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Calcium phosphate phases 

Wang and Nancollas, Chem Rev, 2008 
Gomez-Morales et al., Prog Cryst Growth Charact Mater, 2013 

The stability depends on the pH, ionic strength and temperature  

DCPD ACP 

Solubility isotherms of CaP phases at 37 °C and I=0.1 M 
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Hydroxyapatite 
Hydroxyapatite is the main mineral component in bone, dentin and enamel 

Weiner and Wagner, Annu Rev Mater Sci, 1998 
Gomez-Morales et al., Prog Cryst Growth Charact Mater, 2013 

Hydroxyapatite based materials are well known for their biocompatibility, particularly 
in establishing tight bone bonding that yield effective and rapid osteointegration.  

 

Apatites with improved similarities with the biological ones can display 
better biological performances than coarser crystals  
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Bone apatite 
Chemical-physical features 

 

•  Non-stoichiometry. Ca-deficient crystals (Ca/P < 1.67) 
•  Poorly crystalline. Plate shaped crystals 30-50 nm 
•  Presence of foreign ions (0.9 wt% Na, 0.5 wt% Mg, 3-5 wt% CO3)  
•  Apatite surface is studded with strongly bound citrate molecules 

Hu et al., PNAS, 2010 
Gomez-Morales et al., Prog Cryst Growth Charact Mater, 2013 

ordering within the apatite unit cell [188,191]. In the example of Fig. 11 (spectrum b), the carbonate
incorporation causes a red-shift from 962 cm!1 (frequency reported for standard not-carbonated HA,
NIST [188,191]) to 958 cm!1. Raman spectra also provide valuable information about apatite hydroxyl
groups as well as aliphatic groups of organics molecules adsorbed and/or incorporated to the apatite
crystal lattice. In Fig. 11, the stretching vibration of OH groups (nOH) can be clearly seen at 3570 cm!1.
The intensity of this band decreases in spectrum b due to the replacement of some OH! by carbonate
groups. From the characterization of several biological apatites by Raman spectroscopy, it has been
concluded that the degree of ionic order in the apatite unit cell increases when increasing the degree of
hydroxylation, estimated as the area ratio of the nOH over the n1PO4 bands [188].

Considering all the above data, originating from complementary characterization techniques,
apatites nanocrystals (whether biological or their synthetic analogs prepared under physiologically-
inspired conditions) may most probably be described by an apatitic core (often nonstoichiometric)
and a structured “non-apatitic” surface hydrated layer containingwater molecules and rather labile ions
(e.g. Ca2þ, HPO4

2!; CO3
2!.) [4,105], as illustrated in Fig. 12.

The presence of this hydrated surface layer is thought to be responsible for most of the properties of
biomimetic apatites, and in particular their high surface reactivity in relation with surrounding fluids
(which is probably directly linked to a high mobility of ionic species contained within this layer, as
witnessed by fast surface ion exchange reactions). This reactivity may then explain, from a physico-
chemical viewpoint, the role of bone mineral in homeostasis in vivo.

One property linked to this peculiar surface state is the compound apparent solubility. Indeed,
experimental solubility studies shower that the determination of a constant solubility product (Ksp) for
nanocrystalline apatites was not possible, as it was found to depend on the amount of apatite dissolved,
and this peculiar behavior is known under the appellation “metastable equilibrium of solubility” (MES)
[193]. Each sample is thus in fact characterized by a series of Ksp values. Although the origin of this
behavior has not yet been clearly identified, the heterogeneity of composition within crystals (with
a surface composition different from that of the bulk) and the presence of strains (related to ion
substitutions and the presence of defects in the lattice) are most probably involved.

It is worthwhile remarking that the typical non-apatitic features were shown to progressively
disappear during the aging of the nanocrystals in solution [194,195]. This process was referred to as
“maturation” and has been related to the progressive growth of apatite domains at the expense of the
surface hydrated layer [194], which is probably thermodynamically-driven. It is thus possible to
prepare synthetic analogs to either “young bones (more precisely bone mineral)” or “more mature”
ones by selecting adequately the conditions of maturation, especially in terms of duration, tempera-
ture, relative concentrations and pH. This maturation process is indeed thought to be linked to the
metastability of such poorly-crystallized nonstoichiometric apatites, which may steadily evolve, in
solution, toward stoichiometry and better crystallinity [195–197]. Such evolutions then lead to limited
potentialities to undergo ion exchanges [194] or adsorption phenomena [198–200].

Fig. 12. Schematic model of a biomimetic apatite nanocrystal (a) and interaction with surrounding fluids (b). Reprinted with
permission from Ref. [4]. Copyright 2007 Nova Science Publishers.

J. Gómez-Morales et al. / Progress in Crystal Growth and Characterization of Materials 59 (2013) 1–4624

presence of ionic substituents in its crystalline structure (4–6 wt.% carbonate, 0.9 wt.% Na, 0.5 wt.% Mg
and others) and a typical plate-like morphology. The reported dimensions of nanocrystals vary
according to the technique employed (Table 1). Using TEM, XRD and SAXS, the characterized dimen-
sions vary in the following ranges: length (20–50 nm), width (15–30 nm) and thickness (1.5–4 nm)
[2,17–21]. Studies by AFM, however, found that widths and lengths of bone crystals range from 30 to
200 nm [1]. Although apatite nanocrystals are usually presented as an inert single chemical compound
with a passive role in the mechanical properties of bone, it must be underlined that the nanocrystals
fulfill in fact a biological role, including through the “ion reservoir” function. It is thought that theymay
participate actively in homeostasis. This role has been attributed to their very high surface area and to

Fig. 1. Sevenhierarchical levels of bone organization. Reprintedwith permission fromRef. [13]. Copyright 2010DoveMedical Press Ltd.

Table 1
Characterization of bone crystallites dimensions using different analytical methods.

Analytical method Crystal dimensions

TEM 20 nm long ! 3–6 nm wide
XRD 10–35 nm long
mXRD (14–17) nm ! (3–5) nm
SAXS 50 nm ! 25 nm ! 1.5–4 nm
SAXS and TEM 30 nm ! 20 nm ! 1.5–2 nm
AFM (200–30) nm ! (200–30) nm ! (3–10) nm

J. Gómez-Morales et al. / Progress in Crystal Growth and Characterization of Materials 59 (2013) 1–464



Batch Crystallization method 
5Ca(CH3COO)2 + 3H3PO4 + H2O → Ca5(PO4)3OH + 10CH3COOH 

Iafisco et al., Nanoscale, 2012 
Iafisco et al., Coll Surf  B, 2010 
Iafisco et al., Dalton Trans, 2011 
Iafisco et al., Small, 2013 

 
 

H3PO4  
 

Ca(CH3COO)2 
 

Keeping the pH at 10 
with (NH4)OH. 
 

Stirring for 24h at room 
temperature. 

Ca/P 
(mol)[a] 

Carbonate 
Species 
(wt %)[b] 

SSABET 
(m2g-1) 

D002 
(nm)[c] 

D310 
(nm)[c] 

Length 
Dimension

s (nm)[d] 
Degree of 

crystallinity 

1.65 2 160 ± 16 30 ± 5 10 ± 2 20 ± 5 61% ± 5 

[a]Calculated by ICP-OES. [b]Calculated by TGA. [c]Calculated applying the Scherrer equation.  
[d]Calculated by TEM 

NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29, 2013 
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Vapour diffusion Crystallization method 

NH4HCO3  

(CH3COO)2Ca  
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(NH4)2HPO4  

CO2 NH3 
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Several organisms use another biomineral, the calcium
carbonate (CaCO3), as main inorganic constituent to construct
their skeletons or shells. Several studies on biomimetic
crystallization of CaCO3 employ a vapor diffusion technique
based on the decomposition of (NH4)2CO3 or NH4HCO3 into
CO2 and NH3 gases, which in turn are used as reagents to
precipitate CaCO3 in solutions of Ca ions. Recently, a sitting
drop vapor diffusion technique has been developed to study
reproducible biomimetic mineralization of CaCO3 by using
the ‘‘crystallization mushroom.’’ This device has been used to
test the influence of model commercial proteins and proteins
contained in the uterine fluid of hens as well as in the organic
matrix of the eggshell, on the crystallization of CaCO3. The
crystals obtained are very similar to the biological ones.[17–19]

Both HA and CaCO3 are known for its capability to interact
with a wide variety of biomolecules like small peptides and
macromolecules.[20,21] In the case of HA the study of the
interaction and/or its co-crystallization with biomolecules is
of great importance for several reasons: to learn more about
the chemical process of the HA formation in vivo, to test the
material toward the biological environment and tissues and to
check the ability of HA to act as carrier for biomolecules.[22]

In this work we present a new method that allows, for the
first time, to precipitate carbonate–HA nanocrystals using the
sitting drop vapor diffusion technique.

Experimental

Materials and Methods
The method consists of diffusing vapors of an aqueous

solution of NH4HCO3 through aqueous droplets containing
mixtures of (CH3COO)2Ca and (NH4)2HPO4. Stock solutions
of (CH3COO)2Ca, (NH4)2HPO4, and NH4HCO3 were pre-
pared using high-purity chemical reagents from Sigma and
ultrapure water (0.22mS, 25 8C). The experiments were carried
out using a crystallization mushroom (Triana Sc. & Tech, S.L.) at
20 8C and 1 atm total pressure. The set up (Fig. 1(a)) is
composed of two cylindrical glass chambers and a glass cover.
The upper and lower chambers are connected each other
through a hole of 6mm diameter to allow vapor diffusion. In
this mushroom 12 polystyrene microbridges (small plastic
blocks with a shallow well to facilitate sitting drop crystal-

lization) were concentrically placed inside the upper chamber.
Each microbridge (Hampton Research, Inc) holds 40mL of a
solution containing 50mM (CH3COO)2Ca and 30mM
(NH4)2HPO4 (Ca/P¼ 5/3). A 3 mL aliquot of a NH4HCO3

solution whose concentration ranges from 40mM to 2.1Mwas
placed in the lowest chamber. The glass cover and the upper
chamber were sealed with silicon grease. The experiments
lasted from 1 day to 1 week. Once the crystallizer was closed
and sealed, the underlying NH4HCO3 solution released NH3

and CO2 gasses into the free space of the crystallizer (0.112 L).
Both the NH3 and CO2 gasses diffused at different rates
depending on the concentration of the NH4HCO3 solution,
and redissolved into the aqueous droplets containing
(CH3COO)2Ca and (NH4)2HPO4, increasing their pH until it
reaches a constant value.

Monitoring of the Experiments
Tomonitor the evolution of pH during the precipitation, we

used a pH electrode (Titan model, Sentron) placed on a hole
situated on a side wall of the upper chamber. This electrode
allows measuring the pH of a 40mL drop placed on its sensing
zone (Fig. 1(b)). The precipitates were observed in situ using
an optical microscope (Leica MZ12 or Olympus SZH10)
connected to a digital camera (Olympus, C3040ZOOM). At the
end of the experiments, the mushroom was opened and the
precipitates were repeatedly washed with ultrapure water,
freeze-dried for 12 h and stored until further characterizations.

Characterization of the Crystals
Twenty-four drops of two crystallization mushrooms pre-

pared under the same conditions were collected and
characterized by optical microscopy (OM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FT-IR), and
transmission electron microscopy (TEM).

Powder XRD patterns were collected with a Panalytical
X’Pert Pro powder diffractometer equipped with X’Celerator
detector, using CuKa radiation generated at 40 kV and 40mA.
The instrument was configured with 1/28 both divergence
and receiving slits. A quartz sample holder was used. The 2u
range was from 10 to 608, with a step size of 0.028 and a time
per step of 104 s.

FT-IR spectra were recorded on a Thermo
Nicolet 380 FT-IR spectrometer. Each pow-
dered sample ("1mg) was mixed with about
100mg of anhydrous KBr. The mixtures were
pressed into 7mm diameter discs. Pure KBr
discs were used as background. The infrared
spectra were registered from 4000 to
400 cm#1 at 2 cm#1 resolution.

TEM observations were carried out using
a Philips CM 100 instrument (80 kV). The
powdered samples were ultrasonically dis-
persed in ultrapure water and then few
droplets of the slurry deposited on hole-
y-carbon foils supported on conventional
copper microgrids.

M. Iafisco et al./Biomimetic Carbonate--Hydroxyapatite Nanocrystals Prepared by Vapor Diffusion

Fig. 1. Crystallization mushroom scheme (a). Carbonate–hydroxyapatite crystals form in sitting droplets placed
on the microbridges. NH3(g) and CO2(g) slowly diffuse from the NH4HCO3 reservoir to the droplets through the
small opening in the bottom of the upper chamber. A pH probe placed on a hole of the sidewall of the upper
chamber allows to monitor the evolution of the pH during the precipitation (b).

ADVANCED ENGINEERING MATERIALS 2010, 12, No. 7 ! 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com B219

VAPOUR DIFFUSION SITTING DROP 
MICROMETHOD (VDSD) 

Iafisco et al., Adv Eng Mat, 2009; Iafisco et al., Cryst Res Techn, 2011; Gomez-Morales et al., Cryst. Growth Des, 2011 
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•  Control of the gas diffusion rate (NH3 and CO2) by simply changing 
the concentration of NH4HCO3 

•  Confinement of the nucleation in microdroplets that closely 
resemble the in vivo microenvironments where biominerals are 
deposited.  

•  Control the rate of pH increase until it reaches an asymptotic value 
and therefore the rate of droplets supersaturation 

•  Perform several experiments per run, since as many as 12 drops 
per mushroom can be used. 

VAPOUR DIFFUSION SITTING DROP MICROMETHOD (VDSD) 

Iafisco et al., Adv Eng Mat, 2009; Iafisco et al., Cryst Res Techn, 2011; Gomez-Morales et al., Cryst Growth Des, 2011 

Vapour diffusion Crystallization method 



NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29, 2013  

Iafisco et al., Adv Eng Mat, 2009; Iafisco et al., Cryst Res Techn, 2011  

Vapour diffusion Crystallization method 
Ca(CH3COO)2 50mM 
 

(NH4)2HPO4  30 mM 
 

3 mL NH4HCO3 40mM or 2.1M 
 

Crystallization time 1 day or 1 week  
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Iafisco et al., Adv Eng Mat,  2009; Iafisco et al., Cryst Res Techn, 2011  

Vapour diffusion Crystallization method 

4808 dx.doi.org/10.1021/cg2004547 |Cryst. Growth Des. 2011, 11, 4802–4809

Crystal Growth & Design ARTICLE

OCP explains its preferential orientation. An oriented attachment
mechanism for OCP formation, well-known in the vapor diffusion
technique35 for other crystals such as CaCO3 (vaterite), could be a
likely mechanism of crystal formation.

When using 30 mM L-arg (pH goes from 8.8 to 5.8 and then
rises to 9.1), the main ionic species were NH3

+!CHR2
+!COO!

and NH2!CHR+!COO! (Figure 7c) and the most likely
interaction of the amino acid with the OCP surface was weak
H-bonds by means of their !NH3

+ residues. Under these
chemical conditions, the OCP to HA transformation was weakly
inhibited and the pathway to obtain HA was very similar to that of
the control. In the precipitates obtained in both experiments
(control and L-arg added), there was a scarce presence of OCP
because of the high extent of the OCP to HA transformation.
Model of Formation of HA Nanoparticles. It is commonly

accepted that OCP is a precursor of the HA formation.33,36

Under neutral or basic conditions the metastable phase OCP
transforms to HA through dissolution and recrystallization
processes, following the Ostwald rule of stages.37 Also, it was
demonstrated that the formation of HA on OCP is an epitaxial
process.38What is still unsolved is themechanism by whichHA is
obtained in nanometric or micrometric size. An interesting
observation in the present work was the presence of nanocrystals
closely linked to the OCP surface (Figure 8B) in the blank
experiment and when using 30 and 60 mM L-arg. This finding
suggests that OCP could act as a temporal template for the
formation of nanosized HA. The hypothesis is based on the
similarity with previous findings of nanosized HA in the system
Ca-citrate/phosphate/H2O

24 and of nanocalcite in the system
Ca(OH)2!CO2!H2O,

39 where a temporal template was re-
sponsible for the formation of the HA and calcite with nano-
metric sizes. The role of the template mainly consists on the
stabilization of the newly heterogeneously nucleated crystals with
nanometric sizes. Indeed, the precipitation of HA at high super-
saturation values (obtained at the highest pH values of these
experiments) leads to the formation of a high amount of super-
critical nuclei (defined here as the clusters having a radius higher
than that of the critical nucleus). The decrease of Gibbs free
energy in that system can be produced not only by growth of
these supercritical nuclei but also by primary aggregation of the
growing particles with nanometer size. The template might

interact with the primary particles formed by heterogeneous
nucleation, stabilizing them and, thus, minimizing their aggrega-
tion tendency. The result is the production of nanosized crystals,
at the same time that the template dissolves (Figure 8A).
The precipitation of a temporal substrate for the formation of

nanosized HA was previously demonstrated during the precipi-
tation of this material from a Ca/citrate/phosphate solution
using microwave and conventional heating.24 In this system, the
precipitation of a sodium citrate precipitate of composition
Na3(cit) 3 2H2O during the first minutes of the experiment acted
as a temporal template for the formation of HA with nanometric
size. In the absence of this template, crystals grew until sub-
micrometric or micrometric sizes.

’CONCLUSIONS

This paper highlights the important role that amino acids have
as regulators of the CaP precipitation process, influencing both
the solution pH (depending on their isoelectric points) and/or
the transformation of the precursor phase (which will depend on
the nature and strength of the interaction taking place at the
amino acid/inorganic interface). In addition, it provides a
thermodynamic formation model of nanocrystalline HA
mediated by a temporal OCP template. The model is based on
the analogy of the formation of nanosized HA in this system with
that of nanosized HA in the Ca-citrate/phosphate/H2O

24 and of
nanocalcite in the Ca(OH)2!CO2!H2O

37 systems, and it is
supported by TEM observations.

Acidic and basic amino acids influence differently the pre-
cipitation mechanism of CaP when using the VDSD micro-
method. The early stage in the precipitation, irrespective of the
nature and the concentration of the amino acid used, leads to the
formation of a viscous suspension composed of ACP spherulites.
Nevertheless, with higher concentrations of L-asp, the precipita-
tion of DCPD takes place, whereas, in the presence of higher
concentrations of L-ala, both HA and OCP precipitate. Only
when L-arg is added to the droplets is the precipitation of the HA
phase favored relative to OCP, as observed in the control
experiment. This finding is related to the influence of these
amino acids on the pH of the solutions and the strength of the
interaction ofmajor charged species of these amino acids with the

Figure 8. (A) Schematic model of the formation of carbonate-HA nanoparticles onOCP substrates acting as temporal templates. (B) TEMmicrograph
of HA nanoparticles grown on OCP platelets.

Template stabilizes the heterogeneously 
nucleated crystals with nano-sizes, 
minimizing their aggregation tendency. 
The result is the production of 
nanocrystals, at the same time that the 
template dissolves 
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Thermal decomplexing method 
Thermal decomplexing of metastable Ca / Cit / PO4 solutions 

CaCl2+ Na3Cit  Na2HPO4  
T= 4°C 
pH= 8.5 

Na2CO3  

Citrate ions as Ca 
complexing agent 

T = 80°C 
Precipitation time:  

5 min, 1 h, 2 h, 4 h, 24 h, 96 h 

Ap cAp 

Delgado-Lopez et al. Acta Biomater, 2012 
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• Pure apatitic phase. Broad peaks 
close to the biogenic one. 
• Crystallinity increases with 
maturation time 
• Citrate and structural water 
decrease with the maturation time 

Precipita)on	
  )me Structural	
  watera	
  (%wt.) Citratea	
  (%wt.) Carbonatea	
  (%wt.) Ca/Pb 

Ap	
  5	
  min 5.8	
  ±	
  0.2 5.0	
  ±	
  0.2 1.5	
  ±	
  0.2 1.53 

Ap	
  4	
  h 3.9	
  ±	
  0.1 2.4	
  ±	
  0.1 1.1	
  ±	
  0.1 1.51 

Ap	
  24h 3.3	
  ±	
  0.1 1.9	
  ±	
  0.1 1.0	
  ±	
  0.1 1.52 

Ap	
  48	
  h 2.9	
  ±	
  0.2 2.1	
  ±	
  0.2 1.3	
  ±	
  0.2 1.53 

Ap	
  96	
  h 2.6	
  ±	
  0.2 2.0	
  ±	
  0.1 1.0	
  ±	
  0.1 1.54 

cAp	
  5	
  min 6.3	
  ±	
  0.3 5.9	
  ±	
  0.2 1.5	
  ±	
  0.1 1.60 

cAp	
  4	
  h 3.8	
  ±	
  0.3 3.3	
  ±	
  0.2 1.5	
  ±	
  0.1 1.60 

cAp	
  24h 3.6	
  ±	
  0.2 3.5	
  ±	
  0.2 3.1	
  ±	
  0.2 1.59 

cAp	
  48	
  h 2.6	
  ±	
  0.2 2.1	
  ±	
  0.1 2.6	
  ±	
  0.3 1.59 

cAp	
  96	
  h 2.5±	
  0.1	
   2.1	
  ±	
  0.1 2.9	
  ±	
  0.2 1.58 

Thermal decomplexing method 
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Ap  cAp  

5 min  

2 h  

96 h  

Precipita)on	
  

)me 
L	
  [nm] W	
  [nm] R D002[nm] D310[nm]	
   

Ap	
  5	
  min 99	
  ±	
  30 21	
  ±	
  5 4.7	
  ±	
  1.2 19.4 4.0 

Ap	
  1	
  h 45	
  ±	
  24 12	
  ±	
  7 4.0	
  ±	
  1.3 37.1 5.9 

Ap	
  2	
  h 75	
  ±	
  27 15	
  ±	
  6 5.5	
  ±	
  2.4 48.0 6.3 

Ap	
  4	
  h 85	
  ±	
  16 16	
  ±	
  4 5.6	
  ±	
  1.3 45.3 6.5 

Ap	
  24	
  h 84	
  ±	
  32 14	
  ±	
  6 6.9	
  ±	
  3.0 48.0 8.6 

Ap	
  96	
  h 104	
  ±	
  43 15	
  ±	
  6 7.6	
  ±	
  3.2 90.6 9.6 

cAp	
  5	
  min 109	
  ±	
  16 27	
  ±	
  5 4.3	
  ±	
  1.3 17.0 5.2 

cAp	
  1	
  h 49	
  ±	
  18 10	
  ±	
  5 5.4	
  ±	
  1.9 22.6 5.9 

cAp	
  2	
  h 60	
  ±	
  24 17	
  ±	
  6 3.7	
  ±	
  1.3 30.2 5.6 

cAp	
  4	
  h 55	
  ±	
  10 18	
  ±	
  3 3.2	
  ±	
  0.9 35.4 6.1 

cAp	
  24	
  h 40	
  ±	
  15 12	
  ±	
  3 3.7	
  ±	
  1.5 31.3 5.7 

cAp	
  96	
  h 29	
  ±	
  10 12	
  ±	
  3 2.5	
  ±	
  1.0 45.3 8.0 

The precipitation time and the 
carbonate strongly affect the 

chemical composition, the 
dimensions and the crystallinity   

Delgado-Lopez et al. Acta Biomater, 2012 

Thermal decomplexing method 
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•  Composed of a well-
ordered carbonate-
substituted apatitic core 
embedded in a non-apatitic 
hydrated layer containing 
citrate ions 

•  This layer transforms into a 
more stable apatite domain 
upon maturation in 
aqueous media 

•  Excellent biocompatibility 
since they were not 
cytotoxic to a mouse 
carcinoma cell line up to a 
final concentration of 100 
µg ml-1 

Delgado-Lopez et al. Acta Biomater. 2012 

Thermal decomplexing method 
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Organic-Inorganic Composites 
•  The main goal of bone tissue engineering is the development of 

biocompatible and biodegradable materials and the preparation 
of porous scaffolds with adequate mechanical properties for 
filling large bone defects 

•  The major limitations to use apatites as load bearing biomaterials 
are their mechanical properties, namely, they are brittle with a 
poor fatigue resistance. 

 

•  Natural bone structure, is composed of organic and inorganic 
materials, thus it is rational to use both of them to form 
composite scaffolds, giving advantages over each single 
component in terms of physical and biological properties 

•  Polymer–apatite composites can combine a better structural 
integrity and flexibil ity along with good bioactivity, 
biocompatibility and biodegradability 
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Micro-nano-spheres 
Micro-nano-spheres based scaffolds 
 

•  Dispersed phase surrounded by a continuous matrix (solid polymers, 
hydrogel polymers, CaP cements) 

Wang et al. Tissue Eng B, 2012 
Duan et al. Acta Biomater, 2010 

•  Building blocks to establish integral scaffolds without surrounding matrix by a 
bottom up approach or rapid prototyping.  
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Micro-nano-spheres 
Micro-nano-spheres based scaffolds can display several advantages: 
 

•  Improving control over sustained delivery of therapeutic agents, signalling 
biomolecules and even pluripotent stem cells  

Wang et al., Tissue Eng B, 2012 
Ravi et al., Biomed Mater, 2012 

Strategies of Using Micro-/Nanospheres
for Scaffolds Design

Generally, microspheres can be used as (i) a dispersed
phase surrounded by a continuous matrix (solid polymers,
hydrogel polymers, or CaP cements [CPCs]), or as building
blocks to establish integral scaffolds without surrounding
matrix by a bottom-up approach. In the next section, various
strategies will be discussed that employ micro-/nanospheres
for the design of scaffolds for bone tissue engineering with
improved functionality.

Micro-/nanospheres as discrete components
embedded into continuous matrices

By simply incorporating micro-/nanospheres into a con-
tinuous matrix (such as solid polymers, hydrogels, or CPCs),
physicochemical and biological characteristics of these com-
posite systems can be improved in terms of delivery of bio-
active and/or chemical agents,127 porosity,16 mechanical
strength,17 and cell encapsulation.22

Micro-/nanospheres embedded into solid polymers. One
of the most common reasons to introduce micro-/nano-
spheres into solid (i.e., nonswelling) polymers is to provide
bulk scaffolds with the capability of controlling the release
of drugs.3–5,128,129 Especially for the delivery of bioactive
molecules, the simple incorporation of growth factors into
bulk scaffolds might lead to denaturation of these biomol-

ecules due to exposure to harsh preparation conditions,
hydrophobic surfaces of polymers, acidic degradation
products, and so on.130 Previous studies have shown that
incorporation of PLGA microspheres (as carriers for bone
morphogenetic protein-2 [BMP-2]) into polyurethane scaf-
folds was accompanied by a reduced initial burst release
followed by a sustained release of BMP-2 that promoted
new bone formation compared with microsphere-free scaf-
folds.131

Moreover, the use of micro-/nanospheres as a delivery
system allows for accurate spatiotemporal control over the
release of growth factors, which are essential for successful
bone regeneration by inducing osteogenesis as well as an-
giogenesis. To establish delivery of multiple biomolecules
with programmed release kinetics, different micro-/nano-
sphere populations can be employed that carry various
growth factors. By tailoring the physicochemical properties
of these degradable spheres, distinct release behavior can be
obtained, thus resulting in temporally controlled drug de-
livery132 (Fig. 2A). For example, dual delivery of vascular
endothelial growth factor (VEGF) and platelet-derived
growth factor (PDGF) was established by pre-encapsulating
PDGF by using PLGA microspheres, which were subse-
quently incorporated into porous VEGF-containing PLGA
scaffolds prepared by gas foaming technique.83 Similarly,
several other studies have focused on delivery of multiple
growth factors by utilizing different microsphere popula-
tions to carry various biomolecules, such as the combination

FIG. 2. Schematic represen-
tation of the use of micro-/
nanospheres for spatiotempo-
ral control over delivery of
bioactive molecules. (A) Spa-
tial control of biomolecule
delivery by employing a gra-
dient distribution of micro-/
nanospheres as delivery vehi-
cles. (B) Temporal control of
biomolecule delivery using
micro-/nanospheres with dif-
fering release characteristics.

FIG. 3. Experimental design
and resulting photographs of
two modes of cell delivery
using hydrogels: cells were
directly encapsulated into
hydrogels to form conven-
tional gel construct (top);
alternatively, cell-laden
microspheres were incorpo-
rated into hydrogels to form
microsphere/hydrogel com-
posite system (GC) (bottom).

The former strategy resulted in cell death, whereas the latter one led to cell survival and proliferation in the hydrogel.
Cytoskeleton F-actin (red) was counterstained with nuclei (blue). Reprinted from 22 with permission. Copyright 2011, Elsevier.
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•  Introducing porosity and/or improve the mechanical properties of bulk 
scaffolds by acting as porogen or reinforcement phase 



NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29, 2013     

Micro-nano-spheres 
Micro-nano-spheres based scaffolds can display several advantages: 
 

•  Supplying compartmentalized micro-reactors for dedicated biochemical 
processes, functioning as cell delivery vehicle 

•  Giving possibility of preparing injectable and/or mouldable formulations to be 
applied by using minimally invasive surgery 

scaffolds could be varied to control the DNA release profiles
[106]. Instead of delivering the naked plasmid, nanoparticulate
polyplexes composed of DNA and polycationic condensing
agent have been incorporated within the scaffold for increasing
gene transfection efficiency. Polycationic agents such as
polyethylenimine condense the plasmid DNA into positively
charged nanoparticles and enhance DNA stability, intracellular
uptake, and transfection efficiency. PEI/DNA polyplexes were
incorporated into PLGA scaffolds by using high-pressure gas
[107]. When implanted in vivo, the seeded cells in the scaffold
with the polyplexes exhibited much higher level of gene
expression than those with naked DNA. DNA polyplexes were
also physically immobilized onto the surface of pre-fabricated
scaffolds by adsorption to further enhance structural stability of
the DNA through the formulation process [108].

6.2. Drug releasing scaffolds

Small molecular weight drugs that control proliferation or
differentiation of cells can also be incorporated into biodegrad-
able scaffolds to induce cellular differentiation and tissue
remodeling. For example, dexamethasone, a steroidal anti-
inflammatory drug, was loaded into the bulk phase of PLGA
scaffolds for sustained release [109]. It was observed that
sustained release of dexamethasone effectively induced differ-
entiation of bone marrow stem cells to osteoblasts or
chondrocytes [110].

7. Injectable matrices

Although pre-fabricated scaffolds are most widely used for
tissue regeneration purposes, they require a surgical procedure
for implantation. In-situ formed injectable scaffold materials
have received much attention recently, since they can be
administered using a syringe needle. For instance, injectable

hydrogels can be combined with the desired cells and growth
factors in a solution state prior to injection, but after injection, it
immediately becomes a temporal gel depot at the tissue defect
site while the tissue regenerates. Typically, temperature-
sensitive sol–gel transition hydrogels and photo-crosslinkable
hydrogels have been popularly used for cell and growth factor
delivery.

7.1. Hydrogels

Early studies on hydrogels as tissue engineering scaffolds
involved naturally derived materials such as alginate, fibrin, and
gelatin [111,112]. Recently, physical hydrogels based on synthetic
polymers exhibiting temperature dependent sol–gel phase transi-
tion behavior have been widely used. They include poly(N-
isopropylacrylamide, NIPAAm), Pluronic PEO–PPO–PEO tri-
block copolymers, PLGA–PEO–PLGA tri-block copolymers, and
polyphosphazenes [113–116]. Above critical concentrations, these
hydrogels show a sol state at room temperature, but reversibly
change into a gel state at body temperature. For example, injectable
polyNIPAAm physical hydrogels encapsulating cells have been
prepared for cartilage and nerve regeneration [113,117]. The
PEO–PPO–PEO tri-block copolymer (Pluronic) is popularly used
as an in-situ forming gel for drug delivery [114]. Pluronic
copolymers at higher concentration above 20% (w/v) have been
used to encapsulate chondrocytes and produce engineered
cartilage [118]. However, Pluronic physical hydrogels rapidly
dissolve out at the local site when injected, because they are
immediately dilutedwith the body fluid. To confer the gel stability,
grafted copolymers composed of PLGA and PEG were synthe-
sized. PLGA-g-PEG and PEG-g-PLGA hydrogels capable of
sustained insulin delivery and cartilage repair were synthesized
[119]. In general, these physical hydrogels, when injected with
cells, do not exhibit sufficient mechanical strength to hold the
proliferating and differentiating cells with providing a structural

Fig. 5. Use of injectable porous scaffold microspheres for cartilage tissue engineering as an example. Primary chondrocytes are seeded within porous scaffold micro-
spheres, expanded in vitro, and then injected or alternatively implanted as a cultured tissue into a cartilage defect site.

258 H.J. Chung, T.G. Park / Advanced Drug Delivery Reviews 59 (2007) 249–262

Chung and Park, Adv Drug Delivery Rev, 2007 
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Pickering emulsion 
Pickering emulsions are solid particle-stabilized emulsions in the absence of any 
molecular surfactant, where solid particles adsorbed to an oil−water interface. 

A wide range of particles (silica, metals, cellulose, apatite, starch, clays, 
microgels, and polystyrene) have been recently reported to be effective Pickering 
emulsifiers. 

Pickering emulsions require sufficiently small particles which arrange in the o/w 
interface. The solid particles usually are at least 10-fold smaller in size than the 
dispersed droplets of the emulsion.  

Percival Spencer Umfreville Pickering (1558-1920) 

•  Contact Angle  
•  Particle Size  
•  Solid Concentration 
•  Interparticulate interaction 

© National Portrait Gallery, London 

Pickering S U, J Chem Soc Trans, 1907 
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PLLA-HA microspheres 

Aqueous dispersions of HA with solid content of 0.005, 0.01 and 0.02 wt% were 
prepared and manually shaken for 3 min with the CH2Cl2 solution of PLLA (1.0 wt% solid 
content) at room temperature. 

Emulsion droplets of CH2Cl2 solution of PLLA were stabilized by the HA nanocrystals. 
Subsequent evaporation of CH2Cl2 leads to the formation of the hollow microspheres. 

Iafisco et al., J Mat Sci Mat Med, 2012 

*

O

O

O
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Poly(L-lactic) acid (PLLA) 
High biocompatibility, hydrolytic 
degradation, good mechanical 

properties and ease of manufacture 
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PLLA-HA microspheres 

Rey et al., Mat Sci Eng C, 2007 

The nanocrystals were not completely 
dried to avoid their aggregation. 

The hydrated layer is involved in 
cohesiveness and adhesion between 
two apatite nanocrystals and the 
progressive drying increases intercrystal 
or crystal-substrate contacts. 

Upon drying, the steady elimination of 
excess water molecules brings two 
crystals together, enabling the 
constitutive ions to interact by means of 
a strong electrostatic interaction. At the 
end of the process, crystals that have 
been joined cannot be split apart by 
simple rehydration. 
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PLLA-HA microspheres PLLA hollow microspheres 
at three different HA surface 
coverage (5-10-20 wt%), 
ranging from 10 to 50 µm, 
were produced.  
The increase of the HA 
decreases the size of the 
spheres, due to the increase 
of the PLLA surface 
shrinkage tension. 

Iafisco et al., J Mat Sci Mat Med, 2012 
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PLLA-HA microspheres 

Iafisco et al., J Mat Sci Mat Med, 2012 

Interaction of Ca ions of HA with the 
carbonyl groups of PLLA 

High level of cytocompatibility towards 
fibroblasts (inidrect contact) and 

osteoblasts (indirect and direct contact) 
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Magnetic materials 

Sensenig et al., Nanomedicine, 2012 
Xu et al., Nano Letters, 2012  
Panseri et al., Plos One, 2012 

•  Magnetic micro-nanoparticles have been progressively employed 
as support materials for enzyme immobilization, drug-delivery 
vehicles, contrast agents for magnetic resonance imaging, heat 
mediators for hyperthermia-based anticancer treatments, and 
many other exciting biomedical applications. 

•  Magnetic materials have also recently attracted a big interest in the 
field of bone tissue regeneration because it has been 
demonstrated that magnetic nanoparticles have the effect of 
osteoinduction even without external magnetic force. 

•  Magnetic scaffolds may provide great potential in bone 
regenerative medicine, in fact several papers reported that the 
introduction of magnetic nanoparticles to CaP bioceramics could 
promote bone formation and cell growth in vitro and in vivo 
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Magnetic FeHA 

Tampieri et al., Acta Biomater, 2012 

-  Introduction of Fe(II) and Fe(III) ions in the correct 
Ca(1) and Ca(2) sites in order to generate two 
different sub-lattice able to induce 
superparamagnetic properties 

 
-  Avoid the formation of a magnetite phase  
 
-   Dimension: 100 nm in lenght 
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Magnetic FeHA 

Tampieri et al. Acta Biomater, 2012 

Hyperthermia	
  evaluation	
  
Magne2c	
   FeHA	
   powder	
   exhibits	
   an	
  
increase	
  of	
  temperature	
  of	
  about	
  40°C	
   in	
  
60s.	
  An	
  higher	
  hyperthermia	
  effect	
  for	
  the	
  
magne2c	
   Fe-­‐HA	
   is	
   evident	
   in	
   comparison	
  
with	
  the	
  HA-­‐magne2te	
  mixtures	
  
	
  

Magnet	
  

FeHA	
  	
  

Superparamagnetic	
  behaviour	
  	
  
Magnetization:	
  4.0	
  emu/g	
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PLLA-FeHA magnetic micro-nanospheres 

Iafisco et al., Chem Mater, 2013 

SEM images of FeHA-PLLA composites 
at different FeHA surface coverage ((A) 
1, (B) 5, (C) 10 and (D) 30 wt%). Scale 
bars are 2 µm. 

FEG-SEM images of the surface of  
(A) FeHA-PLLA 1 wt%,  
(B) FeHA-PLLA 10 wt%  
(C) FeHA-PLLA 30 wt%. 
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PLLA-FeHA magnetic micro-nanospheres 

Iafisco et al., Chem Mater, 2013 

Sample Size	
  Distribu)on	
  
(nm) 

ζ-­‐Poten)al	
  
(mV)	
  (pH	
  6.5) 

Magne)c	
  
moment	
  (emu/g) 

FeHA 96.0	
  ±	
  32.6 -­‐7.9	
  ±	
  2.0 0.391	
  ±	
  0.011 

FeHA-­‐PLLA	
  1	
  wt% 1837.0	
  ±	
  298.0 -­‐30.7	
  ±	
  3.5 -­‐ 

FeHA-­‐PLLA	
  5	
  wt% 633.6	
  ±	
  101.6 -­‐23.2	
  ±	
  4.2 0.011	
  ±	
  0.001 

FeHA-­‐PLLA	
  10	
  wt% 497.8	
  ±	
  63.3 -­‐14.1	
  ±	
  3.2 0.035	
  ±	
  0.002 

FeHA-­‐PLLA	
  30	
  wt% 301.9	
  ±	
  52.1 -­‐8.9	
  ±	
  2.1 0.121	
  ±	
  0.003 

Magnetic hollow micro-nanospheres 
(ranging from 2 µm to 500 nm) were 

prepared.  
 

Varying the amount of FeHA (from 1 to 
30 wt %), the chemical-physical 

features of the hybrid beads such as 
size, surface charge and magnetization 

can be tailored.  
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PLLA-FeHA magnetic micro-nanospheres 

Iafisco et al., Chem Mater, 2013 

All the samples did not affect the bone 
marrow mesenchymal stem cells viability 
or morphology, exhibiting a good level of 
biocompatibility. The spheres coated with 
higher amount of FeHA revealed the 
better cell proliferation than those coated 
with lower amount 

BONE REGENERATION: building block for the preparation of new type of scaffold 
for hard tissue regeneration.  
 

NANOMEDICINE: magnetic material for theragnostic applications 



NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29 ,2013       

Potential Nanomedical applications 

Bioactive	
  molecules	
  	
  
adsorbed	
  on	
  	
  
FeHA	
  particles	
  
(e.g.	
  targeting	
  
moieties)	
  

Bioactive	
  molecules	
  	
  
linked	
  by	
  thermo	
  

ligands	
  

Bioactive	
  molecules	
  
inside	
  the	
  hollow	
  core	
  
(e.g.	
  therapeutic	
  agents)	
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Titanium 

•  Ideal mechanical properties   
compared with bone 

•  High metallurgic properties 

•  Diamagnetic 

•  Biocompatible 

•  Bioinert  NO chemical bond  
with surrounding tissue 

Bone implants 
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Bioinspired coatings 

Solutions inspired by bone tissue composition and formation to improve implants 

Surface is the only part that interacts with living tissue 

Biomimetic materials 

Coating Add new surface property to the material 

•   to reduce healing time and obtain a faster recovery  
•   to solve complicated situation (like osteoporosis or bone loss)   
•   to achieve a more durable implant 
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Coating tecniques 

de Jong et al., Pharm Res, 2008; Leeuwenburgh et al., Biomaterials, 2006.  



Toulouse, 28 June 2013 - CIRIMAT Carnot Institute           

Electrospray deposition (ESD) 

Control over: quantity, thickness and coated area 

ESD involves 
atomization of a 

precursor solution  
by applying a high 

voltage to the 
liquid surface, 

which then 
disperses into an 
areosol spray of 
charged droplets 

Leeuwenburgh et al., J Biomed Mater Res A, 2005; Iafisco et al., Adv Eng Mat, 2012 

apatite 
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Electrospray deposition (ESD) 
Usually a spherical droplet is formed at the tip of nozzle when pumping a solution, but 
when a high voltage is applied, this droplets transforms into a conical shape and fans 
out to form a spray of highly charged droplets 

Leeuwenburgh et al., J Biomed Mater Res A, 2005; Iafisco et al., Adv Eng Mat, 2012 
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Electro spray deposition (ESD) 
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reaction and the solid residuewas suspended
in 100mL of ethanol. Ethanol was used as
spraying solvent because it enables formation
of stable cone-jet mode of electrospraying
owing to its low surface tension and electrical
conductivity.[22] Subsequently, the suspen-
sion was sonicated for 15min to disintegrate
the soft aggregates of HAnanoparticles using
a probe sonicator at a power and frequency of
10W and 20kHz, respectively. In this way,
the suspension was stable without sedimen-
tation for up to 15 days. The HA nanocrystals
made the ethanol more dielectric, reducing
the electrical conductivity from 3.4! 10"4 to
0.7! 10"4 S #m"1. Finally, the suspensionwas
diluted with ultrapure water to reach a solid
content of 5mg #mL"1 suspended in 50% of
ethanol.

The XRD pattern of the apatite ESD
coating (Figure 4) revealed that the organic
solvent and the ESD process itself did not
induce any modifications in the crystal
structure of HA. The presence of Ti peaks
was attributed to the substrate. Moreover,
the diffraction peaks related to the apatite
phase resembled the pattern of the apatite
powder [the (002) reflection which appeared
at 268 aswell as the broad band at around 318
due to the deconvoluted triple peak corre-
sponding to (211), (112), and (300) crystal-
lographic planes]. In the infrared spectrum
(Figure 5), only the bands characteristic of
carbonate-apatite were observed, such as the
broad and intense bands between 1300–1500
and 900–1200 cm"1 corresponding to n3 adsorptions of
carbonate and phosphates, respectively. In particular, the
bands at 1460, 1422, and 873 cm"1 ascribed to type-B carbonate
incorporation in the apatite structure were clearly visible. The
latter finding indicates that the chemical and the structural
features of electrosprayed apatite on titanium are similar to
the ones of apatite in the powder form.

In order to investigate how the processing conditions can
affect the morphology of the coatings, several processing
parameters were varied (Table 2), including nozzle-
to-substrate distance, relative humidity in the deposition
chamber and deposition time. Figure 6 and 7 depict the SEM
micrographs of the apatite coatings obtained using different
conditions. It is clearly noticeable that large HA islands were
formed upon electrospray deposition that finally merged with

increasing deposition time, yielding a dense and homoge-
neous HA layer on the titanium substrates after 30min of
deposition. Coating thickness was expected to be dependent
to time and below 200nm according to concentration and flow
rate used during deposition as described by de Jonge in a
previous work.[15a] This was confirmed by the results of the
OCPC calcium assay, where a linear increase in the amount of
deposited HA was found with increasing spray times
(Figure 8). Quantification of deposited materials was compar-
able to the one illustrated in the above mentioned work and
we refer to the same values to describe and estimate
cross-section and thickness. The nano-porous films consisted
of agglomerates of plate-like apatite nanocrystals measuring
approximately 50 nm. The morphology and dimensions of
these HA nanoparticles resembled the microstructure of the
apatite powder and thus the structure of the natural bone
apatite mineral. It is worthy to notice that at low deposition
time, during morphology evaluation with FESEM, single well
disaggregate HA nanocrystals appeared on titanium disks
surface; this indicates that the building blocks of the entire
coatings are ‘‘real’’ crystals in nanometric scale [i.e.,
Figure 6(A)].

M. Iafisco et al./Electrostatic Spray Deposition of Biomimetic Apatite

Table 2. ESD parameters for deposition of HA coatings evaluated in this work.

Nozzle-to-substrate distance [mm] 20 40
Relative humidity in the deposition chamber [%] 20 40
Deposition time [min] 5 15 30

Fig. 6. FESEM micrographs of apatite ESD coating morphologies. (A–C) Deposition parameters: nozzle to
substrate distance 20mm, relative humidity in the deposition chamber 20% and deposition time 5, 15 and 30min,
respectively. (D–F) Deposition parameters: nozzle to substrate distance 20mm, relative humidity in the
deposition chamber 40% and deposition time 5, 15 and 30min, respectively.

B18 http://www.aem-journal.com ! 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2012, 14, No. 3
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FESEM results showed that nozzle-to-substrate distance
clearly affects coating morphology. A small nozzle-
to-substrate distance of 20mm corresponded to short flight
times of the droplets that reached the surface in a relatively

wet condition. This resulted in the formation
of porous, fractal-like coating morphologies.
At the larger nozzle-to-substrate distance of
40mm, however, coatings displayed a grainy
appearance consisting of single particles. The
influence of relative humidity was limited,
while deposition time was shown to have a
strong effect on coating morphology. With
increasing deposition time, the homogeneity
of the coatings increased due to increased
coverage of the titanium substrates, whereas
the coating roughness increased due to the
formation of a dielectric ceramic layer that
increased the residence time of the droplets.
On the basis of these latter results, we
conclude that the ESD technique is comple-
tely suitable to deposit nano-porous apatite
coatings onto titanium substrate and
that the coating morphologies are strongly
dependent on physical, apparatus-related
parameters. By varying the deposition para-
meters different morphologies can be tai-
lored, ranging from films made of fractal
agglomerates to well homogenous nano-
structured coatings.

It is anticipated that these biomimetic
coatings could improve the adhesion on
titanium and the osteoconductivity com-
pared to micrometric ceramic equivalents.
Since the reactivity of nanocrystals is gen-
erally higher than micro-sized counterpart
due to their high SSA resulting in a higher
contact area with the underlying Ti, nanos-
tructured HA coatings are suggested to be
favorable over micro-sized calcium phos-

phates coatings with regard to their mechanical performance
(in terms of adhesion and cohesion onto Ti substrate).[23] The
bonding strength between coatings and substrate was not
tested in this study and according to previous studies tensile
adhesion described in the test method derived from ASTM
C633 is not applicable to coatings with a thickness smaller
than 0.38mm.[16c] However, a precedent work done by de
Jonge[15a] showed the efficacy in terms of adhesion of a thin
layer in combination to reduced dimension of crystals for
coating below 200 nm thickness and in this work the
deposition of HA crystals smaller than the one described in
that study has been achieved.

3. Conclusions

The current study shows the feasibility of the ESD
technique for the generation of thin apatite coatings based
on nano-sized apatite plate-like particles onto cp-Ti substrates.
Porous films were deposited using ESD that consisted of
agglomerates of nano-sized apatite plate-like particles. With
increasing deposition time, large apatite islands were formed

M. Iafisco et al./Electrostatic Spray Deposition of Biomimetic Apatite

Fig. 7. FESEM micrographs of apatite ESD coating morphologies. (A–C) Deposition parameters: nozzle to
substrate distance 40mm, relative humidity in the deposition chamber 20% and deposition time 5, 15 and
30min, respectively. (D–F) Deposition parameters: nozzle to substrate distance 40mm, relative humidity in the
deposition chamber 40% and deposition time 5, 15 and 30min, respectively.

Fig. 8. Amount of deposited HA as a function of ESD time. (Linear fitting, dotted line).
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R
E
S
E
A
R
C
H

A
R
TI
C
LE

reaction and the solid residuewas suspended
in 100mL of ethanol. Ethanol was used as
spraying solvent because it enables formation
of stable cone-jet mode of electrospraying
owing to its low surface tension and electrical
conductivity.[22] Subsequently, the suspen-
sion was sonicated for 15min to disintegrate
the soft aggregates of HAnanoparticles using
a probe sonicator at a power and frequency of
10W and 20kHz, respectively. In this way,
the suspension was stable without sedimen-
tation for up to 15 days. The HA nanocrystals
made the ethanol more dielectric, reducing
the electrical conductivity from 3.4! 10"4 to
0.7! 10"4 S #m"1. Finally, the suspensionwas
diluted with ultrapure water to reach a solid
content of 5mg #mL"1 suspended in 50% of
ethanol.

The XRD pattern of the apatite ESD
coating (Figure 4) revealed that the organic
solvent and the ESD process itself did not
induce any modifications in the crystal
structure of HA. The presence of Ti peaks
was attributed to the substrate. Moreover,
the diffraction peaks related to the apatite
phase resembled the pattern of the apatite
powder [the (002) reflection which appeared
at 268 aswell as the broad band at around 318
due to the deconvoluted triple peak corre-
sponding to (211), (112), and (300) crystal-
lographic planes]. In the infrared spectrum
(Figure 5), only the bands characteristic of
carbonate-apatite were observed, such as the
broad and intense bands between 1300–1500
and 900–1200 cm"1 corresponding to n3 adsorptions of
carbonate and phosphates, respectively. In particular, the
bands at 1460, 1422, and 873 cm"1 ascribed to type-B carbonate
incorporation in the apatite structure were clearly visible. The
latter finding indicates that the chemical and the structural
features of electrosprayed apatite on titanium are similar to
the ones of apatite in the powder form.

In order to investigate how the processing conditions can
affect the morphology of the coatings, several processing
parameters were varied (Table 2), including nozzle-
to-substrate distance, relative humidity in the deposition
chamber and deposition time. Figure 6 and 7 depict the SEM
micrographs of the apatite coatings obtained using different
conditions. It is clearly noticeable that large HA islands were
formed upon electrospray deposition that finally merged with

increasing deposition time, yielding a dense and homoge-
neous HA layer on the titanium substrates after 30min of
deposition. Coating thickness was expected to be dependent
to time and below 200nm according to concentration and flow
rate used during deposition as described by de Jonge in a
previous work.[15a] This was confirmed by the results of the
OCPC calcium assay, where a linear increase in the amount of
deposited HA was found with increasing spray times
(Figure 8). Quantification of deposited materials was compar-
able to the one illustrated in the above mentioned work and
we refer to the same values to describe and estimate
cross-section and thickness. The nano-porous films consisted
of agglomerates of plate-like apatite nanocrystals measuring
approximately 50 nm. The morphology and dimensions of
these HA nanoparticles resembled the microstructure of the
apatite powder and thus the structure of the natural bone
apatite mineral. It is worthy to notice that at low deposition
time, during morphology evaluation with FESEM, single well
disaggregate HA nanocrystals appeared on titanium disks
surface; this indicates that the building blocks of the entire
coatings are ‘‘real’’ crystals in nanometric scale [i.e.,
Figure 6(A)].

M. Iafisco et al./Electrostatic Spray Deposition of Biomimetic Apatite

Table 2. ESD parameters for deposition of HA coatings evaluated in this work.

Nozzle-to-substrate distance [mm] 20 40
Relative humidity in the deposition chamber [%] 20 40
Deposition time [min] 5 15 30

Fig. 6. FESEM micrographs of apatite ESD coating morphologies. (A–C) Deposition parameters: nozzle to
substrate distance 20mm, relative humidity in the deposition chamber 20% and deposition time 5, 15 and 30min,
respectively. (D–F) Deposition parameters: nozzle to substrate distance 20mm, relative humidity in the
deposition chamber 40% and deposition time 5, 15 and 30min, respectively.

B18 http://www.aem-journal.com ! 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2012, 14, No. 3

Relative humidity did not show a significant 
effect on the morphology of the coating, 
whereas the nozzle-to-substrate distances 
affected the residence time of the droplets and 
hence the homogeneity of the deposited layers Iafisco et al., Adv Eng Mat, 2012 
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Functionalization of HA 
The surface functionalization of HA nanocrystals with bioactive molecules makes them 
able to transfer information to and to act selectively on the biological environment. In 
particular, the functionalization with drugs could represent a local treatment for bone 
diseases by direct application of the modified HA.  

Biocompatibility  
(HA nanocrystals) 

Bioactivity  
(HA nanocrystals/biomolecules) 

Iafisco et al., Langmuir, 2008; Iafisco et al., Coll Surf B, 2010; Iafisco et al., Dalton Trans, 2011; Iafisco et al., J. Inorg. Biochem., 2012 
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Russell et al., Osteoporosis  International, 2008 

Osteoporotic Bone Tissue 
• Bone turnover altered 
• Compromised mechanical 
properties 
• Degenerative 

Comparison	
  of	
  normal	
  and	
  
osteoporo)c	
  bone	
  architecture	
  

	
  

A	
  condi2on	
  of	
  skeletal	
  fragility	
  characterized	
  by	
  compromised	
  bone	
  strength	
  predisposing	
  to	
  an	
  
increased	
  risk	
  of	
  fracture	
  

Osteoporosis	
  

Frequency	
  of	
  Common	
  Medical	
  Events	
  
in	
  Women	
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Pathologic	
  condi)on:	
  Osteoporosis	
  
•  It is diagnosed to over 25 million new people each year. 
 
•  It is responsible for one and a half million fractures each year and 

costs $15 billion for fracture care. 

•  In Europe, the disability cost due to osteoporosis is greater than that 
caused by cancers 

•  It has been treated for 40 years with bisphosphonate based drugs 

Osteoporosis	
  results	
  from	
  an	
  
imbalance	
  between	
  osteoblast	
  and	
  
osteoclast	
  ac)vity.	
  	
  

http://www.brsoc.org.uk 
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Chemical structure of 
bisphosphonates used in 
humans. 

P

O

O

O

C

(CH2)3

OH

P O
O

O

NH2

−−

−
−

Alendronato

Russell et al., Osteoporosis  International, 2008 

ALENDRONATE 

Bisphosphonates 
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Paget’s bone disease 
Osteoporosis 
Fibrous dysplasia 
Myeloma 
Bone metastates  

They are physiological regulator of 
calcification and bone resorption 

High ability to chelate Ca2+ ions of 
bone tissue thanks to the large affinity 
of phosphonates groups for this.  

Palazzo et al., Adv Funct Mater, 2007  

Bisphosphonates 
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Russell et al., Osteoporosis  International, 2008 

After binding to bone mineral, the 
drugs are internalized into bone-
resorbing osteoclasts by endocytosis.  
 
Simple BPs are metabolized in the 
osteoclast cytosol to ATP analogues 
that induce osteoclast apoptosis.  
 
N -BPs inh ib i t FPPS, the reby 
preventing the prenylation of small 
GTPase proteins essential for the 
function and survival of osteoclasts. 

Bisphosphonates 

Side effects 
 

Osteonecrosis of the jaw 
G a s t r i c - d i g e s t i v e a s s o c i a t e d 
patologies 



NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29 ,2013      

Functionalization of apatite with alendronate 

The amount of alendronate attached to HA 
was calculated to be 29.5 wt% which 
corresponds to a drug surface immobilization 
on HA of about 0.42 mg/mg.  
FTIR confirmed the strong interaction of 
alendronate to HA by the chemical link of 
phosphonate groups with the Ca ions of HA 
and by the formation of hydrogen bonds of the 
alendronate amino group with the HA surface. 

Bosco et al., submitted 



NIS colloquium "Advances in biomaterials: combining simulations and experiments“, Turin, November 29 ,2013      

Ti	
  disks	
  coated	
  with:	
   O	
  (%)	
   Na	
  (%)	
   Ti	
  (%)	
   N	
  (%)	
   C	
  (%)	
   P	
  (%)	
   Ca	
  (%)	
   Ca/P	
  
Alendronate	
   35.9	
   5.2	
   0.8	
   4.6	
   44.0	
   9.5	
   -­‐	
   	
  

nHA	
   46.9	
   -­‐	
   -­‐	
   -­‐	
   21.8	
   13.1	
   18.2	
   1.39	
  
nHAALE	
   47.1	
   -­‐	
   -­‐	
   0.8	
   19.8	
   14.7	
   17.6	
   1.20	
  

 

Coatings of Apatite functionalized with alendronate 

Bosco et al., submitted 

nHA nHAALE 
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Effect of alendronate-hydroxylapatite on osteoclasts. (A) 
Control group, (B) incorporation of nHA, (C) addition of 
FnHA and (D) effect of Alendronate. TRAP and DAPI staining, 
10x magnification, day 4, 2000 cells/cm2  

Bosco et al., submitted 

Coatings of Apatite functionalized with alendronate 

Quantification of osteoclasts per field of view. 
Osteoclasts have been counted only in presence of 
3 or more nuclei and TRAP positive membrane. 
Variance analysis has been performed (ANOVA)  
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Applications 

Why nanoparticles (NPs) as injectable drug carriers? 

Iafisco et al. Nanoscale, 2012; Iafisco et al., J Inorg Biochem, 2012 

Nano dimension allows the prolonged 
circulation in the blood stream escaping the 
capture from macrophages and the 
accumulation at the tumor site by “passive 
t a r g e t i n g ” t h r o u g h t h e e n h a n c e d 
permeability and retention effect 

Increase the specifity of the drug and thus, 
reducing its side effects 
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Applications 

Why apatite as nanocarriers? 

•  Favorable biodegradability and biocompatibility 
•  Higher degradability and lower toxicity than silica, quantum dots, carbon 

nanotubes, or metallic magnetic particles 
•  Higher stability than liposomes, allowing a more controlled and 

predictable drug delivery 
•  Low production costs and excellent storage properties (not easily 

subjected to microbial degradation) 
•  The stability is pH-dependent: Stable at pH=7.4 but Degradable at pH=5.0 

(cancerous region and lysosomes inside the cells) that allows the drug 
release 

Iafisco et al. Langmuir, 2008; Iafisco et al. J Mat Chem, 2009; 
Iafisco et al. Nanoscale, 2012; Iafisco et al., J Inorg Biochem, 2012 
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Drug loading 

Isothermal adsorption of Doxorubicin (dimer) on Ap and cAp 

Qmax is around 0.4 mg Dox/mg of apatite 

T = 37°C 
pH = 7.4 

Time = 24 hours 

Doxorubicin 
Hydrochloride 

Rodriguez-Ruiz et al., Langmuir, 2013 
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Drug-Nanocrystals interaction 

•  ζ increases with Dox coverage reaching positive values 

•  ζ decreases when increasing the pH. Deprotonation of -NH3
+ groups 

Rodriguez-Ruiz et al., Langmuir, 2013 
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Drug-Nanocrystals interaction 

DOXO is attached as a dimer by means of a positively-charged amino 
group which electrostatically interacts with negatively charged surface 

groups of apatite Rodriguez-Ruiz et al., Langmuir, 2013 
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Drug release 

 

 13 

The release of DOXO from both drug-loaded Ap and cAp was found to be strongly pH dependent 

(Figure 4). In fact, the release was much higher at pH 5.0 than at pH 7.4. Specifically, after 7 days, 

the amount of DOXO released at physiological pH 7.4 was 17% and 10% of the total drug amount 

loaded on Ap and cAp, respectively. In the acidic media, the drug was released faster, reaching 

values of about 29% and 23% of the total DOXO loaded on Ap and cAp, respectively. The lower 

amount of drug released from cAp with respect to Ap suggests that the bond between DOXO and 

cAp nanoparticles is stronger, possibly because of the presence of higher amount of carbonated 

groups at the cAp surface.  

 

 

Figure 4. Kinetics of DOXO release from Ap (A) and cAp (B) at pH 7.4 and pH 5.0. The insets 

show the plot of DR as a function of t1/2 indicating that the release of DOXO follows a sub-diffusive 

regime.   

3.3. Characterization of the DOXO-nanocarriers complexes 

Raman spectroscopy was used to confirm that DOXO was successfully adsorbed on the surface of 

the nanoparticles. Raman spectra collected for cAp, DOXO in aqueous solution and DOXO-

functionalized cAp are depicted in Figure 5. The spectrum of Ap-DOXO (not shown) was similar to 

that obtained for cAp-DOXO. The spectrum of cAp (a in Figure 5) displayed typical Raman peaks 

of carbonate-apatite nanoparticles.21, 43 The spectrum of DOXO in aqueous solution (b in Figure 5) 

on exhibited Raman peaks assignable to vibrational modes of free DOXO. 44 In particular, the broad 

peaks centered at ca. 1579 and 1640 cm-1 can be assigned to the stretching vibrations of the C=O 

groups of the anthracene ring (ring C in Figure 1 B).44, 45 The Raman bands in the region 1460-1410 
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Higher release of DOXO at pH 5.0 than at pH 7.4 
 

Rodriguez-Ruiz et al., Langmuir, 2013 
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Ap-
Doxo  

• Both apatites were internalized within GTL-16 human carcinoma cells 
and release Doxo which accumulated in the nucleus  

• Apatite-Doxo exerted cytotoxic activity with the same efficiency of the 
free drug 

In vitro assay 

Free 
Doxo  

cAp-
Doxo  

Rodriguez-Ruiz et al., Langmuir, 2013 
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The fundamental role of targeting 
•  NPs dimension allows the prolonged circulation in the 

blood stream escaping the capture from macrophages 
and the accumulation at the tumor site by “passive 
targeting” through the enhanced permeability and 
retention effect 

•  The specifically active targeting mediated by affinity 
ligands may provide additional or alternative delivery 
mechanisms to EPR  

•  Folic acid 
•  Transferrin 
•  Integrins 
•  Monoclonal antibodies 
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Iafisco et al., Small, 2013 

Functionalization with doxorubicin (DOXO) and the DO-24 monoclonal antibody (mAb) 
directed against the Met/Hepatocyte Growth Factor receptor (Met/HGFR), which is 
over-expressed on different types of carcinomas and represents a useful tumor target.  

Cell Surface Receptor Targeted Apatite 

At pH 7.4 no significant release of mAb and DOXO was detected, whereas about the 
80%  of the bound DOXO, as well as of the mAb, were released upon 3 days at pH 5.0  
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Iafisco et al., Small, 2013 

Cell Surface Receptor Targeted Apatite 

Analysis of the specificity of the interaction of the DO-24 mAb loaded Ap nanoparticles (Ap-mAb) 
with cells and of their internalization by confocal microscopy. Met+ GTL-16 cells (top row) and Met- 
NIH-3T3 fibroblasts (medium row) were incubated with nanoparticles at 37 °C for 3 h.  
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Iafisco et al., Small, 2013 

Cell Surface Receptor Targeted Apatite 
Internalization in GTL-16 cells by 
confocal microscopy. Cells were 
incubated with Ap-mAb-DOXO (A) of Ap-
DOXO-mAb (B) at 37°C for 3h, washed, 
fixed, permeabilized and saturated. 
Nanoparticles are visualized in green 
(staining with FITC-labeled anti-mouse 
IgG), nuclei in blue (TO-PRO3) and 
DOXO in red.  

Green fluorescence revealing mAb-
loaded NPs at the cell surface or in its 
proximity and red corresponding to 
DOXO inside the cells. DOXO is mainly 
localized in the nucleus when using Ap-
mAb-DOXO assemblies, it is equally 
distributed within the whole cells when 
then Ap-DOXO-mAb are employed. 
Therefore, the Ap-mAb-DOXO system 
was found to bind at the cell surface with 
higher efficiency and to release DOXO 
in the nucleus more efficiently 
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Iafisco et al., Small, 2013 

Cell Surface Receptor Targeted Apatite 

Functionalized nanoparticles specifically 
bound to and were internalized in cells 
expressing the receptor (GTL-16) but not 
in the ones that do not express it 
(NIH-3T3). Moreover they discharged 
DOXO in the targeted GTL-16 cells that 
reached the nucleus and displayed 
cytotoxicity as assessed in an MTT assay.  

Cytotoxic activity of the 
differentially functionalized 
nanoparticles on GTL-16 cells.  
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