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Abstract The paper is focused on the formation of nano-
particles, i.e., zinc sulfide (ZnS) and hydroxylapatite, in a
microemulsion template phase consisting of heptanol,
water, and a surfactant with a sulfobetaine head group in
the absence and presence of an added polyelectrolyte. In the
absence of a polyelectrolyte, beside larger particles,
spherical ZnS nanoparticles with a diameter below 10 nm
can be redispersed after solvent evaporation. In the
presence of the synthetic cationic polyelectrolyte poly
(diallyldimethylammonium chloride), a reloading of the
particle surface is observed, and cationic charged ZnS
nanoparticles, of about 5 nm in size, can be redispersed as a
main fraction. When hydroxylapatite is formed in the
presence of the more stiff biopolymer chitosan hydroxyl-
apatite, hybrid structures were formed. Transmission elec-
tron micrographs show fiber-like aggregate structures,
consisting of individual small nanoparticles ordered along
the polymer chain.
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Introduction

The formation of nanoparticles with particle dimensions
below 10 nm and nanoparticle superstructures of defined
size and morphology is still of growing interest because of

the big potential in technological applications [1–4]. For
many applications, the synthesis of monodisperse, nano-
scalic particles is of key importance because of the special
electrical, optical, optoelectronical, and magnetic properties
of these nanoparticles, which strongly depend on their
dimensions. Uniformly sized semiconductor nanoparticles
have attracted special attention because of their use as
quantum dots (QDs) [5].

In medical diagnostics and cancer therapy, QDs can be
used as optical molecular imaging agents [6–9]. QDs, as
novel fluorescence probes, have shown a great potential for
biomolecular labeling and cellular imaging. Near-infrared-
emitting QDs can be injected into a primary tumor, and the
false color image clearly shows transport of the QDs
through lymph vessels to a nearly nymph node. Other
examples for the use of QDs can be found in the
homogeneous rapid detection of nucleic acids using two-
color QDs [10] or for the label-free protein detection [11].

In addition, CdS-peptide QDs can be successfully used
in analytical chemistry, e.g., for the Cu detection [12] or
paraoxon (neurotoxin) detection. Therefore, CdSe QD films
[13] or spherical QD bioconjugates [14] can be successfully
used. These examples demonstrate only a part of the broad
spectrum of applications. QDs are already successfully
incorporated in different types of devices, e.g., in semicon-
ductor optical amplifiers for multichannel amplification
[15], in slow and fast light devices [16], QD lasers [17], and
QD-based immunosensors [18].

One key parameter in the different fields of application is
still the stabilization of the nanoparticles. In general, the
particles can be electrostatically or sterically stabilized
according to the classical rules of colloid stabilization [19].
Therefore, the electrosteric stabilization by means of
polyelectrolytes is of special interest because of the
combination of both effects [20].
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Recently, we have shown that polyelectrolyte-modified
microemulsions can be successfully used as a new type of
template [21–25]. On the one hand, the polyelectrolytes can
control the size and shape of the nanoparticles during the
formation process, and on the other hand, the polyelectro-
lyte can stabilize the individual nanoparticles during the
solvent evaporation and redispersion process. We have
already shown that this concept can be successfully applied
for the preparation of BaSO4 nanoparticles in water-in-oil
microemulsions with cationic cetyl trimethylammonium
bromide and anionic sodium dodecyl sulfate surfactant
molecules [24, 25]. In a sulfobetaine (SB)-based micro-
emulsion the polyelectrolyte can have an additional mask-
ing effect opening the possibility to produce spherical
magnetite nanoparticles with diameter below 20 nm [26].

The aim of the present study was to use the 3-(N,
N-dimethyldodecylammonio)propanesulfonate-based micro-
emulsion in the presence and absence of cationic polyelec-
trolytes, i.e., poly(diallyldimethylammonium chloride)
(PDADMAC) and chitosan, as a template phase for the
formation of ZnS and hydroxylapatite nanoparticles, respec-
tively. The PDADMAC was used as a more flexible
synthetic model compound of varying molar mass, and the
chitosan as a more stiff biopolymer. In the ZnS nanoparticle
formation process, the aim was to produce uniform small
nanoparticles. Alternatively, ZnS nanoparticles can be
synthesized according to the preparation procedure already
described by Baral et al. and Weller et al. [27, 28].
Nowadays, often, ZnS is used as a shell material surrounding
more toxic CdSe or CdS nanocrystals [29].

In the hydroxylapatite formation process, especially, the
formation of biocompatible nanostructured composites is of
special interest, e.g., for an application as dental ceramic
material. It has to be mentioned here that, for example,
collagene–apatite nanocomposites are of special interest in
tissue engineering [30] and nano-hydroxylapatite/polyamide
composites as bone-repair material [31].

Experimental

Materials

PDADMAC1, purchased from Aldrich, were purified by
ultrafiltration and freeze drying. In addition, we used a
sample of higher molar mass (PDADMAC2) as a gift from
the Laschewsky group (Fraunhofer Institut für Angewandte
Polymerforschung). The average molecular weights (Mw

and Mn) of the two PDADMAC samples were determined
by gel permeation chromatography (compare Table 1).
Chitosan1 and Chitosan2 (Table 1) obtained from the Peter
group (Universität Potsdam) were solubilized in 0.025 M
HCl or in acetic acid, respectively.

The commercially available heptanol (99%+, Fluka), and
3-(N,N-dimethyldodecylammonio)propanesulfonate (SB,
>97%, Fluka) were used without further purification. Water
was purified by the water purification system MODULAB™
PureOne (Continental).

Phase diagram

The partial phase diagram was determined optically by
titrating the alcohol/surfactant mixture with water. The area
of the isotropic L2 phase, constructed from more than 20
measuring points, was determined by adding water drop by
drop to the heptanol/SB mixture (Fig. 1). The marked
points A, B, and C represent the different composition of
the microemulsions used for the nanoparticle formation.

Synthesis of ZnS nanoparticles

Two separately prepared microemulsions (point A, B, or C)
containing 20 mmol/L ZnSO4, and 20 mmol/L NaS,

Table 1 Average molecular weights of polyelectrolytes determined
by size exclusion chromatography (SEC) or viscometry

Polyelectrolyte Mn
a

(g/mol)
Mw

a

(g/mol)
Mv

b

(g/mol)
Degree of
deacetylation (%)

PDADMAC1 7.000 11.500 – –
PDADMAC2 31.000 44.900 – –
Chitosan1 – – 64.000 93
Chitosan2 – – 300.000 92

a Determined by SEC
bDetermined by viscometry

Fig. 1 Partial phase diagram of the ternary water/heptanol/SB system
indicating the range of the water-in-oil microemulsion (L2 phase) and
the marked compositions A, B, and C
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respectively, in the aqueous phase were mixed together.
After shaking, the nanoparticles were formed. UV-visible
measurements show that after subtraction of the micro-
emulsion reference spectrum, one absorption maximum can
be observed at about 230 nm and another one at 260–
280 nm. According to the literature values given in the
references [32, 33], the peak at 270 nm can be related to
ZnS nanoparticles of about 5 nm.

Afterward, the mixture was dried in a vacuum oven at a
temperature of 40 °C for 48 h to remove the solvents
completely. The remaining powder was redissolved in
water by an ultrasound treatment (ultrasound bath or
ultrasound finger) and characterized without and after
filtration (by using an 800-nm filter) by means of dynamic
and electrophoretic light scattering and transmission electron
microscopy (TEM).

Synthesis of hydroxylapatite nanoparticles

Route A Three separately prepared microemulsions at a
given composition (point A, B, or C) containing the
aqueous polymer solution, the 0.1 mol/L CaCl2, and the
0.06 mol/L Na3PO4 solution, respectively, in the inner
phase were mixed together. After shaking for 2 days, the
nanoparticles were formed. Afterward, the mixture was dried
in a vacuum oven at a temperature of 40 °C for 48 h to
remove the solvents. The remaining powder was redissolved
in water with an ultrasound finger and characterized by
means of dynamic light scattering and transmission electron
microscopy.

Route B Three separately prepared microemulsions at a
given composition (point A, B, or C) containing the

aqueous polymer solution, 0.1 mol/L CaCl2, 0.06 mol/L
NaH2PO4, and 1 (or 0.1) mol/L NaOH solution, respec-
tively, in the inner phase were mixed together. After
shaking for 2 days, the nanoparticles were formed.
Afterward, the mixture was dried in a vacuum oven at a
temperature of 40 °C for 48 h to remove the solvents
completely. The remaining powder was redissolved in
water with an ultrasound finger and characterized by means
of dynamic light scattering and transmission electron
microscopy.

Characterization of the nanoparticles

Dynamic light-scattering measurements were employed at
25 °C at a fixed angle of 173° (backscattering) by using a
Zetasizer 1000 HS (Malvern) equipped with a He–Ne laser
(10 mW) and a digital autocorrelator. The average size of
the ZnS nanoparticle main fraction (obtained from three to
five repeat series) was determined by using an automatic
peak analysis by intensity. In addition, the Zaverage value
(independent of the type of data analysis used) was listed.

Electrophoretic light scattering was used to determine
the zeta potential of the redispersed nanoparticles. The
electrokinetic potential at the effective shear plane between
the moveable and nonmoveable part of the double layer
was measured by using the Nano Zetasizer (Malvern).

Transmission electron microscopy (EM 902, Zeiss) was
used to visualize the morphology and particle size of the
nanoparticles formed. Samples were prepared by dropping
a small amount of the redispersed aqueous solution on the
copper grids, dried, and examined in the electron micro-
scope at an acceleration voltage of 90 kV.

Table 2 DLS characterization of redispersed ZnS nanoparticles after solvent evaporation in absence of a polymer

Particle size of
the main fractiona

Zaverage Particle size of
the main fractiona

Zaverage Particle size of
the main fractiona

Zaverage

Point A (nm) Point A (nm) Point B (nm) Point B (nm) Point C (nm) Point C (nm)

without filtration >300 120–1,200 >400 100–180 >200 68–78
after filtration 4.6±0.9 30–80 5.2±0.8 26–39 7.4±2.7 25–35

a Average value from three to five repeat series obtained by automatic peak analysis by intensity

Table 3 DLS characterization of redispersed ZnS nanoparticles after solvent evaporation in the presence of PDADMAC1 (Mn=7.000 g/mol)

Particle size of
the main fractiona

Zaverage Particle size of
the main fractiona

Zaverage Particle size of
the main fractiona

Zaverage

Point A (nm) Point A (nm) Point B (nm) Point B (nm) Point C (nm) Point C (nm)

Without filtration 5.1±0.2 65–115 4.7±0.3 6–16 5.0±0.5 45–75
After filtration 4.6±0.3 40–80 5.2±1.0 8–14 4.9±0.4 30–67

a Average value from three to five repeat series obtained by automatic peak analysis by intensity
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Results

Microemulsion template phase

Figure 1 shows the optically clear area in the heptanol
corner (L2 phase) of the ternary system water/heptanol/SB.
When water is substituted by a 1% by weight aqueous
PDADMAC solution or a 0.1% chitosan solution, the L2
phase is not changed drastically. Therefore, the nanoparticle
formation was realized at the marked points A, B, and C.
From Cryo scanning electron microscopy, freeze-fracture
TEM, and ultrasound relaxation measurements, we know
that the droplet size is between 10 and 40 nm, and from
1H NMR self-diffusion and conductometric measurements,
one can conclude that the low-molecular-weight PDADMAC
is incorporated into these individual nonpercolated water
droplets [21]. The incorporation of the chitosan is much
more complicated, and already at a polymer concentration
greater than 0.2%, phase separation is observed. One
can conclude that the more stiff polymer of significant
higher molar mass can only be incorporated into droplet
clusters, according to the model already proposed by
Meier [34].

ZnS nanoparticle formation

In the microemulsion template phase

The particle size distribution of the redispersed nano-
particles after ultrasound treatment shows two main
fraction: one fraction of large particles with particle
dimensions above 200 nm and a second particle fraction
with particle diameter below 10 nm. Without filtration, the
particle fraction with large particle dimensions dominates
by the peak analysis by intensity. Turning from point A→
B→C, the decrease in the Zaverage value indicates a trend to
smaller particle dimensions. After filtration with an 800-nm
filter, the nanoparticle fraction with particle diameter less
than 10 nm becomes the main fraction, but the Zaverage value
between 25 and 80 nm demonstrates a still broader particle
size distribution. Because the broadness of the Zaverage value
becomes smaller at point B and C, one can conclude that
the template effect at these points is better than at point A
(Table 2).

By means of electrophoretic light-scattering, a negative
zeta potential of −5 mV can be detected for these nano-
particles. Taking into account that the ZnS particles, produced
by an adequate particle formation process in water, have a
positive zeta potential of +7 mV, one can conclude that the
end-standing sulfonate groups of the SB adsorb at the cationic
particle surface of the ZnS nanoparticles and form a bilayer
with a negative zeta potential of about −5 mV (Table 5).

TEM micrographs show on the one hand larger particles
and particle aggregates and on the other hand nanoparticles
between 3 and 10 nm, in good agreement with the light-
scattering results.

In the PDADMAC-modified microemulsion template phase

When similar experiments were made in the presence of the
PDADMAC1, already without filtration, the particle fraction
with a mean particle size of 5 nm becomes the dominant one,
and the Zaverage is decreased (Table 3). Especially at point B,
the Zaverage without and after filtration is quite the same,
indicating the size-controlling effect of the polycation. This
means that in the presence of the polycation, the fraction of
larger particles or particle aggregates can be decreased
significantly. Based on the positive zeta potential values of
22±5 mV, we can assume that the redispersed nanoparticles
are stabilized by a PDADMAC layer. One can conclude that
the polycation is adsorbed on the particle surface of the
double layer surrounded by ZnS nanoparticles via Coulom-
bic interactions between the PDADMAC and the end-
standing sulfobetain headgroups according to the model
already discussed in the case of the BaSO4 nanoparticle
formation process, described in Scheme 1.

This interpretation is well backed by the TEM micro-
graphs showing spherical nanoparticles with an average

Table 5 Zeta potential of the redispersed ZnS nanoparticles after
solvent evaporation in absence and presence of PDADMAC

Aqueous phase Zeta potential Zeta potential Zeta potential
Point A (mV) Point B (mV) Point C (mV)

Water −4.7±0.1 −5.6±0.5 −6.2±1.0
1% PDADMAC1 +18.7±1.3 +23.3±1.3 +26.1±2.8
1% PDADMAC2 +23.8±1.0 – +27.1±3.8

Table 4 DLS characterization of redispersed ZnS nanoparticles after solvent evaporation in presence of PDADMAC2 (Mn=31.000 g/mol)

Particle size of the
main fraction *

Zaverage Particle size of the
main fraction*

Zaverage

Point A (nm) Point A (nm) Point C (nm) Point C (nm)

without filtration 200±5 100–130 >100 57–64
after filtration 5.0±0.3 31–56 4.8±0.5 9–14

*Average value from 3–5 repeat series obtained by automatic peak analysis by intensity
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particle size of about 5 nm (Fig. 2) in good agreement with
the data obtained by dynamic light scattering.

When the molar mass of the PDADMAC is increased up to
Mn=31.000 g/mol (PDADMAC2), the particle formation can
be investigated only at point A and C, because of a partial
phase separation at point B. The results show a similar trend
but not so well pronounced (Table 4). This means that the
5-nm fraction becomes dominant only after filtration, and the
Zaverage between 9 and 14 nm indicates only smaller particle
dimensions at point C after filtration (Table 4).

In general, the results show that the templating effect of the
microemulsion in the absence of the polymer leads to a
redispersed particle fraction with particle dimensions below
10 nm, which are stabilized by a surfactant bilayer. Neverthe-
less, a second fraction with significant larger particle
dimensions exists dominating the size distribution determined
by dynamic light scattering. When the microemulsion
template phase is modified by adding PDADMAC, the small
particle fraction becomes more dominant, indicating the size-
controlling effect of the polycation. However, the best results
were observed at point B by using the low-molecular-weight
polycation with Mn=7.000 g/mol (PDADMAC1).

This effect can be explained as follows: the water/surfactant
ratio at points B and C equals to 0.5, but the portion of the oil
phase at point B is much higher (15% more oil) in comparison
to point C. Because of the existence of a water-in-oil micro-
emulsion in both cases, a much better distribution of the water
droplets can be assumed at point B. In consequence, the
interaction of the water droplets filled with polyelectrolytes and
nanoparticles is suppressed. Therefore, the solvent evaporation
leads to well-stabilized small nanoparticles.

Inspite of the fact that the templating mechanism is well
working for B and C as already discussed, the composition of
all three components (water, oil, and surfactant) seems to be of
importance and is the most effective one at point B.

The increase in the molar mass of the PDADMAC toMn=
31.000 g/mol or to Mn=246.000 g/mol (not discussed in
more detail) leads to problems in solubilization, resulting in a
partial decrease in the L2 phase. Therefore, experiments at
point B failed because of a partial phase separation.
However, the redispersed nanoparticles produced at points
A and C have significant larger dimensions because of a
bridging effect of the polycations of higher molar mass.

Fig. 2 TEM micrograph of redispersed ZnS nanoparticles synthesized
in the PDADMAC-modified microemulsion at point C

Scheme 1 Model of the PDAD-
MAC-stabilized nanoparticles
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Hap nanoparticle formation

In the microemulsion template phase

First of all, it has to be mentioned here that the formation of
hydroxylapatite in microemulsion template phases is much
more complicated in comparison to the zinc sulfide
formation process. Therefore, we have checked quite
different procedures, and finally, two routes were estab-
lished by mixing three or four microemulsions together.
The finally redispersed hydroxylapatite particles are in all
cases significantly larger with a mean particle size greater
than 300 nm. This means that the templating effect of the
microemulsion is quite bad in comparison to the ZnS. One
explanation is that a multicomponent mixing procedure is
much more complicated and leads to significantly larger
aggregates. Another explanation is related to the worse
binding conditions for the surfactant molecules on the
surface of the hydroxylapatite particles.

In the polymer-modified microemulsion template phase

When adequate investigations were realized in the presence
of a polymer, the solubilization capacity strongly depends
on the type of polymer used. On the one hand, there is no
problem to increase the PDADMAC concentration up to
4%, but on the other hand, the chitosan concentration has to
be limited to 0.1–0.2%. This is not surprising because of
the more stiff polysaccharide and the higher molar mass.
However, additional experiments have shown that also
oligomeric chitosan derivatives cannot be incorporated
without problems. That means that the solubilization
capacity of the DADMAC units is generally much better.
In consequence, the chitosan samples used here can be only

Fig. 3 a, b. TEM micrographs of redispersed hydroxylapatite nano-
particles synthesized in the chitosan-modified microemulsion at point C

Scheme 2 Model of the formation of chitosan-hydroxylapatite composites

1724 Colloid Polym Sci (2007) 285:1719–1726



solubilized in a microemulsion droplet cluster (compare
Scheme 2). The particle dimensions of the finally produced
Hap particles in the presence of the chitosan are in the same
order as in the unmodified system; this means the particle
dimensions detected by dynamic light scattering are in all
cases greater than 300 nm, by varying the molar mass of the
chitosan or the composition of the microemulsion. After
filtration, the count rate is too low for an adequate fit. This
means that a smaller nanoparticle fraction, in comparison to
the ZnS, does not exist.

TEM micrographs of the redispersed dispersion show on
the one hand larger particles of quite different size and shape
and on the other hand fibril structures, as to be seen in
Fig. 3a. A more detailed look into the “fiber-like” structure
(Fig. 3b) indicates that the fibrils consist of individual
nanoparticles (<3 nm) ordered along the polymer chain.

Because of the very low polymer concentration, we have
to differentiate between the formation of Hap particles in
the nonpolymer-filled and polymer-filled microemulsion
droplets. In the absence of chitosan, larger Hap particles of
different shape (spherical, triangular, or rod-like particles)
are formed in similarity to the unmodified microemulsion,
having a negative zeta potential.

In the presence of chitosan, things are changed: First of
all, the chitosan chain (stiff polysaccharide) induces a
cluster formation. When the nanoparticle formation is
realized than inside the individual microemulsion droplets,
a particle formation along the polymer chain becomes
reasonable. After solvent evaporation, a hybrid structure is
formed, where the nanoparticles are ordered along the
polymer chain, and a fibrillar structure can be observed in
the TEM micrographs. The process of hybrid structure
formation is demonstrated in Scheme 2.

By substitution of the more stiff chitosan of higher molar
mass by the low-molecular-weight PDADMAC1, we
observe a quite different behavior. In this case, the polymer
can be incorporated into the individual droplets, and
polymer-stabilized individual small nanoparticles can be
formed. Therefore, we can detect by means of dynamic
light-scattering measurements after redispersion nanopar-
ticles with diameter of about 5 nm, which are electrostat-
ically stabilized (positive zeta potential of +26 mV).

Conclusions

The aim of the research was to produce well-stabilized
nanoparticles by using polyelectrolyte-modified micro-
emulsions containing heptanol, water, and a surfactant with
a SB head group.

First of all, our experiments show that the particle
formation process in polyelectrolyte-modified microemul-
sions strongly depends on the type of polyelectrolyte as

well as the type of inorganic material used. When a more
flexible polyelectrolyte of low molar mass is used, e.g., the
cationic polymer PDADMAC with Mn=7.000 g/mol, ZnS
nanoparticles with particle dimensions of 5 nm are
predominantly formed, which are well stabilized during
the process of solvent evaporation and redispersion. Similar
results were observed in the case of hydroxylapatite. This
means that the PDADMAC of low molar mass solubilized
into individual microemulsion droplets can increase the
templating effect of the microemulsion and stabilize the
formed nanoparticles during the solvent evaporation and
the redispersion process. Therefore, the polymer fulfills
indeed the requirements of a size-regulating and stabilizing
component in the process of nanoparticle formation and
redispersion according to our recently published patent
[35]. When the molar mass is increased above a critical
value, the polymer can no longer be incorporated into
individual droplets, and the size-controlling effect is lost. In
addition, the stabilizing effect for individual small nano-
particles during the redispersion is lost because of an
enhanced particle aggregation.

When a more stiff polyelectrolyte, i.e., chitosan, of
higher molar mass is used, the incorporation of the polymer
into individual droplets can no longer be realized, and a
cluster formation will be observed. This opens a possibility
to produce well-ordered polymer hybrid structures. There-
fore, individual Hap nanoparticles can be ordered along the
polymer backbone, and fiber-like structures are formed.
Such chitosan–Hap superstructures seem to be of special
interest in dental applications.

Further experiments will be focused now on the separation
of the nanoparticles from the surfactants in the redispersed
aqueous solution and the characterization of the optical
properties.
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