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Introduction

The urge for developing new nanoscaled materials is paral-
leled by attempts to develop new techniques to produce
them. Nature has ever been an inspiration for mankind and
serving as a treasure-trove of concepts to design and devel-
op new materials and novel methods. Some of the creations
in nature have fascinated mankind owing to their functional
values paired with aesthetic values. One such creation are
the biominerals, which are abundantly found in nature with
fascinating shapes and colors and have been optimized by
the evolutionary process to perform unique functions. The

complex yet intriguing architectures over several hierarchy
levels in combination with superior functional properties
and how nature builds them are often far from imagination
of mankind. However, these are the principle reasons that
inspire researchers from various fields of interests. The field
of “biomineralization” has been the focus of interest for sev-
eral decades to unravel the mysteries entangling these fasci-
nating objects. To learn the underlying concepts of the natu-
ral processes and applying these concepts to produce ad-
vanced functional materials as well as mimicking the process
itself to synthesize some of these biological architectures are
the driving forces for the rapidly developing field called
“biomimetic or bio-inspired materials syntheses”.[1,2] This
review will mainly focus on the synthesis of an organic–inor-
ganic hybrid material, namely polymer–hydroxyapatite
(bone mineral and thermodynamically stable form of calci-
um phosphate) based on a biomimetic synthetic strategy.

Templates for Organic–Inorganic Hybrid
Functional Materials

Although hybrid materials can also be produced by the in-
corporation of preformed inorganic materials into a poly-
meric matrix by blending and grinding,[3] they are often lim-
ited in scope with respect to the organic–inorganic interface
integrity, spatial dimensions, and practical applicability. Sev-
eral synthetic strategies aimed to implement the lessons
learnt from nature into the in vitro syntheses has led to the
use of interesting approaches, such as employing templates
for mineralization, soluble additives as crystal growth modi-
fiers, and so forth. The feasibility to control shape, size, crys-
tal structure, and orientation, and the organization of inor-
ganic colloids in polymeric matrices has led to biomimetic
approaches being intensively explored to produce interest-
ing hybrid materials. Some examples of conceptual ap-
proaches for the synthesis of hybrid nanoparticles (here,
containing calcium phosphate) are based on employing or-
ganic additives or templates, such as surfactants,[4–6] lipo-
somes,[7,8] block copolymers,[9,10] self-associated nanogels,[11]

supramolecular hydrogels,[12] emulsions, and microemul-
sions.[13–15] Besides the possibilities to play with several con-
trol parameters, such approaches involving the matrix medi-
ation and the molecular templating for mineralization have
shed light on the interfacial chemistry between the organic
and inorganic components as well as the mechanisms of
crystallization in association with the co-reactants.[16, 17]

Therefore, the use of templates for mineralization is a very
fruitful strategy as it not only allows the synthesis of hybrid
materials with interesting properties, but also sheds some
light for a better understanding of the underlying biominer-
alization concepts. For these aforementioned reasons, new
templates based on different material composition and
design archietectures, for example, supramolecular assem-
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blies, self-assembled monolayers (SAMs), and polymeric
nanoparticles, have constantly been explored.

Polymer Nanoparticles as Templates

The concept of using polymer nanoparticles as templates to
produce hybrid materials has several advantages: on the one
hand, the entire geometry of the nanoparticle can be used
as a confined nano-environment to grow the inorganic mate-
rial inside the particle and on the other hand, the high sur-
face area of nanoparticle can be exploited to grow the inor-
ganic material on the outer surface of the particles. As a
prerequisite for templating on both the inside and outside of
nanoparticles, the functional groups are required to be pres-

ent in the respective places of the polymer nanoparticle.
This can be achieved by using different types of polymers or
combinations for forming polymer nanoparticles.

Although the concept of using polymeric nanoparticles as
templates for synthesizing inorganic materials[18,19] is very
much enticing and promising, it is still in its infancy with re-
spect to several terms and conditions. To start with, it de-
mands a technique that can produce stable nanoparticles
with well-defined properties and is versatile enough to tailor
the template nanoparticles with respect to the desired appli-
cations, for instance tuning of the nanoparticle size and flex-
ibility by the choice of materials used. One such technique
which facilitates the synthesis of nanoparticles in a simple
straight forward route, taking into account the above men-
tioned criteria along with other advantages, is the miniemul-
sion technique.[20,21]

Within this overview, we will mainly focus on different
polymer nanoparticles obtained by the miniemulsion tech-
nique and the different possibilities for such nanoparticles
being employed as templates for the biomimetic mineraliza-
tion of calcium phosphate (CaP) in the aqueous phase.

Synthetic Possibilities by the Use of Miniemulsions

In spite of the existence of several heterophase processes
that allow the formation of polymer nanoparticles and nano-
capsules, the miniemulsion technique holds a fortified posi-
tion in the synthesis of nanoparticles and hybrid nanoparti-
cles.[22,23]

The general concept of miniemulsions can be viewed as a
process in which a heterophase system is subjected to high
shear forces in order to generate small, homogeneous, and
stable droplets of precursor materials in a continuous phase.
The nanoparticle production using the miniemulsion process
is shown in Figure 1. The size of droplets is tunable from

30–500 nm and is mainly dependent on the type and the
amount of the emulsifier used in the particular system. The
miniemulsion working principle is based on the concept of a
nanoreactor in which each of the droplets can be treated as
an individual entity or a nanoreactor for performing differ-
ent reactions. The precursor material could be inorganic or
organic materials (monomers) or a mixture of both. The ver-

Figure 1. Scheme of the miniemulsion process.
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satility of the technique can be evidenced from the possibili-
ties offered by this technique to perform reactions that are
pragmatically limited by other heterophase polymerizations,
such as suspension, emulsion, and dispersion polymerization,
to produce polymer nanoparticles.[24]

The flexibility in particle design and formation through
the use of miniemulsions can be achieved by adopting ap-
propriate start-up procedures based on the “ingredients”
used as well as by combining different synthetic approaches
in one system. As this versatile technique allows the fabrica-
tion of polymeric nanoparticles by the polymerization of re-
spective monomers, as well as by using preformed polymers,
polymer nanoparticles from biopolymers and synthetic poly-
mers can be produced. In this review, the use of the pre-
formed gelatin (a biopolymer) and aliphatic polyester (syn-
thetic biodegradable polymers) polymers and the synthetic
biocompatible poly(styrene-co-acrylic acid) and poly(styr-
ene-co-phosphonic acid) copolymers for the nanoparticle
formulation using miniemulsion methods will be described.
Subsequently, the use of such polymer nanoparticles formu-
lated by using different synthetic approaches, for example,
employing different templating strategies (see Figure 2) for
the calcium phosphate mineralization in the aqueous phase,
will be discussed in detail.

Templating Inside: Crystallization Inside the
Nanoreactor

For using the entire volume of the nanoparticle as a tem-
plate, it is essential that the functional groups that can bind
the ions are distributed randomly in the polymer chain that
comprises the polymer nanoparticle. In this section, two dif-
ferent preformed polymers, gelatin—a processed biopoly-
mer—and aliphatic polyesters—synthetic biodegradable
polymers—formulated in to nanoparticles by using different
approaches by the miniemulsion technique will be de-
scribed. Subsequently, the use of these nanoparticles em-
ployed as nanoreactors for the biomimetic mineralization of
CaP will be discussed in detail.

Processed biopolymer-based nanoparticles : Gelatin, an in-
dispensable raw material in both the pharmaceutical and
food industry, owing to its chemical and physical nature, has
been a promising candidate for template-based synthe-
ses.[25,26] The intrinsic biocompatibility, ability to interact
with hydroxyapatite (HAP) mineral surfaces, and its low

cost makes it an interesting candidate for the biomimetic
mineralization of CaP for use in tissue-engineering applica-
tions. Gelatin is basically a proteinaceous polyampholytic
gel obtained by the partial hydrolysis (acidic or basic) of col-
lagen. Depending on the process used, gelatin is produced
as type-A or type-B gelatin. While the acidic treatment
yields type-A gelatin with an isoelectric point (pI) around 9
and a broad molecular-weight profile, the alkaline hydrolysis
yields type-B gelatin with a pI around 5.[27,28] The abundant
functional groups offer the advantage of incorporating more
functionalities and introducing modifications through chemi-
cal derivatization.

Gelatin as a matrix for biomimetic mineralization has
been studied under various conditions.[25, 26,29,30] Although the
encapsulation of preformed HAP in a gelatin matrix and co-
precipitation or precipitation of HAP in gelatin solution or
gels are interesting, the composite scaffolds in these cases
are either lacking an organic–inorganic interface integrity,
owing to direct blending in the matrix, or they are very
large and thus pragmatically limited. In a different ap-
proach, as gelatin is soluble in water, composite micro-
spheres of apatite–gelatin, produced by using the water-in-
oil technique, were reported and the size of the resulting
composites ranged from few to several micrometers (10–
100 mm).[31,32] Although mineralization using gelatin matrix
in the aqueous phase in a heterophase system is challenging,
cross-linked gelatin nanoparticles could circumvent the solu-
bility issue. Such microgel particles would ideally serve as a
spatially restricted nanoenvironment and molecular tem-
plate for inorganic mineralization, as the size of the pore for
the diffusion of the ions and the ratio of organic–inorganic
components can be tailored.

The synthesis of stable gelatin nanoparticles is highly in-
teresting and advantageous, as these microgel reactors allow
the potential application for the release of a variety of dif-
ferent components. On the one hand, the incorporated drug
molecules can be released by the volume transition induced
by temperature as an external stimulus. On the other hand,
the presence of amino and carboxyl functional groups,
which in turn offer the possibility of functionalization with
fluorescent and bone markers, make gelatin nanoparticles
an ideal candidate for biomedical applications.

As gelatin is a preformed hydrophilic polymer, it is not
possible to form nanoparticles directly in aqueous solution.
In this case the formulation process should be carried out in
a way such that the polymer chains have to be chemically
cross-linked. This allows the retention of the nanoparticulate
structure in the aqueous phase, even at elevated tempera-
ture or at low or high pH values.

Several techniques have been used to synthesize gelatin
nanoparticles from gelatin and gelatin derivatives. Well-es-
tablished techniques are the desolvation,[33–37] the coacerva-
tion,[38–40] and water-in-oil emulsion techniques.[41–43] The
flexibility offered by these techniques in tailoring the prop-
erties of the nanoparticles is limited. With increasing gelatin
concentration and by using a gelatin with a broad molecu-
lar-weight distribution, it is not possible to effectively and

Figure 2. Scheme illustrating different templating strategies using (surfac-
tant-stabilized) polymer nanoparticles.
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uniformly achieve high gelatin content within the particles.
In the desolvation technique, the final particle yield consti-
tutes about only 70–75 % of the original amount of gelatin
used. About 40 % of free gelatin chains were still present ir-
respective of the amount of cross-linker used.[34] The coacer-
vation and desolvation techniques are both based on phase
separation during the preparation step; the cross-linking
step is performed after phase separation, in which the nano-
particles are already formed and gelatin chains are no
longer in the dissolved state. Due to diffusion problems of
the cross-linker molecules into the interior of the nanoparti-
cles, cross-linking only occurs at the surface, and chains in
the interior are not cross-linked resulting in inhomogeneous
cross-linking of the nanoparticles with free polymer chains.
Among the water-in-oil emulsion techniques, the emulsifier-
free water-in-oil approach leads to relatively large particles
with an average size range of 840 nm.[43] The use of the
water-in-oil microemulsion approach in order to obtain
smaller particles, however, demands a large excess of surfac-
tant; the ratio of gelatin to surfactant can be as high as
1:1600.[42] The degree of cross-linking with increasing gelatin
concentration and scalability to industrial production are
often limited.

To overcome the aforementioned problems in producing
uniformly glutardialdehyde-cross-linked gelatin nanoparti-
cles with a high gelatin concentration, a convenient synthetic
route based on the concept of nanoreactors (individual
nanosized homogeneous entities) using the miniemulsion
technique has been used.[21] The scheme illustrating the syn-
thesis of gelatin nanoparticles is presented in Figure 3.

The miniemulsion technique is a straight forward ap-
proach, since it does not rely on the phase separation and
offers the flexibility of easily varying the gelatin content and
the degree of cross-linking by using small amounts of surfac-
tant.[44] For the preparation of homogeneously cross-linked
nanoparticles, a gelatin solution is miniemulsified at elevat-
ed temperature above the helix–coil transition temperature
in a hydrophobic continuous phase, resulting in a stable in-

verse miniemulsion. By adding a second inverse miniemul-
sion, consisting of aqueous droplets with the cross-linking
agent glutaraldehyde, in the same continuous phase as
before, the cross-linking reaction can be performed by a fis-
sion and fusion process between the different droplet spe-
cies. The technique allows one to use different types of gela-
tin without purification or fractionation in addition to vary-
ing the amount of the gelatin in the droplet and the degree
of cross-linking over a wide range. However, it is of interest
to use a minimum of cross-linking agent such that all chains
are cross-linked and no free chains are left within the parti-
cles. It is demonstrated that, independent of the molecular
weight distribution of the gelatin used, stable nanoparticles
can be produced with a small amount of surfactant. After
the synthesis, the organic solvent can be removed and the
particles can be transferred to an aqueous continuous phase.
The stability of the dispersion, particle size, morphology,
and the efficiency of cross-linking by analyzing the uncross-
linked free chains have been studied in detail.[44] As the gel-
atin can undergo the volume transition induced by tempera-
ture as stimuli, the swelling behavior of the gelatin particles
can be seen, when these nanoparticles in water are subjected
to a thermal cycle changing the temperature between 20–
45 8C: particles sizes of about 230 nm at 20 8C and 250 nm at
45 8C were determined by dynamic light scattering (DLS).
The larger size at elevated temperatures is due to the lack
of physical cross-linking and therefore a more pronounced
swelling.

These cross-linked gelatin nanoparticles, prepared in in-
verse miniemulsions and transferred to the water phase, act
as defined individual nanoreactors; they serve as an ideal
molecular organic template providing the spatial confine-
ment for CaP mineralization in the aqueous phase to form
hybrid particles.[45]

The microgel particles were loaded as shown in Figure 4
with calcium ions by complexation with the carboxyl ions
present in the gelatin chain followed by the addition of
phosphate ions for the formation of hydroxyapatite at a con-

stant pH of 10. The gelatin par-
ticles were sequentially loaded
with ions in order to form com-
posite hybrid HAP/gelatin
nanoparticles and allow the
possibility to study the influ-
ence of confinement on the
growth and transformation
mechanism of the calcium phos-
phate phase, which are con-
trolled on the molecular level
through ion complexing with
the carboxyl or amino ions. The
combination of selected area
electron diffraction (SAED)
and XRD were used to deter-
mine the inorganic phase unam-
biguously, while the transmis-
sion electron microscopyFigure 3. Synthesis of gelatin nanoparticles using the inverse miniemulsion process.
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(TEM) images were used to confirm the crystal growth
inside the particle.[45] Figure 5 shows the hybrid particles
prepared by using gelatin nanoparticles.

As gelatin nanoparticles themselves have a very weak
contrast in the TEM, the presence of the inorganic phase in
the matrix gives a strong contrast in the TEM micrographs.
As with the dark-field imaging mode, more information
about the inorganic phase was obtained from the same
sample. It was found that different types of particles (see
Figure 5 c) co-exist at the same time: 1) particles that pos-
sess a uniform contrast without crystalline reflections within
the particle, 2) particles that display strong crystalline reflec-
tions, and 3) particles in which there is a non-uniform con-
trast but no indications for crystalline reflections, rather re-
flecting only the orientation of the crystals with respect to
the incident electron beam not matching any Bragg condi-
tion. The SAED on these particle types shed light to the dif-
ferent crystal phases present in the hybrid particle.

The particles of type 1 without any crystalline region
inside the particle exhibited a wide and diffuse pattern in
the SAED revealing that they are amorphous (see Figure 6).
As very exhaustive studies[46–50] have already been per-
formed on the transformation of metastable amorphous cal-
cium phosphate (ACP) to the stable HAP phase, a detailed
characterization of the crystalline region containing particles
was carried out. TEM images and SAED from the hybrid
particle (see Figure 7) revealed that inside the nanoreactor
the HAP grows as a single crystal; particles of type 2
showed diffraction spots with a six-fold symmetry and the
calculated d-spacing proved that the formed material was
HAP.

It was confirmed that the crystal phase present inside the
particle was not an electron-beam-induced artifact, as the
particles that showed the amorphous-like electron diffrac-
tion pattern were not affected on exposure to a highly con-
verged electron beam for a considerable time period. Since
no crystalline features were induced in the particle, it con-
firms that the crystals inside the particles were formed by
solution mediated phase transformation.

As the aim was to obtain HAP, it was necessary to know
if the transformation of the phases happens at the physiolog-
ical temperature in a reasonable timescale or not. This was
studied by performing XRD on samples that were stirred at
37 8C for different periods of time (see Figure 8).

The sample that showed different types of particles co-ex-
isting at the same time in the TEM (see Figure 5 c) gave an
XRD pattern with the superposition of amorphous and crys-

talline regions, confirming the TEM results on that sample.
It was also found that by increasing stirring period, the
amorphous contribution decreased and the characteristic
Bragg peaks of HAP developed at the expense of the amor-

Figure 4. Schematic representation of using cross-linked gelatin nanopar-
ticles as templates for the growth of hydroxyapatite to form hybrid parti-
cles.

Figure 5. Hybrid gelatin nanoparticles: a) bright-field image over a large
region; b) bright-field image of a characteristic region with the particle
size distribution in inset; c) dark-field image of the area shown in b) to il-
lustrate the presence of crystals inside the particle taken with the (300)
reflection; the arrows indicate the presence of different kinds of particles
(for details see text).[45]
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phous fraction. The characteristic Bragg peaks, which sharp-
ened with time, reflected the increase in size of the crystal-ACHTUNGTRENNUNGlites. It is worth noting that all the samples were maintained
at 37 8C during these studies. This is very important because,

all these transformations happened at the physiological tem-
perature on a reasonable timescale without additional heat
treatment. This allows the use of the ACP-containing hybrid
particles for bone repair applications, transforming into the
thermodynamically stable HAP in the body on a reasonable
time scale.

In addition to this finding, there was a small fraction of
octacalcium phosphate (OCP) that was present in the initial
stages of transformation from ACP to HAP. This was an in-
dication that the OCP phase is an intermediate phase
formed in the earlier stages during the transformation from
ACP to HAP; it was not possible to detect with the TEM as
it is a local probing technique. So, in this case, we can say
that the mineralization inside the particles follows Ostwald�s
rule of stages, in which an initially formed amorphous CaP
phase transforms into single crystalline hydroxyapatite via
an octacalcium phosphate intermediate without any calcina-
tion step.

A significant advantage of this technique is that the
hybrid particles could be produced with different HAP con-
tents in physiological conditions. As these gelatin-based
hybrid colloids can aggregate and physically cross-link to-
gether at T<37 8C, depending upon the application and op-
timizing them with respect to mechanical properties and po-
rosity can lead to the fabrication of biomimetic high-perfor-
mance ceramics, bioimplants, and bone or teeth cements.
This biomimetic approach offers the advantage of preserv-
ing the hierarchical organization of organic–inorganic com-
ponents and can be extended to develop new hybrid materi-
als for a wide range of technological applications.

Synthetic biodegradable polymer-based nanoparticles : The
synthetic biopolymers have advantages over natural poly-
mers as they could be synthesized with a high degree of re-
producibility with defined physicochemical properties. The
most investigated biodegradable synthetic polymers for
tissue engineering are based on saturated polyesters like

Figure 6. Typical amorphous electron-diffraction pattern of the gelatin/
HAP particle of type 1 shown in inset.[45]

Figure 7. a) Bright-field image of a typical region in the TEM grid with
the particle of type 2 to be characterized shown in the rectangle; b) cor-
responding dark-field image of the same region shown in a); c) enhanced
image of the hybrid particle shown in the rectangle in a); d) high-resolu-
tion image showing the internal structure of the same particle shown in
c), in which the single-crystalline nature without domains could be seen;
e) SAED pattern from the complete single particle shown in inset and
the respective reflections of HAP are indicated.[45]

Figure 8. XRD pattern of HAP reference (Ca10ACHTUNGTRENNUNG(PO4)6(OH)2) and salt-
loaded gelatin particles after different time periods of stirring. The
arrows labeled HAP indicate the increased intensities and the develop-
ment of characteristic peaks of HAP at the marked positions, while the
arrow labeled as OCP indicates the tiny trace of the corresponding phase
present.
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poly(l-lactic acid) (PLLA), poly(glycolic acid) (PGA),
poly(e-caprolactone) (PCL), and poly(d,l-lactide-co-glyco-
lide) (PLGA). As these polyesters possess biodegradability,
biocompatibility, and low toxicity in vivo, they have found
use in the biomedical field as long-circulating carriers for
the controlled release of drugs.[51–53] The chemical properties
of these polymers allows hydrolytic degradation through
ester hydrolysis.[54] The degradation occurs by uptake of
water followed by the hydrolysis of the ester bonds. Several
factors play a role in the degradation kinetics of these poly-
mers, such as the chemical composition, the molar mass, en-
vironmental conditions, the crystallinity, the hydrophobicity,
and so forth.[55–63]

The incorporation of hydroyapatite (HAP) in these re-
sorbable polyester matrixes can be obtained, for example,
by blending preformed HAP in the polymeric matrix,[64, 65]

encapsulating HAP within microspheres,[66] and by fabrica-
tion of PLGA/HAP composite scaffolds using the gas-form-
ing and particulate-leaching methods for bone-tissue engi-
neering.[67] In a different approach, surface grafting of de-
gradable polymer onto the nano-HAP surface by using
radio-frequency plasma polymerization in order to improve
the adhesion within PLGA matrix for better mechanical
properties has been performed.[68] Several other interesting
methods for fabricating porous composite scaffolds by using
biodegradable polymers have also been reported.[3]

Biomimetic approaches have been postulated to mineral-
ize biodegradable polymeric scaffolds.[69] The hydrolytic deg-
radation properties of these polymers could be exploited for
the mineralization of scaffolds. The saponification induced
by strong alkali (NaOH) leads to the generation of carbox-
ylate groups, which can be subsequently used to bind calci-
um. It has been shown that the NaOH hydrolysis of poly(e-
caprolactone), poly(lactide-co-glycolide), and poly(l-lactic
acid) leads to an increased mineralization of polymer surfa-
ces compared to identical non-hydrolyzed polymers.[70–72]

Previously, Jabbarzadeh et al.[73] studied the mineral for-
mation on the surface of poly(lactide-co-glycolide)-sintered
microsphere scaffolds. The microspheres were of several
hundred micrometers in size. Hence, using nanoparticles
synthesized from these polymers for such a template ap-
proach could be thought of as an excellent biomimetic strat-
egy to produce composite particles for tissue-engineering
applications owing to the pragmatic applicability.

The synthesis of biodegradable polyester particles in a
sub-micron range by a combination of the solvent evapora-
tion and the miniemulsion technique was recently report-
ed.[74] The polymer nanoparticles were prepared by emulsi-
fying the organic phase, containing the preformed polymer
(dispersed phase), in an aqueous phase, containing a water
soluble surfactant. The subsequent application of high shear
led to the formation of monodisperse droplets in a size
range of 150–300 nm. At this point the polymer is expected
to be homogeneously distributed within all of the droplets
and after the removal of the organic solvent by evaporation,
the polymer precipitates to form solid nanoparticles. The
scheme showing the synthesis using preformed polymers

and electron micrographs of the obtained particles produced
are presented in Figure 9. The optimized synthesis of these
particles taking into account several parameters like the

choice and amount of the surfactant, the amount of polymer
and the molecular weight, as well as varying oil-to-water
ratios with respect to the particle size and particle size distri-
bution have been already reported.[74]

Interestingly, the nanoparticles synthesized by means of
the miniemulsion technique have the added advantage as
possible use in template applications. As mentioned before,
although the primary mechanism of degradation of these ali-
phatic polyesters occur through hydrolysis of backbone ester
groups, it is necessary to consider the degradation occurring
during the ultrasonication step throughout the miniemulsion
formation.[75] It was found that PLLA or PCL nanoparticles,
produced by the miniemulsion method, showed a reduction
in the molecular weight of the polymer depending on the
nature of the polymer-type used.[74] The principal reason for
such a loss in molecular weight was ascribed to the thermal
degradation of the polymer induced by the high shear
during ultrasonication step. Thus, the degradation caused by
random hydrolytic cleavage of ester bonds due to the alkali
treatment (providing increased density of anionic functional
group) as well as the intrinsic degradation that was present
in the nanoparticles prior to any treatment (due to the ultra-
sonication step) were taken for granted and these particles
were exploited as templates for the calcium phosphate
(CaP) mineralization.[76]

The hydrolysis treatment was performed at 37 8C for a
prolonged time by the addition of alkaline NaOH. The in-
crease in the amount of carboxylic and hydroxyl groups, due

Figure 9. Top: Nanoparticle formulation by employing preformed poly-
mers with a combination of emulsion/solvent evaporation methods and
the miniemulsion technique. Bottom: TEM (left) and SEM (right) micro-
graphs of PLLA particles.
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to the scission of polyester chains, serves to bind the calcium
ions to the polymeric template particle, promoting heteroge-
neous mineral growth. The hydrolyzed particles were loaded
with calcium ions followed by phosphate ions for CaP min-
eralization at a constant pH of 10. The composite particles
presented in Figure 10 in comparison with the unloaded

pure polymer nanoparticles (TEM micrograph in Figure 9,
bottom left) show a relatively strong and homogeneous con-
trast, indicating that the inorganic phase is well distributed
within the particle. The inorganic phase present in the parti-
cles was characterized by using different imaging modes,
energy dispersive X-ray (EDX) spectroscopy, and SAED by
using an electron microscope. The chemical composition of
the composite particles studied using EDX spectroscopy
proved the presence of calcium, phosphorous, and oxygen.
The presence of several tiny crystallites in the particle was
seen in the magnified dark-field image (see Figure 11). The
bright spots arising from the amorphous background studied
by means of SAED revealed that the tiny crystallites are
indeed HAP crystals.

In a different approach, preformed hydroxyapatite can
also be embedded in the biodegradable polymeric matrices
to form composite nanoparticle.[76] The hybrid particles
could be applied for bone-repair applications, as coatings on
implants, or as a building block for the scaffold fabrication
that might be able to nucleate and grow new bone material.
Although, such encapsulation within the polymeric matrix
has already been reported in the form of microspheres,[66]

encapsulation in the form of nanoparticles possess added ad-

vantages as they offer several possibilities for final applica-
tions owing to their large surface area and homogeneity. For
the formulation of such hybrid particles, a reliable technique
that allows a high homogeneity, solid content, and entrap-
ment efficiency is decisive. All these criteria are accom-
plished by the miniemulsion process, for which materials
like pigments,[77, 78] fluorescent marker,[74,79] and magnetite[80]

have already been reported to be efficiently encapsulated.
The hybrid particles can be formed by encapsulating the
preformed nano-hydroxyapatite into the biodegradable
poly ACHTUNGTRENNUNG(lactic acid) matrix by slightly optimizing the miniemul-
sion technique.[74,76] As the nanoapatite crystals are relative-
ly hydrophilic and the polymer hydrophobic, the encapsula-
tion in aqueous phase is difficult. The polymer–inorganic in-
terface compatibility plays a crucial role in the encapsula-
tion efficiency. To ease the encapsulation difficulties, the
nanoapatites were coated with block copolymeric surfactant
in chloroform to hydrophobize them and to separate the
crystals from each other. The hydrophobized nanoapatites
were then added to the dispersed phase comprising of
PLLA and chloroform for encapsulation by using the emul-
sion/solvent evaporation in combination with the miniemul-
sion technique. The morphology of the hybrid particles and
the encapsulation efficiency can be evidenced from the
TEM and SEM images in Figure 12.

The incorporation of the apatite nuclei into the polymer
particle, as well the extended hydrolysis to improve the cal-
cium ion binding of the polymer chain, can accelerate and
enhance the CaP mineralization in these polymer particles.
Also, another interesting and important aspect of using

Figure 10. TEM micrographs of CaP composite particles prepared by
using a) high-molecular-weight PLLA, b) low-molecular-weight PLLA, c)
low-molecular-weight PCL, and d) high-molecular-weight PCL particles.

Figure 11. Bright- (left) and dark-field (right) TEM micrographs of CaP
composite particles prepared by using low-molecular-weight PLLA (top
row). Electron diffraction (ED) pattern with arrows indicating the dif-
fraction rings (bottom left) and the corresponding profile calculated from
the ED (bottom right).
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these nanoparticles synthesized by the miniemulsion tech-
nique is the possibility of encapsulating biomolecules and
drugs; the release of growth factors and antibiotics could en-
hance the bone growth in the treatment of bone defects and
support wound healing.

Templating Outside: Crystallization Outside on the
Functionalized Surface

Despite the complexity involved in nature�s biomineraliza-
tion processes, the basic premise of surface functionalization
to induce mineral deposition can be mimicked in the labora-
tory. The role of glycoproteins (osteonectin, phosphopro-
teins) and g-carboxyglutamic acid (Gla) proteins (osteocal-
cin) has been observed and discussed in close association
with the mineralization front.[81–84] Although the whole min-
eralization mechanism of bone and teeth is not completely
understood, due to interplay of several factors, it is assumed
that the anionic groups present in these proteins act as che-
lators of ionic species (Ca ions) present in the surrounding
media, thus stimulating crystal nucleation. The use of phos-
phonate and carboxyl groups as functional groups is there-
fore very interesting to study the influence of different sur-
face functional groups in the biomimetic synthesis of CaP.

In this context, the surface of the polymer particle can be
functionalized with the appropriate functional groups in
order to attract the ions to the surface to form hybrid parti-
cles, with crystals forming only on the surface of the poly-
mer particle. Although, there are several possible functional
groups that can be used for the mineralization of CaP, the
synthetic possibilities are very much limited in order to
obtain to hybrid particles with inorganic materials only on
the outer surface of the nanoparticles.

Surface functionalized polymer nanoparticles : Surface-func-
tionalized nanoparticles can be exploited as templates for
the growth of hydroxyapatite crystals on the polymeric
nanoparticle surface. Tamai and Yasuda[85] have reported
the synthesis of HAP-coated polymer particles by employing
Pd0-immobilized poly(styrene-co-acrylic acid) copolymer
particles synthesized by emulsifier-free emulsion polymeri-
zation. Later, the formation of HAP nanocrystals on the sur-
face of b-diketone-functionalized polymeric nanoparticles,

by employing styrene and acetoacetoxyethyl methacrylate
(AAEM), obtained by emulsifier-free emulsion polymeri-
zation was reported.[86] The carboxylated polystyrene latex
particles have also been used for the preparation of other
inorganic materials like Ag/Ag2O.[87] However, in these
above-mentioned studies the amount of functional groups
was always fixed and the amount of inorganic material pre-
cipitated was controlled by controlling either the reaction
parameters[85, 87] or the amount of added respective salts.[86]

In previous studies of self-assembled monolayers (SAMs)
with several anionic functional groups on Ti wafers, it was
shown that �COOH and �PO4H2 functional groups can nu-
cleate HAP.[88] Thus, the use of carboxylated and phospho-
nated functionalized polymer particles templates seems to
be a practical way to synthesize hybrid colloids with highly
crystalline HAP.

The synthesis of functionalized polystyrene particles by
miniemulsion polymerization has been well-studied and
documented.[79] The miniemulsion technique allows the syn-
thesis of various surface-functionalized polystyrene particles
with different amounts of charged groups bound to the sur-
face by varying the amount of functional co-monomers and
surfactant types.[79,89] The focus was on carboxylated and
phosphonated funtionalized polymeric nanoparticles pro-
duced by the miniemulsion copolymerization of respective
monomers (see Figure 13) and their use as template for CaP
mineralization on the surface of the template particle (see
Figure 14).

Figure 12. SEM (left) and TEM (right) micrographs of nanoapatite en-
capsulated PLLA particles.

Figure 13. Surface-functionalized particles that can be prepared using
direct miniemulsion (oil-in-water) employing different comonomers.

Figure 14. Scheme of surface-functionalized nanoparticles as template for
biomimetic mineralization of hydroxyapatite (HAP).
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Carboxylated polymer nanoparticles : Surface-functionalized
particles with covalently bound carboxyl groups prepared by
using both ionic and nonionic surfactants were used as tem-
plates to perform crystallization on the surface of the parti-
cles. This approach of crystallization outside the particle is
in contrast to the previous approach,[45] in which the crystal-
lization was performed inside gelatin nanoparticles that
served as a confined reaction environment. The influence of
the type of surfactant with respect to particle size, density of
functional surface groups, and HAP formation on carboxyl-
functionalized latex particles were studied in detail.[90]

A clear tendency of an increasing number of charge
groups with an increasing acrylic acid (AA) content was
seen in case of both ionic and nonionic surfactant types.
When using nonionic surfactants for producing latexes, an
increased instability was observed with increasing co-mono-
mer AA content. This was attributed to the bridging of the
latex particles by the polymeric chains, the increased viscosi-
ty, and the reduction in the efficiency of steric stabilization
caused by a specific interaction between ethylene oxide
chains of the Lutensol AT50 molecules and carboxyl
groups.[91–95] Despite such a limitation, the nonionic surfac-
tant was efficient in preparing carboxyl-functionalized parti-
cles with a high surface charge density with low amounts of
the comonomer AA.

Also, it was observed that, for the same acrylic acid con-
tent, the average surface charge density of carboxyl groups
for particles prepared with the nonionic surfactant Lutensol
AT50 was higher than for particles prepared with the ionic
surfactant sodium dodecylsulfate (SDS). This was attributed
mainly to the competition of SDS with AA at the particle–
water interface, owing to their ionic nature. As the aim of
preparing these functionalized particles was to use them as
templates for HAP growth, the ionic surfactant stabilized
particles were dialyzed extensively to remove SDS and ex-
changed with the non-ionic surfactant Lutensol AT50 for an
additional steric stabilization against electrolyte addition.

Hybrid nanoparticles were formed by performing crystal-
lization outside on the surface of the polymer nanoparticles
prepared with varying amount of surface functional
groups.[90] The HAP formation on the surface of the particle
was carried out by the addition of calcium ions followed by
a dropwise addition of phosphate ions, corresponding to the
stoichiometric Ca2+ :PO4

3� ratio for hydroxyapatite [Ca10-ACHTUNGTRENNUNG(PO4)6(OH)2] formation, at a constant pH of 10. For all
types of particles, the loading with ions could be performed
without impairing the colloidal stability. The carboxyl-func-
tionalized particles prepared using different amounts of co-
monomer after mineralization can be seen in the SEM
images for different surfactant types in Figures 15 (ionic sur-
factant) and 16 (nonionic surfactant).

It was found that, for a fixed concentration of Ca2+ and
PO4

3� ions added, the amount of crystals formed on the sur-
face of the particles increased with increasing AA amount.
The crystals formed were proven to be hydroxyapatite by
XRD. The absence of HAP on the particle surfaces for la-
texes prepared with 0 wt % AA for both ionic and nonionic

surfactant types confirms that the amount of HAP formed
depends only on the amount of carboxyl groups present on
the surface. It was found that HAP formation was pro-
nounced for particles prepared with nonionic surfactant,
which is in agreement with the high amount of �COOH
groups as compared to the latexes prepared with SDS as
anionic surfactant. However, it was also found that, in addi-
tion to high carboxyl functionalization on the surface of the
particles, it is absolutely necessary to have an optimum sur-
factant concentration for particles prepared with nonionic
surfactant to obtain high HAP nanocrystal formation.

Phosphonated polymer particles in comparison to carboxy-
lated particles : The phosphonate groups are very promising
as functional groups in binding Ca ions as they are diprotic
in nature as compared to the carboxylic groups. In addition,
the phosphonate groups show a strong tendency to adhere
to the metal oxide substrates through acid–base interac-
tions,[96–99] thereby serving as an efficient anchor group when
used on metal oxide based bioimplant surfaces. The signifi-
cance of pyrophosphate and organic bisphosphonates in
vitro mineralization were explored as early as 1969.[100] Also,

Figure 15. HRSEM images illustrating the HAP formation with particles
prepared using different amounts of acrylic acid as co-monomer employ-
ing an ionic surfactant. a) 0 wt % AA; b) 1 wt % AA; c) 3 wt % AA; d)
5 wt % AA; and e) 10 wt % AA.[90]

Figure 16. HRSEM images illustrating the HAP formation with particles
prepared using different amounts of acrylic acid as co-monomer employ-
ing a non-ionic surfactant. a) 0 wt % AA; b) 1 wt % AA; c) 2 wt % AA;
and d) 3 wt % AA. e) Particle in d) shown in higher magnification to see
the surface coverage. The arrows indicating the underlying polymeric
core nanoparticle show that the complete coverage of the surface with
the crystals is not yet achieved.[90]
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the effective binding to HAP crystals has led to the wide
spread use of a variety of organic bisphosphonates as phys-
iological regulators for bone resorption in medicine.[101]

Thus, the phosphonate-functionalized particles are ideal for
tissue engineering applications as the surface phosphonate
groups can nucleate HAP as well as anchor to the implant
surfaces.

The synthesis of phosphonic acid functionalized particles
by using the miniemulsion technique were recently report-
ed.[102] As the miniemulsion technique allows for convenient
tailoring of the surface-functionalized-particle properties by
varying the type and amount of the co-monomers, phospho-
nate-functionalized polymer particles were prepared by
using different co-monomers with varying hydrophilici-
ty.[102, 103] The solubility of the functional-group-containing
co-monomer in the dispersed as well as continuous phase is
very crucial in a copolymerization reaction, as it will deter-
mine the net incorporation of the co-monomer in the poly-
mer chain and the amount of functional groups that will be
available on the particle surface. Two different co-monomers
namely vinyl phosphonic acid (VPA), a highly water soluble
monomer and vinylbenzyl phosphonic acid (VBPA), an oil-
soluble monomer were used for the copolymerization with
styrene to form phosphonate-functionalized polymer parti-
cles. It was found that particles synthesized with the more
hydrophobic VBPA monomer contain a higher amount of
surface functional groups relative to those obtained in the
presence of VPA. The particles were then used as templates
to perform CaP crystallization on the surface of the parti-
cles. As CaP nucleation and growth is very much dependent
on the reaction parameters like pH and temperature, the in-
fluence of such parameters were studied in detail for these
particles and were compared with carboxyl-functionalized
particles.[104] As the use of nonionic surfactants—in addition
to their stability against electrolyte addition—was efficient
in preparing carboxyl functionalized particles with a high
surface charge density and thus high coverage of particles
with HAP crystals, all the phosphonate and carboxyl func-
tionalized particles for comparative study were prepared
using nonionic surfactant.[90]

The influence of different surface functional groups on
the mineralization was studied by loading the particles at a
constant pH of 10 with calcium ions followed by phosphate
ions in stoichiometric ratio of 5:3 to form HAP.[104] The sur-
face-functionalized particle used for this study were pre-
pared by using different co-monomers at respective concen-
trations that gave the highest amount of surface functional
groups (3 wt % AA, 10 wt % VPA, and 5 wt % VBPA). The
SEM images (see Figure 17) proved that, irrespective of the
functional groups and in the absence of functional group,
the formed crystals had needlelike crystal morphology
under the given reaction conditions. It was clearly shown
that there was no crystal formation on the particle surfaces
for particles prepared without a co-monomer. It was also
demonstrated that, independent of the type of functional co-
monomer used, the amount of hydroxyapatite crystals
formed on the particle surface depends only on the number

of negative charges on the particle surface. The mineral
phase formed on all the particle surfaces was proven to be
hydroxyapatite by XRD.

It was found that, changing the pH for the mineralization
resulted in completely different crystal morphologies.[104]

The surface-functionalized particles that were mineralized at
different pH are shown in Figure 18. At pH 10 HAP was
formed with a needlelike morphology and at pH 7 HAP
crystallized in the form of platelets. On the other hand, at
pH 5 an amorphous shell of calcium phosphate built around
the polymeric template was found. In contrast to carboxyl-
functionalized particles, in which the crystal density de-
creased with decreasing pH, in the case of VBPA as func-
tional co/monomer, an almost complete surface coverage
with crystals was found under different loading conditions.
The complexation of calcium ions to the particle surface, an-
alyzed by titration studies in the first step of the mineraliza-
tion, showed that this effect arises due to different amounts
of negatively charged surface groups, depending on the
degree of deprotonation of the functional groups. Studies on
the kinetics of mineralization showed that the morphology
of the HAP crystals on the surface of the polymer particles
can be effectively controlled by changing the crystallization
rate and thus the driving force for HAP growth through a
thoughtful choice of pH. This might be of great importance
for its potential application as a bone filler or implant coat-
ing, as the performance of a biomaterial could be strongly
influenced by the hybrid particle morphology. The colloidal
stability after the hybrid particle formation could be re-
stored by either addition of ionic surfactant like sodium do-
decylsulfate (SDS) or nonionic polymer like polyvinylpyrro-
lidone (PVP) to the particle dispersion.

The adhesion forces measured between the particles ad-
hered on a silicon wafer sputtered with 20 nm TiO2 and a ti-

Figure 17. SEM images of different surface-functionalized polystyrene
particles loaded with hydroxyapatite at pH 10: a) without co-monmer
(0 groups per nm2), b) with VPA as comonomer (0.4 phosphonate groups
per nm2), c) with AA as co-monomer (2.6 carboxyl groups per nm2), and
d) with VBPA as comonomer (3.3 phosphonate groups per nm2).
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tanium dioxide AFM tip was 13.4�0.9 nN for pure polystyr-
ene particles and 63.9�4.3 nN for polystyrene particles
functionalized with phosphonate anchor groups.[103] As the
strong adhesion forces between the phosphonated polystyr-
ene particles and the metal oxide surfaces was proven by
AFM studies, they can be used as a promising candidates
for the functionalization of implant surfaces. Also, as the
phosphonate groups were successfully employed for the nu-
cleation of calcium phosphate in solution, a monolayer of
phosphonate-functionalized particles formed on titania sur-
face could serve as an effective nucleation site with its high
density of surface phosphonate groups. As a proof of princi-
ple experiment, it was shown that such particle-functional-
ized surfaces could be used as a potential system for bone
mineralization.[103] The functionalized particle layer was se-
quentially loaded with calcium and phosphate ions with the
stoichiometric ratio of 5:3 to form hydroxyapatite at the
physiological temperature of 37 8C. The mineral formed on
the surface of the particle can be visualized in the SEM
image in Figure 19. It was found that neither the salt addi-
tion nor the stirring at 37 8C were able to disrupt the particle
layer, indicating negligible influence on the particle adhe-
sion. All the particles were densely covered by the crystals
proving the homogeneity of the crystal formation on the
particle similar to the observations with the phosphonate
functionalized particles dispersed in solution and mineral-
ized.[104] The mineral phase formed on the particle surface
was proven to be hydroxyapatite by XRD, in an analogous
mineralization experiment in which crystallization was per-
formed with the VBPA functionalized particles in solution.

Summary and Outlook

The versatile miniemulsion
technique has been exploited
successfully to prepare different
types of polymeric template
nanoparticles that were used
for the crystallization of hy-
droxyapatite. It has been dem-
onstrated that the miniemulsion
technique is a very simple and
straight forward approach to
produce homogeneous stable
nanoparticles with tailored
properties from biopolymers, as
well as synthetic biocompatible
and biodegradable polymers. It
was shown that both the
volume as well as the surface of
the polymer particles can be
used as templates for the bio-
mimetic mineralization. The
mineralization was carried out
in an environment friendly
manner, without using extreme

conditions of temperature or pressure, as all the phase trans-
formations involving amorphous calcium phosphate to crys-
talline hydroxyapatite occurred under physiological condi-
tions (37 8C). These hydroxyapatite/polymer hybrid nanopar-
ticles have great potential to be used as fillers or as a scaf-
fold for nucleation and growth of new bone material. They
offer the feasibility of being injected directly into the dam-
aged part, in addition to being applied as coatings on im-
plants. Also such particles for bone-repair applications open
new doors for realizing the potential of using biodegradable
polymeric nanoparticles as carriers of drugs and growth fac-
tors to better treat bone defects and promote wound heal-
ing. In general, such a benign approach applying the simple
concept of using polymeric nanoparticles as templates and
mimicking the biomineralization process opens new vistas in
the template-assisted mineralization to fabricate various
functional hybrid materials with well-defined properties.

Figure 18. SEM images of carboxyl functionalized particles (a–c) and phosphonate functionalized particles in
low magnification (d–f) and high magnification (g–i), loaded at pH 10 (first column: a,d,g), pH 7 (second
column: b,e,h) and pH 5 (third column: c,f,i).

Figure 19. Crystal formation on the surface of polystyrene-polyVBPA
particles adhered on a titania surface.
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