ligand to inorganic backbone,
the as-synthesized ultrathin nanoribbons with thicknesses less
than 1 nm could self-assemble into series of interesting space
conformations (nanoloops, periodic frameworks, and various
coiling conformations) based on the interaction and energy
balance among organic ligands, inorganic structure, and
solvent, with reduced flexural rigidity of ultrathin nanowires
and/or nanoribbons.

In the process of HAp nanocrystals synthesized via the
LSS strategy, the self-assembly phenomenon of the different

This journal is © the Partner Organisations 2014
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Fig. 11 (A) FTIR spectrum of the as-prepared ultrafine CHAp solid-solu-
tion nanowires doped with (a) Ce** or (b) Tb**; (B) SXRD patterns of the
ultrathin CHAp solid-solution nanowires obtained with different P/C
molar ratios at 90 °C for 12 h. Adapted with permission from ref. 63,
Copyright 2012, Wiley Online Library.

morphologies of nanocrystals was also very common. On the
carbon-coated copper grids, HAp nanorods, FHAp nanotubes,
FAp:Ln** nanospindles (FAp refers to FHAp with doping levels
of F/Ca = 0.2) and ultrathin nanowires tended to form parallel
arranged bundles with adjacent nanocrystals along with
increasing concentration (Fig. 2-5, 7, 8 and 10).">**>%® The
phenomenon should be attributed to the fact that the as-pre-
pared nanocrystals were all enshrouded in a layer of oleic acid,
and the interactions between abundant ligands in the surface
resulted in the regular arrangements of nanocrystals with even
intervals. Fig. 11B shows small angle X-ray diffraction (SXRD)
patterns of the ultrathin CHAp solid-solution nanowires
obtained with different P/C molar ratios at 90 °C for 12 h.*®
The SXRD patterns had different response peaks corres-
ponding to the layer spacing and relative evenness of the
samples, which entirely reflected the uniformity of the
obtained samples and the thickness of hydrophobic capping
layer (oleic acid and/or octadecylamine) with about
0.9-1.1 nm.

Gradual concentration of monodisperse nanocrystals at the
interface is the most basic process for generation of reference
assemblies. Various techniques aiming at the interfaces are
developed, such as drop casting evaporation, sedimentation,
and substrate-induced evaporation, etc. which are convenient
for assembly of nanocrystals.*””® About 1 nm CHAp:Ce*"
solid-solution nanowires could easily form transparent film

This journal is © the Partner Organisations 2014
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Fig. 12 Ce®**-doped nanowires in cyclohexane (left) and a film formed
from Ce3*-doped nanowires (right). Adapted with permission from
ref. 63, Copyright 2012, Wiley Online Library.

Fig. 13 (a) and (b) show micrographs of dark-field and green-light exci-
tation of a thin layer formed on glass slides from droplets of FHAp:Eu®*
nanoparticles dissolved in cyclohexane; (c) photograph that shows the
physical dimensions and the transparency of the nanoparticle/poly
(dimethylsiloxane) PDMS composite materials composed of FHAp:Eu®*
(5%, left) and FHAp:Tb>* (5%, right) nanoparticles; (d) fluorescence
photograph of the PDMS samples obtained by a camera through exci-
tation with UV light at 254 nm; (e) photograph showing physical dimen-
sion and transparency of the nanowire/PDMS composite material; (f)
fluorescence photograph of the nanowire/PDMS sample taken under
A =254 nm UV light by using a camera. Adapted with permission from
ref. 57 and 63, Copyright 2011, 2012, Wiley Online Library.

even through the simple centrifugal sedimentation and
natural dry process (Fig. 12).> And when FAp:Eu®*" nanospin-
dles cyclohexane solutions were dropped on the glass slide,
the nanospindles would self-assemble into neat stripe patterns
by cyclohexane evaporation (Fig. 13a and b).””

In addition, all kinds of as-obtained HAp nanocrystals have
excellent hydrophobic surface, uniform sizes and shapes, and
could perfectly assemble with a hydrophobic polymer. As
shown in Fig. 4, FAp:Ln** (Ln = Eu or Tb) nanospindles, CHAp
or CHAp:Ln®" nanowires could be successfully assembled into
the PDMS with different shapes which did not influence the
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polymerization of polymers and endowed the new materials
with perfect luminescent properties (Fig. 13c~f).””*> Undoubt-
edly, the above co-assembly of PDMS-HAp means the reali-
zation of more complexities with more functions and
flexibilities.

5. Biological applications of HAp
nanocrystals

HAp nanocrystals are usually used in the field of tissue engi-
neering, medicine and health, industrial catalysis, environ-
mental protection and other important aspects.'''> 183961
HAp nanocrystals are good host materials and usually doped
with diverse ions like Mg>*, Zn*", sr**, Fe>*, Eu’*, Tb**, F~, CI7,
CO;*>7, etc. The ion-doped HAp nanoparticles are often
endowed with many new changes such as shape and size,
optical and/or magnetic properties, catalysis, and so on. In
general, the synthesis of hydroxyapatite is implemented in the
water phase system, and it is difficult to control the shape and
size of particles, to a certain extent, limiting their application
because of the large particle scale. Our research group adopted
the LSS strategy to synthesize pure or ion-doped HAp nanocrys-
tals with hydrophobic surfaces, which greatly enriched the
types, features and application of nanometer HAp, such as the
preparation of PDMS-HAp composite materials with lumines-
cent properties. But the super-hydrophobic surfaces of HAp
nanocrystals also hamper their potential application in the
hydrophilic environment.

In order to achieve the hydrophobic/hydrophilic conversion,
several strategies were frequently adopted, as the following:
oxidation of the oleic acid capping ligand into azelaic acids
(HOOC(CH,),COOH) by Lemieux-von Rudloff reagent,**"*® the
complete exchange of the oleic acid molecule with a hydro-
philic ligand like poly(acrylicacid) (PAA),*® and polymer encap-
sulation.”® Hui et al successfully converted hydrophobic
nanocrystals into hydrophilic ones via surface grafting modifi-
cation using a surfactant (Pluronic F127).5° Fig. 14 shows the
representative surfactant-mediated hydrophobic/hydrophilic
transformation of fusiform FAp:Eu®" nanocrystals for the
purpose of cell markers. The as-prepared uniform hydrophilic

hydrophobic e

N é]}dmphiﬁc 2 ;"

- 174 Cell imaging D 2
—_— P,

il o

Oleic acid + F127 Cell

L — i ﬂ:

Nano FAp:Eu Oleic acid  Pluronic F127

Fig. 14 Schematic showing transformation of oleic acid coated fluori-
dated HAp:Eu®* nanoparticles to hydrophilic fluorescent nanocrystals
with Pluronic F127 and their use as cell imaging probes. Adapted with
permission from ref. 89, Copyright 2012, the Royal Society of Chemistry.
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Fig. 15 (a) TEM image of the hydrophobic FAp:5%Eu* nanoparticles,
the inset shows nanoparticles dissolved in cyclohexane under room
light. (b) TEM image of the hydrophilic FAp:5%Eu®* nanoparticles, the
inset shows nanoparticles dissolved in water under room light. (c)
HRTEM image of the FAp:5%Eu** nanoparticles in (a); insets in (c) are
the corresponding length distribution (c1) of nanoparticles, Fourier-
transform diffractogram (c2) and local enlargement (c3) of HRTEM
images, respectively. (d) Luminescent spectrum of the FAp:5%Eu®*
nanoparticles under excitation at 405 nm. (e) Luminescent spectrum of
the FAp:5% Tb>* nanoparticles under excitation at 488 nm. Adapted
with permission from ref. 89, Copyright 2011, the Royal Society of
Chemistry.

FAp:Eu’®* nanospindles with good crystallinity could be very
well dispersed in aqueous solution, as well as in cyclohexane
solution before modification, as shown in Fig. 15a-c. The
hydrophilic FAp:Eu®** (or Tb**) nanocrystals would not signifi-
cantly change the luminescence emission of them (Fig. 15d
and e). The results of A549 cells and HeLa cells cultured in
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Fig. 16 LCSM images of A549 cells incubated with 150 pg mL™* of FAp-
PEG nanorods for 3 h. (A-C) FAp:Eu**-PEG nanorods, (D—F) FAp:Tb>*-
PEG nanorods; (A and D) bright field, (B and E) fluorescent images
excited with a 405 nm (Eu) and a 488 nm (Tb) laser, and (C and F)
merged images. Scale bar = 20 pm. Adapted with permission from ref.
90, Copyright 2013, the Royal Society of Chemistry.

media containing different concentrations of FAp:Eu** (or
Tb*") nanocrystals demonstrated that these nanoparticles had
excellent biocompatibility.

In addition, Zhang et al. proposed a novel PEGylation strat-
egy for surface modification of FAp:Eu®" (or Tb*") nanorods
with diblock synthetic polymers.”® Choosing stearyl methacry-
late (SMA) and poly(ethylene glycol)methacrylate (PEGMA) as
monomers, Zhang et al. synthesized amphiphilic polymers
through reversible addition-fragmentation chain transfer
(RAFT) polymerization. When the aqueous solution of amphi-
philic polymers and the cyclohexane solution of FAp:Eu®" (or
Tbh*") nanorods were added into a suitable amount of tetra-
hydrofuran, the hydrophobic segments (SMA) readily inter-
acted with the oleic acid on the nanorods. After removing the
organic media by rotary evaporation, hydrophilic FAp:Eu®*" (or
Tb*") nanorods with PEG coating could be prepared. These
PEGylated FAp:Eu** (or Tb*") nanorods maintained the
original morphology, possessed excellent biocompatibility
and strong red or green fluorescence which was successfully
utilized for living cell imaging (Fig. 16).

In order to achieve effective transformation from hydropho-
bility to hydrophilic properties of HAp:Eu®" nanocrystals and
simultaneously enhance their potential applications, Pan et al.
proposed another different scheme which fabricated
novel functional nanomaterials.”’ According to this strategy
(Fig. 17A), HAp:Eu*" nanocrystals were encapsulated into bio-
compatible polymer (poly p,L-lactide-co-gly-colide, PLGA) nano-
spheres with the surface carboxyl groups via a solvent
extraction/evaporation method, and then the surface of
polymer NPs encapsulating HAp:Eu®" nanocrystals were
grafted with the targeting molecule (folate). The as-prepared
HAp:Eu®"-loaded PLGA nanoparticles with folate decoration
can be observed in Fig. 17B and E. Experimental results dis-
played that the new type of functional NPs had low toxicity,
high sensitivity, and good photostability, and they could be

This journal is © the Partner Organisations 2014
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Fig. 17 (A) Detailed scheme for preparation of HAp:Eu**-loaded nano-
particles with folate decoration for cellular imaging; (B, C) TEM images
of HAp:Eu®*-loaded nanoparticles with folate decoration; (D) HRTEM
images of a single HAp:Eu®** polymer nanoparticle; (E) enlarged HRTEM
image of the square part in D. Adapted with permission from ref. 91,
Copyright 2013, American Institute of Chemical Engineers.

used for specific targeted imaging of MCF-7 breast cancer cells
with overexpression folate receptors by folate receptor-medi-
cated endocytosis.

6. Conclusions

Over the years, based on excellent physical/chemical properties
and biological performance of HAp nanocrystals, their syn-
thesis methods and application ways have been pursued by
many researchers. In this article, we summarize our recent
developments in tunable synthesis, ion doping, assembly and
applications of monodisperse HAp nanocrystals. Through the
design of reasonable ligands, types of dopant and doping
ways, series of HAp nanocrystals with different shapes/sizes
and features were successfully prepared and applied. However,
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there are still many challenges, as the following: how to
achieve more precise control of synthesis, how to synthesize
hydrophilic ultrathin nanocrystals, how to simulate biological
assembly utilizing different nano-HAp building blocks, how to
fabricate novel/new HAp nanocrystals by multiple-ion synergis-
tic effect, and so on. We believe that these issues are signifi-
cant to expand potential application of HAp nanocrystals in
biotechnology, catalysis, medicine, etc., and hope that the rele-
vant research process and results can provide reference for the
development of other materials.
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