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The use of polymeric nanoparticles as templates for producing inorganic materials is an intriguing
approach, as it offers the feasibility of synthesizing organic/inorganic hybrid materials for several interesting
applications. Here, polymeric nanoparticles synthesized via the miniemulsion process are employed as
templates for biomimetic mineralization of hydroxyapatite in the aqueous phase. The versatile miniemulsion
technique allows the fabrication of surface-functionalized polymeric nanoparticles with varying amounts
of surface-bound functional groups by use of different types of surfactants. Hybrid nanoparticles were
formed by performing crystallization outside on the surface of the polymer nanoparticles by varying the
amount of surface functional groups and were studied by high-resolution scanning electron microscopy
(HRSEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD). These hydroxyapatite/
polymer hybrid nanoparticles have great potential to be used as filler or as scaffold for nucleation and
growth of new bone material. They offer the feasibility of being injected directly into the damaged part
in addition to being applied as coatings on implants. The use of polymeric nanoparticles coated with
hydroxyapatite (HAP) for bone repair applications in addition opens new doors for realizing the potential
of using the polymeric nanoparticles as carriers of drugs and growth factors to better treat bone defects

and promote wound healing.

Introduction

The use of polymeric nanoparticles as templates for the
crystallization of inorganic materials is an intriguing ap-
proach, as it offers the feasibility of synthesizing organic/
inorganic hybrid materials for abroad spectrum of applications. '
Organic templates employing surfactant assemblies,’”>
hydrogels,®’ block copolymers,®® polyelectrolytes,'© self-
associated nanogels,!! emulsions, and microemulsions'?~!4
have already been exploited for synthesizing inorganic
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materials, for example, calcium phosphates. Other interesting
biomimetic routes for the mineralization of calcium phos-
phates (apatites) employing biodegradable synthetic poly-
mers,'>!¢ collagen,'”!8 and gelatin'®? are well-known in the
literature. Recently, we have reported a biomimetic approach
to synthesize gelatin/hydroxyapatite hybrid nanoparticles
using gelatin nanoparticles synthesized via the miniemulsion
technique as templates.?!?> The possibility to control struc-
ture, shape, and size has made the biomimetic approaches
very fascinating.?® Synthesis of hybrid particles by the
encapsulation of preformed inorganic materials within a
polymeric matrix has also been reported.?* However, the in
situ formation of inorganic materials allows the variation of
several parameters and offers better organic/inorganic inter-
face integrity. As compatibility of the inorganic component
with the organic matrix plays a crucial role for encapsulation
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efficiency, very often an additional coating of the inorganic
material with a polymer or a surfactant (in this case as a
surface modifier as well as to separate individual entities to
ease encapsulation) is a prerequisite. Moreover, the inorganic
component is encapsulated very often within the matrix. For
applications involving the inorganic materials outside the
nanoparticle matrix, the synthetic possibilities are very much
limited.

Surface-functionalized nanoparticles are very good can-
didates to serve as templates to perform crystallization
outside on the surface of the particles, owing to their
monodisperse size and large surface area. The usage of such
nanoparticles for biomimetic hydroxyapatite (HAP) deposi-
tion is interesting for applications involving bioimplants. For
example, implants made of titanium and its alloys can be
coated with HAP in order to eliminate the failure of the
implant owing to poor osteoconductive properties and to
impart better osteointegration and bonding between implant
and bone.” 2" In order to take advantage of the biocompat-
ibility of HAP as well as the mechanical properties of the
underlying metallic substrate, it is necessary to optimize the
coating possibilities of implants with complex shapes. One
of the excellent options to enhance the surface coating
possibilities is to use HAP-coated nanoparticles. The presence
of HAP on the surface of the nanoparticles offers several
advantages: it allows the implant material to adapt to the
surrounding tissues; it can act as a scaffold for nucleation
and growth of new bone materials; and it can impart
nanoscaled features on the surface, thereby modifying the
surface topography and influencing the physicochemical
properties as well as the biochemistry at the surface.”® Above
all, a valuable aspect is that these nanoparticles in addition
can also act as carriers of biomolecules and drugs.

Surface-functionalized nanoparticles can be very well
exploited as templates for the growth of hydroxyapatite
crystals on the polymeric nanoparticle surface. Tamai and
Yasuda® have reported HAP-coated polymer particles by
employing Pd’ immobilized poly(styrene-co-acrylic acid)
copolymer particles synthesized via emulsifier-free emulsion
polymerization. Later, the formation of HAP nanocrystals
on the surface of 3-diketone-functionalized polymeric nano-
particles employing styrene and acetoacetoxyethyl meth-
acrylate (AAEM) obtained by emulsifier-free emulsion
polymerization have been reported.*® The carboxylated
polystyrene latex particles have also been used previously
for the preparation of other inorganic materials like Ag/
AgO.3! However, in these above-mentioned studies the
amount of functional groups was always fixed and the
amount of inorganic material precipitated was controlled by
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controlling either the reaction parameters®>! or the amount

of added respective salts.*® The synthesis of functionalized
polystyrene particles by miniemulsion polymerization has
been well-studied and documented.*> The miniemulsion
technique allows the synthesis of amino- or carboxyl-
functionalized polystyrene particles with different amounts
of bound surface charge groups by varying the amount of
functional comonomer, acrylic acid.’>%

In the previous studies that used self-assembled mono-
layers (SAMs) with several functional groups (-OH, -SO;H,
-PO,H,, -COOH) on Ti wafers, the -COOH functional group
has been proven to be an optimal end group for producing
highly crystalline and thick layers of HAP.>* Thus, the usage
of carboxyl-functionalized polystyrene particles synthesized
via the miniemulsion polymerization as templates seems to
be a practical way to synthesize hybrid colloids with highly
crystalline HAP. These hybrid particles could be finally used
for the coating of implants in order to make them more
osteoconductive as well as for the preparation of scaffolds
for tissue engineering. It is the aim of this work to use
surface-functionalized particles with covalently bound car-
boxyl groups, which were prepared by use of an ionic as
well as a nonionic surfactant as template to perform
crystallization on the surface of the particles. This approach
of crystallization outside the particle is in contrast to our
previous report,??> where the crystallization was performed
inside gelatin nanoparticles, which served as a confined
reaction environment. Here, the influence of the type of
surfactant with respect to particle size, density of functional
surface groups, and HAP formation were studied in detail.
The hybrid particles were characterized by high-resolution
scanning electron microscopy (HRSEM), transmission elec-
tron microscopy (TEM), and X-ray diffraction (XRD).

Experimental Section

Materials. Styrene (Merck) and acrylic acid (Aldrich) were
freshly distilled under reduced pressure and stored at —20 °C before
use. All other chemicals were used without further purification:
the hydrophobic monomer-soluble initiator 2,2'-azobis(2-methyl-
butyronitrile) (V59) from Wako Chemicals, Japan; the hydrophobe
hexadecane (Aldrich, 99%); the nonionic surfactant Lutensol AT50
[a poly(ethylene oxide)-hexadecyl ether with an EO block length
of about 50 units] from BASF; and the ionic surfactant sodium
dodecyl sulfate (SDS) from Merck. For loading of the particles,
calcium nitrate tetrahydrate (Aldrich, 99%) and diammonium
hydrogen phosphate (Merck) were used. Demineralized water was
used during the experiments.

Synthesis by Direct Miniemulsion. Carboxyl-functionalized
polystyrene nanoparticles with ionic as well as nonionic surfactants
were prepared by the miniemulsion copolymerization of styrene
with varying amounts of the comonomer, acrylic acid. Quantities
are given in Table 1. For the preparation of poly(styrene-co-acrylic
acid) latex particles, the given amount of styrene and acrylic acid,
250 mg of the hydrophobe hexadecane, and 100 mg of the initiator
V59 were added to 24 g of water containing 200 mg of Lutensol
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Table 1. Recipe for Miniemulsion Polymerization of Functionalized

Latexes

ingredients with ionic surfactant (g) with nonionic surfactant (g)
styrene 6—5.82 6—5.1
acrylic acid 0—0.18 0-0.9
initiator (V59) 0.1 0.1
hexadecane 0.25 0.25
SDS 0.072
Lutensol AT50 0.2
water 24 24

ATS50 (or 72 mg of SDS). After 1 h of stirring for pre-emulsification,
the miniemulsion was prepared by ultrasonication of the mixture
for 120 s at 90% amplitude (Branson sonifier W450 Digital, !/,-in.
tip) at 0 °C in order to prevent polymerization during the
preparation. The copolymerization was performed at 72 °C for about
20 h. The latexes synthesized with nonionic surfactants were washed
in order to remove free chains of poly(acrylic acid) if any, while
the latexes prepared with the ionic surfactant SDS were dialyzed
extensively to remove SDS as much as possible (conductivity of
the washing water <6 uS/cm) in addition to poly(acrylic acid) in
the aqueous phase. In the latter case, stability of the latexes was
provided by adding about 0.8 wt % nonionic surfactant Lutensol
ATS50 containing aqueous solution by multiple centrifugation and
redispersion.

Mineralization Using Polymeric Nanoparticles. For all the
latexes, the amount of calcium and phosphate ions added for HAP
formation was always the same. Loading of the particles was carried
out by first adjusting the pH to 10 by use of 26% ammonia solution.
The samples were stirred at 37 °C (as in our previous experiment??)
and then loaded with calcium ions, followed by addition of
phosphate ions as follows. For about 0.1 g of polymer, about 0.5
mmol of Ca(NOs3),*4H,0 was added, and then the samples were
stirred for 2 h to allow binding of calcium ions. The phosphate
solution [0.3 mmol of (NH4),HPO,4] was added dropwise for about
1 h. The molar ratio of calcium to phosphate was maintained at
5:3 in all loadings. The samples were stirred after being loaded for
about 24 h. The pH was maintained at 10 throughout the experiment.
The samples were later washed and freeze-dried for further
characterization.

Characterization Methods

Dynamic Light Scattering. Sizes of all the nanoparticles from
a diluted dispersion were characterized by dynamic light scattering
(DLS) on a Zetasizer Nano NS (Malvern Instruments), equipped
with a detector to measure the intensity of the scattered light at
173° to the incident beam. The dynamic light scattering (DLS)
measurements give a value called Z-average size (or cumulant
mean), which is an intensity mean and the polydispersity index
(PDI). The standard cumulant analysis is the fit of a polynomial to
the log of the G1 correlation function given by

In(Gl) =a + bt + c* + df (1)

where ¢ is the time.

The second-order cumulant b is converted to a size via the
dispersant viscosity and instrumental constants. The coefficient of
the squared term ¢, when scaled as 2c¢/b? is defined as the
polydispersity index (PDI). The calculations for these parameters
are defined in the ISO standard document 13321:1996E. PDI is a
measure of the particle size distribution and is a dimensionless
number that describes the heterogeneity of the sample; it can range
from O (monodisperse) to 1 (polydisperse).

Transmission Electron Microscopy. The nanoparticles were
imaged on a Philips 400 TEM (Fei, Eindhoven, The Netherlands)
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operating at an accelerating voltage of 80 kV. All samples were
prepared by air-drying the diluted sample on a carbon-coated copper
grid without any additional contrasting. Most of the hybrid particles
were characterized (before and after washing) prior to the freeze-
drying step.

The hybrid polymer/HAP composite particles were also char-
acterized on a Philips CM20 transmission electron microscope (dark
field and bright field imaging modes) operating at 200 kV.

Scanning Electron Microscopy. For preparation of the loaded
samples, a drop of the diluted dispersion was dropped on a Si wafer
and left for air-drying. The samples were double-layer-coated by
electron beam evaporation with 2 nm of platinum—carbon at an
angle of 45° and 5 nm of carbon (perpendicular). The imaging was
performed by use of the secondary electron signal on a Hitachi
S-5200, in-lens field emission scanning electron microscope (SEM),
(Hitachi, Tokyo, Japan). The beam current was 107! A and the
primary accelerating voltage was 10 kV.

X-ray Diffraction. The freeze-dried samples obtained after
loading with respective salt solutions were washed four times by
resuspension in water and subsequent centrifugation at 14 000 rpm
until they were finally freeze-dried again. These samples were
characterized on a PANalytical X’Pert Pro diffractometer equipped
with a multichannel detector by use of a Cu Kot (A = 0.154 nm)
monochromatic X-ray beam. All the samples were measured with
a 0—20 configuration. The XRD reference pattern for hydroxya-
patite (HAP) was calculated from the unit cell data of the crystals
by use of the diffraction module in the MS modeling software
(Accelrys).

Surface Charge Determination. The total solid content and
styrene conversion were measured gravimetrically on a Kern RH
120-3 gravimeter. All latex samples were cleaned by repetitive
centrifugation/redispersion in demineralized water prior to the
measurement.

The surface charge density of the functionalized polystyrene
latexes was determined by means of polyelectrolyte titration
employing a particle charge detector PCD 02 (Miitek GmbH,
Germany) in combination with a 702SM Titrino (Metrohm AG,
Switzerland) automatic titrator. Carboxyl functional groups were
titrated with 107> M polyelectrolyte standard, cationic poly(dial-
lyldimethyl ammonium chloride) (PDADMAC), to determine the
point of zero charge. The measurements were carried out with 10
mL of a cleaned latex sample in aqueous solution with a known
solid content. The amount of charged groups per gram of latex
particles was calculated from the consumed volume of polyelec-
trolyte (an average of at least three titrations) by use of the following
equation:

_ VMN,
(groupS/gpolymer) - SC (2)

where V is the volume of consumed polyelectrolyte in liters, M is
the molar concentration of polyelectrolyte in moles per liter, N, is
Avogadro’s constant (6.022 x 10% mol™!), and SC is the solid
content of the latex sample in grams. By use of the particle size
determined by DLS, the amount of groups per particle or per square
unit was calculated from the following equations:

. prﬂ
(groups/particle) = (groups/gpolymer)T 3)
) pD, x 107"
(groups/nm”) = (groups/gpolymer)T @)

where D, is the average diameter of the particle in nanometers and
o is the density of polystyrene (1.045 x 10° g-L™").
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Table 2. Characterization of Functionalized Latex Particles
Obtained with Nonionic Surfactant Lutensol AT50

Lutensol comonomer AA solid
sample AT50 (mg) (wt % on styrene) content (%) D, (nm) PDI
PSAAL 200 0 13.7 321 0.112
PSAA2 200 1 13.8 162 0.049
PSAA3 200 2 13.9 207 0.114
PSAA4 200 3 18.6 254 0.026
PSAAS 700 5 22.9 125 0.019

Thermogravimetric Aanalysis. The hydroxyapatite content in
the hybrid particles was measured from the dried samples via
thermogravimetry. Thermogravimetric analyses were performed
with a Mettler-Toledo TGA/SDTA851e under nitrogen atmosphere.
The temperature range was from room temperature to 1100 °C at

a heating rate of 10 °C-min~".

Results and Discussion

Polymerization with Ionic and Nonionic Surfactants.
The carboxyl-functionalized polystyrene particles were pre-
pared by polymerizing styrene with different amounts of the
functional comonomer acrylic acid (AA) via miniemulsion
copolymerization. In all the polymerization processes, the
oil-soluble initiator 2,2'-azobis(2-methyl butyronitrile), V59,
was used in order to avoid the generation of free radicals in
the aqueous phase, thereby preventing polymerization of the
hydrophilic monomer in the water phase. Lutensol AT50 was
used as a nonionic steric stabilizer, and SDS was used as an
anionic electrostatic stabilizer. The polymerization was
complete after 20 h in all runs. Table 2 shows the size of
the particles as a function of the acrylic acid amount and
the corresponding size distribution (PDI) measured by DLS,
as well as the solid content of the resulting latexes that were
prepared with Lutensol AT50. The diameters of the func-
tionalized particles were smaller than the pure polystyrene
particles, which is due to the hydrophilic nature of the acrylic
monomer as reported earlier.* The oligomers or the poly-
meric chains of AA formed during the polymerization can
also impart electosteric stabilization.>>*® The latexes produced
with the nonionic surfactant were found to be viscous at the
end of the polymerization. Using 0.8% of Lutensol AT50
with respect to the continuous phase (200 mg of surfactant
in 24 g of water), does not allow production of a stable latex
with more than 3 wt % AA with respect to the total amount
of monomer. Nevertheless, latexes with 5 wt % AA could
be produced by use of high amounts of Lutensol AT50 of
about 2.9% with respect to the aqueous phase (700 mg of
surfactant in 24 g of water). The difficulties in producing
latexes with increasing comonomer AA content might be
attributed to the instability caused by bridging of the latex
particles by the polymeric chains with increasing amount of
AA and by the rapid polymerization of AA at low pH.*
The increase in viscosity due to the water-soluble polymeric
chains has already been reported to play a role under these
conditions.”’ In addition, the specific interaction of ethylene
oxide units of the nonionic surfactant with the carboxyl
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group, leading to a change in conformation of the ethylene
oxide chains, can also possibly render the nonionic surfactant
less effective as a stabilizer.3¥~40

In contrast to the nonionic surfactant, use of the low
molecular weight anionic surfactant SDS (always 72 mg/
sample) results in relatively less viscous latexes and allows
the synthesis of latexes with higher amounts of AA content
with low coagulum formation.?>3* The high stability of the
latexes could be attributed to the efficient electrostatic
stabilization offered by SDS as compared to the steric
stabilization in case of Lutensol AT50. Table 3 presents the
characterization of the functionalized latexes prepared with
SDS as surfactant. Here, the size of the latexes decreases
only slightly with increasing AA amount.

From the solid contents, the yield of polymerization was
about ~90—100% for the low molecular weight surfactant
compared to ~50—90% for the nonionic polymeric surfac-
tant. These values are similar to those reported earlier.33*

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,
followed by exchanging the surfactant with 0.8% Lutensol
ATS50 aqueous solution by multiple centrifugation and
redispersion processes. The particle size after exchange with
Lutensol AT50 is also given in Table 3. The increase in
particle size is due to the increase in hydrodynamic radius
of the particles in the presence of a polymeric surfactant,
although the size of the solid polymeric particles (the core)
itself is not changed. It is necessary to bear in mind that
such an additional steric stabilization allows stability against
electrolyte addition. Henceforth, the loading with ions could
be performed without impairing the colloidal stability.

Surface Group Titration. The amount of carboxyl groups
present on the particle surface was quantified by polyelec-
trolyte titration after washing and, in the case where SDS
was used in the synthesis, extensive dialysis followed by
stabilization with Lutensol AT50. In the case of function-
alized particles prepared with the nonionic surfactant Luten-
sol ATS0, the charge arises only from the comonomer AA.
In the case of latexes prepared with the ionic surfactant SDS,
charges originating from sulfate groups of the SDS surfactant
molecules as well as carboxyl groups of the functional
monomer have to be considered. In the latter case, the surface
carboxyl groups are usually determined as the difference
between the amount of polyelectrolyte that is consumed
during the titration at pH 2 and pH 10. At pH 2 only the
sulfate groups are responsible for the charge, as all the
carboxyl groups are protonated, while at pH 10 all the anionic
groups are deprotonated.

Although the latexes prepared with SDS as surfactant were
extensively washed, the charge originating at pH 2 indicated
that there are still some residual SDS molecules in the
washed latexes. The particle size used for surface charge
estimation was the value measured before the surfactant
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Table 3. Characterization of Functionalized Latex Particles Obtained by Use of 72 mg of Ionic Surfactant SDS

particle size with SDS  particle size after dialysis and exchange with Lutensol AT50

sample comonomer AA (wt % on styrene) solid content (%) D, (nm) PDI D, (nm) PDI
PSAA6 0 19.4 108 0.023 136 0.163
PSAA7 1 17.6 104 0.092 176 0.268
PSAA8 3 18.5 94 0.069 135 0.148
PSAA9 5 18.0 89 0.087 119 0.115
PSAAI10 10 18.2 87 0.089 111 0.106

Table 4. Surface Charge Determination of Functionalized Latexes Prepared with Nonionic Surfactant and with Ionic Surfactant after Dialysis
and Stabilization with Lutensol AT50

nonionic surfactant Lutensol AT50

ionic surfactant SDS (after dialysis and stabilization with Lutensol AT50)

sample COO™ groups per particle COO™ groups per nm? sample COO™ groups per particle COO~ groups per nm?
PSAAL PSAA6

PSAA2 161 851 1.97 PSAA7 13172 0.39

PSAA3 416 089 3.10 PSAA8 13230 0.48

PSAA4 883 263 4.35 PSAA9 31401 1.25

PSAAS 265292 5.44 PSAAI10 37437 1.59

Scheme 1. Schematic Illustration of HAP Formation on a
Carboxyl-Functionalized Polymeric Nanoparticle by
Addition of Ca®>" and PO,* Ions

COO~

“00C -ooc COO™ g2+
¥ |
007 Bajduriong 5 -
= Calcium ions COO
-00C LpH 10 .
COO~ coo"
coo” coo-
" T Ca?t
Carboxyl-functionalized =
polymeric nanoparticle Phosphate ions i
pH 10 ‘
/ — Hydroxyapatite crystals
Polymer/ hydroxyapatite

hybrid particles

exchange, as the carboxyl groups are covalently bound to
the surface or closely linked to the surface (in the case of a
hairy layer) of the particles and, in addition, the residual SDS
molecules, which also give rise to charge, are located close
to the particle surface owing to their size. Therefore, the
particle size prior to Lutensol AT50 addition and after some
dialysis (washing water conductivity of about 25 uS/cm) was
used. The density of the surface charge for the latexes is
presented in Table 4.

It can be seen that there is a clear tendency of increasing
number of charge groups with increasing AA content. Also,
it can be observed that, for the same acrylic acid content,
the average surface charge density of carboxyl groups for
particles prepared with Lutensol AT50 is higher than for
particles prepared with ionic surfactant SDS. This can be
attributed mainly to the competition of SDS with AA on the
surface owing to their ionic nature.

Formation of Hydroxyapatite Nanocrystals. HAP for-
mation on the surface of the functionalized particle was
performed as shown schematically in Scheme 1. The addition
of calcium ions followed by a dropwise addition of phosphate
ions, corresponding to the stoichiometric Ca?*:PO,* ratio
for hydroxyapatite [Ca;o(PO4)s(OH),] formation, at constant
pH of 10 leads to the generation of hybrid particles. The

latexes prepared with different amounts of AA and different
surfactant types were always loaded with a fixed concentra-
tion of the respective ions for HAP formation, and compara-
tive characterizations were performed by SEM, TEM, and
XRD.

For all the latexes prepared with SDS as surfactant,
calcium and phosphate ions were added after dialyzing and
stabilizing with Lutensol AT50. HRSEM images showing
the varying amounts of crystals formed on the particles as a
function of different amounts of acrylic acid are presented
in Figure 1.

The amount of inorganic crystals formed on the surface
of the particles directly correlates with the amount of
functional groups present on the surface. Although the
samples were washed extensively in order to remove the
SDS, it was not possible to remove the SDS completely
(known from the surface group titration). For the sample with
0wt % AA (PSAAG) in Figure 1a, although the charge arises
only from the residual anionic surfactant, the absence of HAP
formation on the surface of the particle indicates that either
the residual amount of SDS is not sufficient or the carboxyl
groups are necessary for the HAP nucleation. The latter
reason also points toward the previous studies made with
SAMs, where the -COOH groups were found to be the
optimum candidate for HAP formation.**

For comparison, all the latexes prepared with different AA
contents and nonionic surfactant were loaded with the same
respective amounts of calcium and phosphate ions in the
stoichiometric ratio for HAP formation as in the case of
latexes prepared with SDS as surfactant. The hybrid particles
are presented in Figure 2b—d. As reference, a sample with
0 wt % AA (PSAA1) where no hybrid particles are formed
is presented in Figure 2a.

It can be seen that the reference sample containing 0 wt
% AA (PSAAL) in Figure 2a has no crystal on its surface,
which clearly proves that the crystals are formed only
because of carboxyl functionalization. As before, the amount
of crystals formed on the surface of the particles clearly
increases with increasing number of surface functional
groups. Also, it can be very well evidenced from these
images that, for the same amounts of AA, surface coverage
of the particles by the formed crystals is much more
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Figure 1. (a—e) HRSEM images illustrating HAP formation for samples prepared by use of ionic surfactant (SDS) with (a) 0 wt % AA (sample PSAAG6),
(b) 1 wt % AA (sample PSAA7), (c) 3 wt % AA (sample PSAAS), (d) 5 wt % AA (sample PSAA9), and (e) 10 wt % AA (sample PSAA10).

Figure 2. (a—e) HRSEM images illustrating HAP formation for samples prepared by use of nonionic surfactant (Lutensol AT50) with (a) 0 wt % AA
(sample PSAAL), (b) 1 wt % AA (sample PSAA2), (c) 2 wt % AA (sample PSAA3), and (d) 3 wt % AA (sample PSAA4). (e) The particle in panel d is
shown at higher magnification to see the surface coverage. Arrows indicating the underlying polymeric core nanoparticle show that complete coverage of

the surface with the crystals is not yet achieved.

pronounced for these particles as compared to those prepared
with SDS. However, even with the highest coverage of the
particle by HAP crystals (Figure 2d,e), it is still possible to
see the underlying polymeric core nanoparticle in high
magnification (arrows in Figure 2e), indicating that the
complete coverage of the surface with the crystals is not yet
achieved.

TEM characterization of the hybrid particles prepared with
latex PSAA4 (3 wt % AA) is shown in Figure 3. The two
images were taken from the same sample before and after
washing to show that the washing procedure does not remove
the HAP nanocrystals on the surface and the formed crystals
are strongly bound to the surface. In Figure 4, bright-field
(BF) and corresponding dark-field (DF) images of an
enlarged area from the same sample after washing are
presented. With the BF image, one can clearly see the
incomplete surface coverage of the hybrid particles, as
observed in the HRSEM image in Figure 2e, and in the DF
image, one can clearly see that the formed inorganic material
is crystalline in nature and the crystals present on the surface
of the particles are oriented in different directions.

It was found that for a high comonomer content of 5 wt
% AA (sample PSAAS), shown in Figure 5, there were only
a few crystals grafted on the surface. Although the sample
was prepared with more AA content and the same surfactant
type (Lutensol ATS50), this sample cannot be directly
compared with the other samples prepared with the same
surfactant type as they were synthesized with a low fixed
Lutensol AT50 concentration (two parameters have been
varied at the same time, that is, the amounts of AA and
surfactant). However, the high amount of carboxyl groups,
which was found to be more in the case of latex prepared
with 5 wt % AA (5.4 COOH groups/nm?), did not play a
significant role in HAP formation as in the case of latex
prepared with 3 wt % AA (4.4 COOH groups/nm?). Such a
reduction in the formation of HAP crystals on the surface in
spite of high availability of the carboxyl groups can be
attributed to the reason that these particles were prepared
with relatively large amounts of nonionic surfactant (3.5
times more than the other latexes prepared with Lutensol
AT50), which could possibly shield the functionalized surface
from participating in crystal formation. As a result of this
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Figure 4. TEM images from hybrid particles, prepared from sample PSAA4 after washing, in bright-field (left) and dark-field (right) imaging modes.
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Figure 5. HAP formation with 5 wt % AA (sample PSAAS).

screening of the carboxyl groups, most of the particles were
found bare without crystals. Thus, it is absolutely necessary
to have an optimum surfactant concentration, in addition to
high carboxyl functionalization on the surface of the particles,
for high HAP nanocrystal formation.

A common aspect that can be seen in the latexes prepared
with both surfactant types is that even for highly carboxyl-
functionalized particles apart from surface-bound HAP, small
amounts of bulk precipitated HAP crystals are also present.
Although this occurs at pH 10, where all the carboxyl groups
are deprotonated and can bind Ca®*, it is possible that at
these high pH values and concentration the driving force for
HAP nucleation and its growth is too strong and above the
level at which nuclei can spontaneously form in bulk

solution. The bulk-precipitated crystals also have the pos-
sibility to precipitate on the particle surface apart from
aggregating into large agglomerates. Formation of a high
amount of nanocrystals on the surface of the particles leads
to decreased mobility of the polymeric stabilizer as well as
to increased density of the hybrid particles, thereby proving
detrimental to colloidal stability. The problem of bulk
precipitation can be solved by optimizing the parameters
during the loading procedure. One possible way could be
by controlling the amount of ions added and adopting several
steps of ion addition during the loading of the functionalized
particles. The amount of calcium ions added should be
controlled simultaneously by titrating the carboxyl groups
available and then subsequently adding the required phos-
phate ions corresponding to the concentration of complexed
calcium ions for HAP formation. This could be followed by
slow addition of a second sequence of calcium and phosphate
ions for further growth of HAP on the already existing
hydroxyapatite crystals. The latter step might also improve
the surface coverage of the hybrid particles. The problem of
colloidal instability could be solved by performing poststa-
bilization of the hybrid particles by addition of a suitable
surfactant.

The hybrid particles prepared with both surfactant types
were washed well by multiple centrifugation and redispersion
in demineralized water to remove the ammonium nitrate
formed as a byproduct and then freeze-dried prior to XRD
characterization. XRD patterns for all the hybrid particles
prepared with nonionic and ionic surfactants, along with
XRD patterns from the dried unloaded polymeric latexes to
show the influence of the polymeric template, are presented
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Figure 6. XRD patterns (a) from hybrid particles prepared from latexes
synthesized with nonionic surfactant (Lutensol ATS50), (b) from pure
polymeric particles (without HAP) prepared with nonionic surfactant
(Lutensol AT50) to show the influence of polymeric template patterns, and
(c) from hybrid particles prepared from latexes synthesized by use of ionic
surfactant (SDS). The samples before loading were dialyzed and then
stabilized with Lutensol AT50.

in Figure 6. The diffraction patterns of the dried unloaded
polymeric latexes are presented for the samples with 0, 3,
and 5 wt % AA in the case of latexes prepared with nonionic
surfactant in order to show the influence of the polymeric
template with varying AA content. As the samples prepared
with SDS as surfactant were excessively dialyzed and then
stabilized with Lutensol AT50, similar peaks corresponding
to Lutensol AT50 were observed in those samples. Hence,
the XRD scans of the unloaded polymeric nanoparticles in
the latter case are not shown here.

XRD characterization of these samples clearly proves that
the formed crystals are crystalline hydroxyapatite. From XRD
characterization, it can be seen that all the characteristic peaks
of HAP as shown in the reference pattern are present in the
samples. The sharp peaks clearly illustrate the crystallinity
of the crystals present. The average crystallite size estimated
from the (002) reflection (indicated by an arrow in the
diffractogram) of the XRD scans by use of the Scherrer
equation was between 19 and 22 nm. Apparently the size of
the crystallites does not depend on the nucleation site, as
they are the same on the particle and in the solution.
Thermogravimetric analysis on the hybrid particles from the
samples showed that about 30—33 wt % HAP was formed,
which was in accordance with the theoretical value (33.3 wt
%) calculated for HAP formation for full conversion.

Conclusion

It was shown that the miniemulsion technique offers a very
simple route to prepare carboxyl-functionalized latex particles
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with different amounts of comonomer, acrylic acid, and
surfactant types. Nonionic surfactant was efficient in prepar-
ing carboxyl-functionalized particles with a high surface
charge density with low amounts of the comonomer AA.
The functionalized particles were successfully exploited as
templates for hydroxyapatite formation. It was found that,
for a fixed concentration of Ca*" and PO,*” ions added, the
amount of HAP formed on the surface of the particles
increased with increasing AA amount. The absence of HAP
on latexes 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
well pronounced for particles prepared with nonionic sur-
factant, 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 addition to high carboxyl functionalization on the surface
of the particles, it is absolutely necessary to have an optimum
surfactant concentration for particles prepared with nonionic
surfactant to obtain high HAP nanocrystal formation.

Such hybrid nanoparticles with HAP crystals on the
surface have great potential in the field of tissue engineering.
They could be finally used for the coating of implants in
order to make them more osteoconductive as well as for the
preparation of scaffolds for tissue engineering. Moreover,
as the ease of encapsulation of inorganic materials and
fluorescent markers (which can be treated as model drug
substance) with high efficiency is a well-known trait for the
versatile miniemulsion technique,*! it allows one to load the
polymeric nanoparticles with bioactive molecules and drugs.
Such incorporation of bioactive substances into the nano-
particle formulation, in addition to employing a suitable
biodegradable polymeric nanoparticle, facilitates the release
of growth factors and antibiotics to better treat bone defects
and support wound healing. This biomimetic approach of
using surface-functionalized nanoparticles as templates in
aqueous phase reported here can be very well extended to
other crystallization processes to produce interesting hybrid
materials for a wide range of technological applications.
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