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ABSTRACT Titanium that is covered with a native oxide layer is widely used as an implant material; however, it is only passively
incorporated in the human bone. To increase the implant-bone interaction, one can graft multifunctional phosphonic compounds
onto the implant material. Phosphonate groups show excellent adhesion properties onto metal oxide surfaces such as titanium dioxide,
and therefore, they can be used as anchor groups. Here, we present an alternative coating material composed of phosphonate surface-
functionalized polystyrene nanoparticles synthesized via free radical copolymerization in a direct (oil-in-water) miniemulsion process.
Two types of functional monomers, namely, vinylphosphonic acid (VPA) and vinylbenzyl phosphonic acid (VBPA), were employed in
the copolymerization reaction. Using VBPA as a comonomer leads to particles with a higher density of surface phosphonate groups
in comparison to those obtained with VPA. VBPA-functionalized particles were used for the coating formation on the titanium surface.
The particles monolayer was investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM) employing
titanium and silicium tip with the native OH groups. Force versus distance curves proves the strong adhesion between the phosphonated
particles and the titanium (or silicium) surfaces in contrast to the nonfunctionalized polystyrene particles. Finally, as a proof of concept,
the particles adhered to the surface were further used to nucleate hydroxyapatite, which has high potential for bioimplants.
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INTRODUCTION

Creation of a thin layer to promote the adhesion on
to metal surfaces plays an important role in various
fields of application. In particular, the corrosion

inhibition (1, 2) or the modification of implant materials in
order to get the protein resistant surfaces (3-9) is of great
interest. To achieve an effective adhesion promotion for
different surfaces, specific anchor groups are necessary.
Phosphonate groups are typical anchor groups for metals
such as titanium, aluminum, tantalum, etc., which are
covered with a native oxide layer bearing hydroxyl groups
on the metal surface (10-14). Therefore, it is the oxide layer
which is the effective binding surface. Phosphonic acid grafts
to the metal oxide surface via strong acid/base interactions
(1, 15). In fact, different bonding modes can be formed. For
titanium/titanium oxide surfaces, the formation of mono-
dentate, bidentate or tridentates is possible (16, 17). A
tridentate, for example, is formed between two ester bonds
of the phosphonate groups and surface OH groups, while the

PdO group is attached through a hydrogen bond (1). The
bond formation of phosphonate groups onto the titanium
oxide surfaces was studied in detail by Park et al. (15) The
authors used phosphonate groups as anchor for Ru-bipyridyl
complexes onto titanium oxide surfaces in TiO2 solar cells.
Based on the high affinity of phosphonate groups to metal
ions like Cu(II), Co(II), Ag(I), Ni(II) and Cr(III) under controlled
pH value, functionalized water-soluble polymers were used
as binders to recover the metal ions from dilute solution such
as wastewater or industrial fluids (18). Several research
groups have been intensively studied the formation and
stability/dynamics of the self-assembled monolayers (SAMs)
using the alkyls molecules with the end-functionalized phos-
phonate as an anchor group for the metal oxide surface
(10-14, 19, 20).

Few papers describe the application of polymeric nano-
particles having phosphonate groups on the surface. Henke
et al. (2) used the phosphate functionalized well-packed
microgels as the corrosion protective layers for reactive
metal surfaces. Titanium is used for hard tissue replacement
due to its high chemical stability in the body (21). To increase
the chemical interaction between the implant and bone
tissue, several phosphonic acid compounds (e.g., methyl-
enediphosphonic acid, propane-1,1,3,3 tetraphosphonic acid)
have been described in the literature (21). Here we show an
alternative implant coating material based on the phospho-
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nate surface-functionalized polymeric nanoparticles. The
particles were prepared by miniemulsion polymerization,
which is an efficient method to obtain nanoparticles with
different surface functionalities, controlled particle size and
size distribution (22-24). The main advantage of the poly-
meric coating materials is the high amount of phosphonate
groups at the particle surface. On the one hand, the surface
phosphonate groups can serve as anchor groups to the
implant material. On the other hand, the high amounts of
excessive groups can be used to nucleate hydroxyapatite,
which can support the interaction to the bone tissue. Previ-
ously, surface-functionalized particles with different amount
of carboxyl groups were successfully used to study the
nucleation of hydroxyapatite (25). Polystyrene as a material
of nanoparticles is only a model system for particle based
functionalization. It can be replaced by suitable biodegrad-
able material and applied in the release of therapeutics.

In this current work, the synthesis and properties of
vinylbenzyl phosphonic acid (VBPA)-functionalized particles
were compared with the particles obtained in the presence
of vinylphosphonic acid (VPA). In our recent publication, the
synthesis of VPA functionalized polystyrene and poly(methyl
methacrylate) based nanoparticles was described in detail
(24). The main difference between VPA and VBPA is the
solubility: VPA is completely water-soluble, whereas VBPA
is an oil-soluble monomer containing ionic groups. It is
known that the solubility influences the participation of the
monomer in the copolymerization reaction as well as its
incorporation into the polymeric chain and distribution on
the final particle surface. The particles were characterized
in terms of average size, polydispersity, surface groups’
density, and morphology. The obtained phosphonate func-
tionalized particles were used to form particle layer onto
titanium and silicon surfaces. The particle layer formation
on the substrates was studied by scanning electron micros-
copy (SEM). Force distance curves, measured with atomic
force microscopy (AFM), were used to study the adhesion
forces of the phosphonate-functionalized and nonfunction-
alized polystyrene particles. As a proof of concept, function-
alized particles adhered to the surface were further used to
nucleate calcium phosphate, which has high potential for
bioimplants.

EXPERIMENTAL SECTION
Materials. Styrene (Merck) was freshly distilled under re-

duced pressure before use. Vinylphosphonic acid (VPA) (Aldrich,
97%) was washed with diethyl ether and dried under vacuum
to remove an inhibitor. All other reagents and solvents were
commercial products and were used without further purifica-
tion: the hydrophobe, i.e., hexadecane (Aldrich, 99%); the
hydrophobic initiator 2,2′-azobis(2-methylbutyronitrile) (V59)
from Wako Chemicals, Japan; the surfactant Lutensol AT50,
which is a poly(ethylene oxide)-hexadecyl ether with an EO
block length of about 50 units, was supplied from BASF. For
the loading of the particles, calcium nitrate tetrahydrate (Aldrich,
99%), diammonium hydrogen phosphate (Merck), and 28%
ammonia solution (VWR) were used. Demineralized water was
used during the experiments.

Synthesis of Phosphonate Functionalized Polymer Nanopar-
ticles by Miniemulsion Process. The phosphonate surface-

functionalized polystyrene particles were synthesized by a free-
radical copolymerization of styrene and with either vinyl-
phosphonic acid (VPA) (polySt-polyVPA) or vinylbenzylphos-
phonic acid (VBPA) (polySt-polyVBPA) in a miniemulsion
process. The chemical structures of VPA and VBPA are pre-
sented in Figure 1. The monomer VBPA was synthesized
applying following procedure. The precursor monomer diethyl
p-vinylbenzylphosphonate (DEVBP) was synthesized according
to ref 26. The obtained product was purified by column chro-
matography on silica, eluting first the unreacted vinylbenzyl
chloride with CH2Cl2 and then changing to ethyl acetate for the
elution of DEVBP. This monomer was further deprotected using
the bromotrimethylsilane (TMSBr)/methanolysis approach. Typi-
cally, the phosphonate was reacted with a 5-fold molar excess
of TMSBr (related to the phosphonate groups amount) in CH2Cl2
(5% solution) at room temperature for 24 h. After evaporation
of the volatiles, the silylated ester was reacted with a large
excess of methanol at room temperature for 24 h. The VBPA
was obtained in quantitative yield after the evaporation of the
solvent under reduced pressure and drying in vacuum at room
temperature for at least 12 h.

For the synthesis of polySt-polyVBPA latex particles, a given
amount of styrene (varied between 6 and 5.4 g), VBPA (varied
between 0 and 0.6 g), 250 mg of hexadecane, and 100 mg of
initiator V59 were mixed together and emulsified in 24 g water
containing 200 mg of the nonionic surfactant Lutensol AT50.
After 1 h of stirring at 1000 rpm the miniemulsion was prepared
by ultrasonication for 120 s at 90% intensity (Branson sonifier
W450 Digital, 1/2 in. tip) at 0 °C in order to prevent polymer-
ization of the monomer(s). Afterward, the miniemulsion was
transferred into a round-bottom flask and polymerization was
carried out at 72 °C under stirring overnight. The synthesis of
polySt-polyVPA latex particles was performed with the same
amountofthereagentsandinasamemanneraspolySt-polyVBPA,
with the exception that the functional monomer (VPA) was
added into the aqueous phase.

Characterization of the Functionalized Polymer Particles. The
average particle size and the polydispersity index (PDI) was
determined by dynamic light scattering (DLS) using a Nicomp
380 Submicrometer Particle Sizer (Nicomp Particle Sizing Sys-
tems, USA) at 20 °C and a scattering angle of 90°. The solid
content of the samples was determined gravimetrically. All
samples were cleaned by repetitive centrifugation/redispersion
in demineralized water. The zeta potential was measured in 1
× 10-3 M KCl with a Nicomp Zeta Sizer (Nicomp Particle Sizing
Systems, USA) at 20 °C. The density of phosphonate groups on
the particle surface was determined by titration against the
opposite charged polyelectrolyte poly(diallyldimethyl ammo-
nium chloride) (PDADMAC) using a particle charge detector
(Mütek GmbH, Germany) in combination with a Titrino Auto-
matic Titrator (Metrohm AG, Switzerland). For the measure-
ment, 10 mL of the latex sample with a solid content of 1 g/L
were used. The amounts of groups were calculated from the
amount of consumed polyelectrolyte (23). The particle size and
morphology were examined by transmission electron micros-
copy (Philips EM400) at an acceleration voltage of 80 kV.
Analytical transmission electron microscopy was carried out to
study the phosphorus distribution on the particles surface and
inside the particles. The surface elemental analysis was per-
formed on the dried particles (placed on the copper grid) using
elemental specific imaging (ESI). For visualization of phosphorus

FIGURE 1. Chemical structure of the used phosphonated comono-
mers.
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distribution throughout the particle, they were stained by 1%
uranylacetate and 1% osmiumtetroxide for 1 h and embedded
in EPON followed by ultramicrotomy. The obtained ultrathin
sections (thickness of 60 nm) were analyzed by electron energy
loss spectroscopy (EELS) and ESI in a Zeiss EM912 (Carl Zeiss,
Oberkochen, Germany) using the Omega-type energy filter. The
microscope was operated at 120 kV with a emission current of
23 µA, illumination angle of 1.6 mrad, and slit aperture of 40
eV. Phosphorus was detected at the L23 ionization edge with
energy loss of 132 eV and image EELS series were detected
between ∆E ) 193 ( 2 eV and ∆E ) 115 ( 2 eV. Data sets
were calculated using the Olympus iTEM software 5.0. The
energy dispersive X-ray (EDX) analysis was performed on TEM
(Tecnai200, FEI, Eindhoven, Netherlands) operated at 200 kV.
The particle layers were examined by scanning electron mi-
croscopy (Zeiss 1530 Gemini, Carl Zeiss AG, Oberkochen,
Germany) at an acceleration voltage of 0.1 to 1 kV. The latexes
were diluted in demineralised water and a drop of the dispersion
was placed on a silica wafer coated with a 20 nm TiO2 layer.

Analytical Methods of Particle Layer Characterization. For
the adsorption experiments and the AFM measurements Si
wafers sputtered with 20 nm TiO2 were used. The Si wafer was
cleaned with demineralised water, 25% ammonia solution,
35% hydrogen peroxide solution and followed by repetitive
rinsing with demineralised water and ethanol. The particle
monolayer was generated by drop casting onto the wafer.
During the drop-casting process, the wafer was placed on a
ramp (13° slope) to support the particle layer formation on the
substrates. The particle monolayer formation was controlled by
SEM and AFM. AFM imaging and force spectroscopy were
carried out with a Dimension 3100 microscope (Veeco Instru-
ments, Plainview, USA) equipped with Nanoscope V controller
and software version 7.20, using the silicon cantilevers with a
resonance frequency of 70 kHz and a nominal spring constant
of 2 N/m (OMCL-AC240TS, Olympus, Tokyo, Japan). Spring
constants of cantilevers were determined using the thermal
noise method (27). Cantilevers with tips were pretreated in a
plasma oven and either used directly or were sputter-coated
with 20 nm TiO2. To exclude the influence of the possible
variation in AFM tip shape, we carried out comparative mea-
surements on the different substrates using the same cantilever.
Particle layers were imaged in tapping mode. To measure the
interaction between AFM tips and particle surfaces, we zoomed
in onto locations close to the crest of one particle. Cantilever
deflection versus piezo position curves were recorded at several
places on each particle and the resulting curves were converted
to force versus distance curves (in the following called force
curves) by subtracting cantilever deflection from piezo position
and multiplying the cantilever deflection with the spring con-
stant (28). The force necessary to pull the tip from the surface
is the adhesion force. Both conversion of raw data to force
versus distance curves and the calculation of the adhesion force
were performed by self-written software.

Mineralization on the Particles Adsorbed on the Surface.
The latex of functionalized particles (AZ-5VBPA) with 0.1% solid
content was drop casted on to the titanium substrates. The
particles were allowed to adhere onto the surface of the
substrate. The substrates were then carefully washed to remove
unbounded particles. This was performed by multiple immer-
sions of the substrates in to a Petri dish filled with demineralized
water followed by rinsing with a gentle stream of demineralized
water. The washed substrate was carefully suspended via a
holder in to the solution containing dissolved Ca(NO3)2 · 4H2O.
The pH of the solution was adjusted to 10 by using dilute
ammonia solution and the molar ratio of calcium to phosphate
for the loading was kept at 5:3. The solution was gently stirred
at 37 °C (like in our previous experiment (25)) to allow binding
of calcium ions and then loaded with phosphate ions as follows.
Initially, 1 mL of 0.005 M Ca(NO3)2 · 4 H20 was added to 9 mL

of demineralized water followed by immersing of the substrate
with the holder in to this solution. After 2 h of gentle stirring of
the solution to allow binding of calcium ions, 1 mL of 0.003 M
(NH4)2HPO4 was added dropwise for about 1 h. The samples
were stirred after loading for about 24 h. The pH was main-
tained at pH 10 throughout the experiment. After 24 h the
substrates were once again washed in the same way as men-
tioned before for further characterization by SEM.

RESULTS AND DISCUSSION
Synthesis and Characterization of Phosphonate

Functionalized Polystyrene Particles. PolySt-polyVPA
and polySt-polyVBPA copolymer particles were synthesized
in the presence of 3.3 wt % nonionic surfactant Lutensol
AT50. The oil soluble initiator V59 was used in order to form
the radicals inside the monomer droplets. For suppression
of the droplets degradation through Ostwald ripening, the
ultrahydrophobe hexadecane was employed. To obtain
particles with different amounts of phosphonate groups on
the surface, the introduced amount of functional comono-
mer was varied in the range between 0 and 10 wt % (related
to the total monomer amount of 6 g). The characterization
of the obtained particles in terms of average particle diam-
eter (Dz), polydispersity index (PDI), solid content, and zeta
potential are summarized in Table 1.

From Table 1, it can be seen that the average diameter
of functionalized particles decreases with increasing VBPA
or VPA amounts. The decrease in particle size is due to the
increase in the number of charged phosphonate groups that
are covalently attached to the particle surface. This results
in the additional electrostatic stabilization of the droplets
during the polymerization process. VPA-functionalized par-
ticles are slightly smaller in size as compared to those
functionalized with VBPA. This could be explained by surface-
active properties of VPA (24). During the droplet formation
it serves as additional surfactant, reducing the initial droplets
size and after polymerization resulting in the smaller particle
diameter. Nonfunctionalized particles are smaller or have
the same size as 10 wt % VPA-functionalized particles.

Table 1. Characterization of Functionalized
Particles

sample name

comonomer
amount
(wt %)a Dz (nm)b PDI

solid
content

(%)c

Zeta
potential

(mV)

AZ-0 0 210 0.02 19.8 -3

PolySt-PolyVBPA Particles

AZ-1VBPA 1 267 0.03 19.7 -12
AZ-3VBPA 3 253 0.03 18.7 -30
AZ-5VBPA 5 240 0.02 20.0 -36
AZ-10VBPA 10 231 0.06 19.6 -40

PolySt-PolyVPA Particles

AZ-1VPA 1 247 0.03 15.7 -11
AZ-3VPA 3 231 0.05 19.2 -15
AZ-5VPA 5 228 0.06 16.3 -16
AZ-10VPA 10 210 0.09 17.7 -19

a Related to the total monomer amount of 6 g. b Determined by
DLS. c Determined gravimetrically.

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 8 • 2421–2428 • 2010 2423



Although VPA as well as VBPA brings additional electrostatic
stabilization to the droplets, the comonomer amounts in-
troduced for copolymerization are not significant compared
to the stabilizing properties of Lutensol AT50.

The polySt-polyVBPA particles are approximately 20 nm
bigger in size than the polySt-polyVPA particles. This could
be due to the differences in the hydrophilic properties of
VBPA and VPA. As was previously shown, the use of hydro-
phobic monomers leads to larger particles caused by a larger
interfacial tension between the monomer and the water
phase, which has to be compensated by a higher coverage
with surfactant molecules (29).

The polydispersity index (PDI) shows the uniformity in
size of the particles. Generally, PDI values lower than 0.1
indicate monodisperse distribution of the particles. The
obtained solid contents of the dispersions were in the range
of 18.7 to 20.0% (theoretical value is 21.4%). The conver-
sion of the monomer(s) was almost 100%. The zeta potential
of pure polystyrene sample (AZ-0) has minor negative
charge, which is a result of the hydroxyl-ion adsorption at
the interface (30). A clear dependency of the zeta potential
as a function of the introduced functional comonomer
amount was observed for both phosphonated comonomers.
The particles obtained in the presence of higher comonomer
concentration possess more negative zeta potential values.
These results were supported by determining the amount
of surface phosphonate groups from the titration against the
opposite charged polyelectrolyte, i.e., polyDADMAC. In
Table 2, the numbers of functional groups at the particle
surface for both types of comonomers are summarized.

It can be seen that the concentration of phosphonate
groups increases with increasing VBPA or VPA comonomer
amount. For both types of comonomer, the density of
surface phosphonate groups is in the range between 0.1 and
2.09 groups per nm2. Furthermore, the surface coverage is
much higher in the case of using VBPA as a comonomer,
although the molar ratio of VBPA to VPA is approximately
1:1.7. This could be explained by differences in the molecule
structure. VBPA has a better affinity to the styrene because
of the presence of the benzene ring in the chemical structure
(Figure 1) and therefore, more hydrophobic character. After
the formation of miniemulsion droplets, VBPA mainly stays
inside or at the interface of the droplets. In contrast, VPA
preferentially stays in the continuous phase. It has to diffuse

through the water phase and the surfactant layer in order
to catch the radicals and participate in the polymerization.

The morphology of the particles was studied by TEM. As
an example, the images of nonfunctionalized (AZ-0) and
VBPA-functionalized particles (AZ-5VBPA) are shown in
Figure 2. It can be seen that the particles are spherical in
shape and homogeneous in size.

The composition of phosphonated particles was studied
in detail by the electron energy loss spectroscopy (EELS) and
element specific imaging (ESI) measurements (Figure 3). ESI
images indicate a phosphorus distribution at the particle
surface. However, the distribution of phosphorus inside the
particles could not be detected on bulky particles because
of the sample thickness. Therefore, the phosphorus distribu-
tion in ultrathin sections was analyzed as well. From the
obtained images (Figure 4), a dark stained surface could be
seen in the bright field, caused by the uranylacetate, which
is a good staining agent for the phosphate groups (31). ESI
performed at the ionization edge of phosphorus at 132 eV
demonstrates the elemental mapping of the element. The
obtained results revealed higher phosphorus content at the
particle surface compared to the inner part of the particles.
This is in agreement with the PCD results and confirms that
the miniemulsion droplets interface is the main locus of
VBPA and styrene copolymerization.

In addition, the EDX measurements were done as shown
in Figure 5. Line scans through the particle indicates a higher
concentration of phosphor at the particle surface and con-
firm the ESI results described above.

Determination of the Adhesion Forces by AFM.
As described before, the polySt-polyVPA sample with 5 wt
% of the VBPA comonomer amount (AZ-5VBPA) shows a
narrow size distribution (PDI ) 0.02) and possesses a high
number of surface functional groups (1.88 phosphonate
groups per nm2). Therefore, this sample was used for the
formation of the particle layer on metal (oxide) surfaces. Si
wafer sputtered with 20 nm TiO2 and the pure pretreated Si
wafer, which bears a native hydroxyl-layer in presence of
oxygen, were used as a substrate and placed on a ramp with
13° slope. The latex sample with a solid content of 1 g/L was
deposited by the drop casting onto the substrate and dried
overnight. In Figure 6, the SEM images of the resulting
particle layer are shown.

From the SEM images, it can be clearly seen that the
particles show high size uniformity. They form a densely
packed monolayer on the metal oxide substrates with a

Table 2. Surface Functional Groups Density as a
Function of the Type and Introduced Amount of the
Comonomer

polySt-polyVBPA polySt-polyVPA

sample
name

Dz
(nm)a

amount of
-PO3H2 groups

per nm2
sample
name

Dz
(nm)a

amount of
-PO3H2 groups

per nm2

AZ-0 210 0 (pure polystyrene particles)
AZ-1VBPA 267 0.87 AZ-1VPA 247 0.10
AZ-3VBPA 253 1.49 AZ-3VPA 231 0.19
AZ-5VBPA 240 1.88 AZ-5VPA 228 0.25
AZ-10VBPA 231 2.09 AZ-10VPA 210 0.42

a Determined by DLS.

FIGURE 2. TEM images of (a) pure polystyrene particles (sample AZ-
0) and (b) polySt-polyVBPA particles with 5 wt % VBPA (AZ-5VBPA).
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hexagonal arrangement of the particles. To study the mor-
phology of the particle surface, the AFM measurements were
performed (Figure 7).

In the phase images, the nonfunctionalized particles show
a homogeneous surface structure, whereas the phospho-
nated particles exhibit an inhomogeneous surface composi-
tion with two distinct phases. The existence of two phases
could be due to the presence of VBPA homopolymer chains
on the particle surface. The VBPA homopolymer chains are
much more hydrophilic than the polystyrene because of the
phosphonate groups in the side chains. Another component
present during synthesis is the surfactant Lutensol AT50.
However, the structure formation by the poly(ethylene
glycol) chains of Lutensol AT50 as the possible cause can be

excluded here because this surfactant was used during the
synthesis of both types of particles.

Determination of the Adhesion Forces by AFM.
To analyze the effect of the phosphonate anchor group on
the interaction with metal oxide surfaces the adhesion forces
between the atomic force microscope tips (AFM tips) and
the particles adhered onto silicon wafer were measured.
Nonfunctionalized polystyrene particles were used as a
reference system. Titanium dioxide and bare silicon tip with
native OH groups on their surface were used. In Figure 8
the force-distance curves recorded on polySt-polyVBPA
particles (synthesized with 5 wt % VBPA, sample AZ-5VBPA)
as well as pure polystyrene particles (sample AZ-0) with (a)
TiO2 tip and (b) SiO2 tip are shown. During the AFM

FIGURE 3. (a) Bright-field image of nonsectioned polystyrene particles with phosphonate groups (AZ-5VBPA). (b) ESI image of phosphorus
distribution at the same position as shown in image a. (c) Combination of the images a and b.

FIGURE 4. (a) Ultrathin sections of polystyrene particles with phosphonate groups (AZ-5VBPA). (b) ESI image of phosphorus at the same position
as shown in image a. (c) Combination of the images a and b.

FIGURE 5. Dark-field image of polystyrene particles with phosphonate groups (AZ-5VBPA). Left image: an EDX line scan through the particle
was done in the STEM mode. Positions 1 (green), 2 (red), and 3 (blue) correspond to the positions shown in the diagram (right image) that
represent the phosphorus content along the EDX line.
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measurements that were performed on the same type of
particles, we did not observe a big variation (or systematic
decrease/increase) in the adhesion force, which might be
caused by the contamination of the AFM tip. The difference
in the adhesion forces within the same sample was much
smaller as compared to the difference between functional-
ized and nonfunctionalized particles.

It can be clearly seen that the introduction of phospho-
nate groups leads to higher adhesion forces than in case of
the nonfunctionalized particles. Table 3 summarizes the
determinedaverageadhesionforcesobtainedbyforce-distance
curves measured at different positions on the particles and
particle layers.

The adhesion forces between the nonfunctionalized poly-
styrene particles and the silicon dioxide as well as the
titanium dioxide tip are approximately 13 nN independent
of the tip material. The forces between the silicon dioxide
tip and the phosphonated particles are significantly higher
with 43.4 ((3.6) nN. The strongest adhesion forces are
observed between the titanium dioxide tip and the phos-
phonated particles, reaching 63.9 ((4.3) nN. It can be
assumed that the higher adhesion forces in the case of
titanium dioxide might be due to the higher amount of
hydroxyl groups that are present on the surface. According
to the quantitative XPS studies performed on the native air-
formed oxide films of titanium and silicon, the surface

FIGURE 6. SEM images of 5 wt % polySt-polyVBPA particles (AZ-5VBPA) deposited onto (a) SiO2 and (b) TiO2 surfaces.

FIGURE 7. AFM height (left) and phase (right) images of (a) nonfunctionalized polystyrene particles (AZ-0) and (b) 5 wt % polySt-polyVBPA
particles (AZ-5VBPA) deposited on a silicon wafer.
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concentration of OH groups was found to be about 11 and
8 OH groups per nm2, respectively (32). The adhesion forces
given in Table 3 are average values. As we can see from the
phase images (Figure 4b right), the phosphonated particles
exhibited two different phases on their surfaces. This inho-
mogeneity was also reflected by the adhesion force mea-
surements. While the distribution of adhesion forces mea-
sured with a TiO2 tip on a single particle shows a single peak
for a pure polystyrene particles, the adhesion force distribu-
tions on a 5 wt % polySt-polyVBPA particle is bimodal
(Figure 9).

From Figure 9, the single curve measurement we can see
that the adhesion forces for the functionalized particles are
in a range from 47 to 73 nN measured with the titanium
dioxide tip and in the region of 12 to 18 nN in case of the
pure polystyrene particles. It can be seen that there are
higher fluctuations in the adhesion forces for the phospho-
nated particles, because of the more inhomogeneous surface
caused by the presence of VBPA homopolymer chains on
the particle surface. However, in any case, the adhesion
forces are much higher for the functionalized particles than
for the pure polystyrene samples.

Mineralization on the Particles Adhered on
the Surface. The stable formation of phosphonate-func-
tionalized particles monolayer on titanium surface leads to
an effective decoration of this material with a high density
of phosphonate groups. These groups can act as nucleation
sites for calcium phosphate. To demonstrate the potential
of such a system for bone mineralization, the functionalized
particle layer was exposed to the calcium and phosphate
ions with the stoichiometric ratio of 5:3 to form hydroxya-
patite. The loading was performed at the physiological
temperature of 37 °C. The mineral formed on the surface
of the particle can be visualized in the SEM image in Figure
10. It was found that neither the salt addition nor the stirring
at 37 °C were able to disrupt the particle layer, indicating
negligible influence on the particle adhesion.

FIGURE 8. Force-distance curves of 5 wt % polySt-polyVBPA (AZ-
5VBPA) and pure polystyrene particles (AZ-0) monolayer onto (a)
silicon and (b) TiO2 surfaces. Only the retract part of the force curves
is shown.

Table 3. Adhesion Forces Between Pure
Polystyrene Particles or Polystyrene Particles
Functionalized with Phosphonate Anchor Groups
and a Silicon or Titanium Dioxide AFM Tip

sample
name anchor group

tip
material

adhesion
force (nN)a

AZ-0 no anchor group SiO2 12.5 ( 2.6
AZ-5VBPA -PO3H2 SiO2 43.4 ( 3.6
AZ-0 no anchor group TiO2 13.4 ( 0.9
AZ-5VBPA -PO3H2 TiO2 63.9 ( 4.3

a Mean values of 100 force-distance curves on 10 different
substrate positions.

FIGURE 9. Distributions of adhesion forces between a TiO2 tip and
different locations on a single particle of (a) nonfunctionalized
polystyrene (AZ-0) and (b) 5 wt % polySt-polyVBPA (AZ-5VBPA).
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As can be seen from the SEM image, all the particles are
densely covered by the crystals proving the homogeneity of
the of the crystal formation on the particle. This kind of high
crystal coverage on the particle surface is similar to the
previous observations with carboxyl functionalized particles
dispersed in solution (25). The mineral phase formed on the
particle surface is indeed hydroxyapatite was found by XRD
in an analogous mineralization experiment where crystal-
lization was performed with the VBPA functionalized par-
ticles (AZ-5VBPA) dispersed in solution.

CONCLUSIONS
Two types of polymeric nanoparticles with surface phos-

phonate groups were obtained via radical copolymerization
of styrene with different comonomers: vinylphosponic acid
(VPA) and vinylbenzyl phosphonic acid (VBPA) in miniemul-
sion. Particles synthesized with more hydrophobic mono-
mers VBPA contain higher amount of surface functional
groups as compared to those obtained in the presence of
VPA. The TEM measurements reveal that the droplet’s
interface is the main locus of the copolymerization. The
phosphonate functionalized particles show higher adhesion
forces as compared to the nonfunctionalized particles. The
adhesion forces for the functionalized particles were be-
tween 47 and 73 nN measured with the titanium dioxide
tip and in the range of 12 to 18 nN in case of the pure
polystyrene particles. The strong adhesion forces between
the phosphonated polystyrene particles and the metal (ox-
ide) surfaces as proven by AFM measurements make them
promising candidates for the functionalization of implant
surfaces. A proof of principle experiment was shown that
such particle functionalized surfaces can serve as an efficient
source of nucleation sites for bone mineral. By replacing
polystyrene with suitable biodegradable polymers, the tem-
plate particles can itself be used to release drugs or growth
factors in order to treat bone defects. Hence, such function-
alized particles adhered on the substrates can open new
corridors in the field of tissue engineering for developing
new functional implant surfaces as scaffolds for the nucle-
ation and growth of bone mineral.
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FIGURE 10. Crystal formation on the surface of polySt-polyVBPA
particles (AZ-5VBPA) adhered on a silica surface.
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