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Abstract

We report the effect of gold nanoparticles encapsulated into the shell-forming PAMAM dendrimers on the assembly and properties of
multilayer microshells. We demonstrate that the PAMAM-encapsulated gold nanoparticles change dramatically the optical spectroscopic prop-
erties of microcapsule dispersions, without significantly affecting the stiffness of microcapsules. Our results indicate that the use of dendrimer-
protected nanoparticles as building blocks opens numerous possibilities to vary the composition and diverse properties of microshells without

changing their stiffness.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years polyelectrolyte multilayer microcapsules [1]
became extremely important and have found numerous appli-
cations in various fields of science and technology. They allow
encapsulation of various materials, which are normally loaded
into the capsule interior and dramatically change osmotic
equilibria [2—4], and, as a result, a response of capsules to
mechanical signals [5—8]. Here we deal with microcapsules
containing cationic poly(amidoamine) dendrimers (PAMAM)
as building blocks. These structures potentially allow two
types of encapsulation: one in the dendrimers localized in
the multilayer shells, and another in the microcapsule interiors
resulting in a dual delivery and/or release system. To deposit
nanoparticles into capsule shells we do not use standard
approaches that take advantage of using inorganic particles
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as building blocks for the shell formation [9], or an in situ
synthesis in multilayer shells [10,11]. Instead, we employ a
recently discovered the ability of dendrimers to form organic—
inorganic composites [12—19], and synthesize nanoparticles
into the PAMAM, which is used then as building blocks for
the multilayer shell assembly.

As an initial application of our approach, here we decided
to limit ourselves with PAM AM-encapsulated gold nanopar-
ticles, widely used and the most stable metal nanoparticles.
The use of gold nanoparticles opens fascinating possibilities
in various fields especially due to size-related electronic and
optical properties (quantum size effects). Their promises are
in the bottom—up approach of nanotechnology, and they are
expected to be the key materials and building blocks in the
21st century [20]. The gold nanoparticles and their assemblies
were already used as various sensors [21], for catalytic pur-
pose [18,22—24], in biological imaging [25], and as building
blocks for the preparation of thin supported films [26,27],
which provide a new development of thin conducting or cata-
lytic films [28], sensors, biotechnology [20] and more.
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Despite growing interest in the assembly of various types of
multifunctional nanoparticle-based [29—32] and dendrimer-
based [33—36] microcapsules and other materials, we are un-
aware of recent attempts to make microcapsules containing
nanoparticles inside shell-forming dendrimers. Here we try
to compensate this lack of experimental information. We pre-
pare a new type of microcapsules using PAMAM-encapsulated
gold nanoparticles, and demonstrate a remarkable difference
in several parameters of capsule dispersions from those typical
for PAMAM-based capsules prepared without being loaded by
gold. Since the stability and mechanical parameters of multi-
layer shells are one of the most important characteristics of
these systems in our paper we try to focus not only on the
preparation and characterization of dendrimer-based micro-
capsules loaded with gold nanoparticles, but also on their
mechanical characteristics. We demonstrate that the remark-
able consequence of the encapsulation of gold nanoparticles
into dendrimers is that this practically does not influence the
stiffness of the multilayer shell. This opens enormous possibil-
ity to vary properties and functionalities of shells without
changing their mechanical characteristics.

2. Experimental
2.1. Materials

Polysterene sulfonate (PSS, M,, ~ 1000000), auric acid
HAuCly, and the fluorescent dye fluorescein isothiocyanate
(FITC) were purchased from Sigma—Aldrich Chemie GmbH,
Germany. Sodium borohydride (NaBH,4) was purchased from
Fluka. Hydrochloric acid (HCI) and sodium chloride (NaCl)
were purchased from Riedel-de Haén, Germany. Poly(amido-
amine) dendrimers of generation 9 (G9 PAMAM) were sup-
plied by Dendritech, Inc. (Michigan Molecular Institute)
[37]. All chemicals were of analytical purity or higher quality
and were used without further purification. Water used for all
experiments was purified by a commercial Milli-Q Gradient
A10 system containing ion exchange and charcoal stages,
and had a resistivity of 18.2 MQ/cm. The pH was measured
using pH meter (InoLab, Germany) with the accuracy of £0.5.

Suspensions of monodispersed weakly cross-linked mela-
mine formaldehyde particles (MF particles) with a radius of
rg=2.0£0.1 um were purchased from Microparticles
GmbH (Berlin, Germany). Glass bottom dishes (0.17 mm/J
30 mm) with optical quality surfaces were obtained from
World Precision Instruments Inc. (USA). Glass spheres (radius
20 + 1 um) were purchased from Duke Sci. Co., California.

2.2. Methods

2.2.1. Synthesis and characterization of Au nanoparticle-
loaded G9 PAMAM dendrimers

The synthesis and characterization of the G9 PAMAM den-
drimer encapsulated with Au nanoparticles (G9 Au-PAMAM)
have been described previously [18]. Briefly, aqueous solu-
tions of G9 PAMAM dendrimers ranging from 0.1 to 1.0%

mass fraction were prepared by diluting concentrated den-
drimer/methanol solutions (dendrimer mass fraction of 20—
25%) with deionized water. Dilute aqueous solutions of G9
PAMAM dendrimers were mixed with aqueous solutions of
HAuCly, at controlled stoichiometries. After stirring these so-
lutions for 1 h, sodium borohydride in basic aqueous solution
(0.025—0.5 M sodium hydroxide) was added. The light yellow
dendrimer/HAuCl, solutions immediately turned deep red,
indicating the formation of colloidal gold. The brown or red
color of the solutions and UV—vis spectra are typical of
gold colloids. The presence of gold nanoparticles inside the
dendrimers was previously confirmed by transmission electron
microscopy (TEM) and small-angle X-ray scattering (SAXS).
TEM on the dendrimer—gold particles was performed after
staining the dendrimer and it is evident that the colloid parti-
cles are formed inside the dendrimer. The sizes estimated for
the dendrimer and gold are 13 and 4 nm, respectively. This
value corresponds to previous reports of the size of the unmod-
ified PAMAM dendrimers within the experimental error [38].
SANS results for the dendrimer—gold hybrid particles
also show that the radius of gyration obtained from Guinier
extrapolation is 5.1 0.1 nm. The result indicates that the
hybrid particles also do not form larger aggregates in solution.
The detailed descriptions are written in the previously reported
paper [18].

2.2.2. Capsule preparation

The PSS/PAMAM and PSS/Au-PAMAM capsules were
prepared similar to the method described in Ref. [33] and as
schematically shown in Fig. 1. The positively charged MF
particles (50 pL. of 10 wt% water dispersion) as a template
were incubated with 1 mL of PSS solution (1 mg/mL contain-
ing 0.5 mol/LL NaCl, pH 6) at room temperature for 10 min,
followed by three centrifugation/rinsing cycles, and finally dis-
persed in water. A 1 mL portion of a PAMAM or Au-PAMAM
solution (1 mg/mL, pH 4) was then added to the particle dis-
persion. After 20 min given for adsorption three centrifuga-
tion/wash cycles were performed (as above). The PSS and

& =Au-PAMAM

~_S~ =PSS

Fig. 1. LbL assembly of PSS/Au-PAMAM microcapsules. 1 — PSS adsorption;
2 — Au-PAMAM adsorption; 3 — repeat of the steps 1 and 2; 4 and 5 —
template decomposition.
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PAMAM (or Au-PAMAM) adsorption steps were repeated
four times each to build multilayers on the MF particles.
Each adsorption was followed by washing out excess polymer
and salt. The microcapsules referred to below as (PSS/
PAMAM), and (PSS/Au-PAMAM), capsules were obtained
by dissolving the MF template in HCl at pH 1.2—1.6 and
washing with water three times as described before. For the
preparation of the microcapsules referred to below as (PSS/
PAMAM),/PSS and (PSS/Au-PAMAM),/PSS additional layer
of PSS was absorbed before dissolving the MF template.

UV—vis spectra of (PSS/PAMAM), and (PSS/Au-
PAMAM), microcapsule suspensions were obtained on a
Perkin—Elmer Lambda 9 spectrometer in the wavelength
range 300—800 nm.

2.2.3. Microscopy

Confocal laser scanning microscopy images were taken
with a commercial confocal microscope unit FV300 (Olym-
pus, Japan) used in combination with an inverted fluorescence
microscope Olympus IX70. A high resolution (60x) bright
(NA = 1.45) oil immersion objective was used. The drop of
suspension of capsules was applied to a glass bottom dish
with subsequent addition of water. High resolution and con-
trast of the confocal images were achieved by the use of low
molecular fluorescent dye FITC added to the capsule solution
at a concentration of ~10~® mol/L. The excitation wavelength
was A =488 nm.

For scanning electron microscopy (SEM) analysis a drop of
suspension of capsules was applied to a silicon wafer with
sequential drying at room temperature for several hours [39].
The measurements were performed using a Gemini Leo (Zeiss)
1530 instrument operating at a working distance of 2 mm and an
acceleration voltage of 0.5 kV. Since the samples were not cov-
ered with a gold layer before inspection, this low acceleration
voltage was applied in order to avoid charging of the sample.
The images were recorded using the InLens Detector.

For TEM examination one drop of sample solution was ap-
plied to a carbon coated copper TEM grid. Excess solution
was blotted off with a piece of filter paper. The remaining sam-
ple solution on the carbon film was allowed to dry at room
temperature before examined by TEM. Inspection of the dry
capsules was performed in a LEO 912 transmission electron
microscope at an acceleration voltage of 120 kV. Images
were taken on a 1k Proscan CCD Camera.

2.24. Force measurements

The experimental set-up was described before [40—42].
Briefly, load (force) vs deformation curves were measured
with the molecular force probe device (MFP) 1D (Asylum
Co., Santa Barbara, USA), which has a nanopositioning sensor
that corrects hysteresis and creep of the piezo translator. For
the force measurements we used V-shaped cantilevers (Mikro-
Masch, Estonia, spring constants & = 3.0 N/m). Exact spring
constant of the cantilever was estimated from the resonant fre-
quency calibration plot. Briefly, MikroMasch cantilevers have
six parameters in the specification, namely, three values for the
typical resonant frequency and, respectively, three spring

constants, calculated from their geometric (length, width,
height) and physical (density, resonant frequency) parameters
[43]. These values (resonant frequencies and spring constants)
were entered in the plot and line regression was made in order
to fit data points. Then the resonant frequency of the cantilever
was measured and its spring constant was determined from the
calibration plot. The spring constants determined by this
method were compared with spring constants determined by
the method of added mass [44] and good agreement was
found. Glass spheres were glued onto the apex of cantilevers
with epoxy glue (UHU Plus, Germany). The capsule defor-
mation experiment has been described before [42]. Here we
performed the dynamic measurements at intervals of piezo
translator speed from 0.2 to 20 pm/s. The result of the mea-
surement represents the deflection 4 vs the position of the
piezo translator at a single approach. The force F was deter-
mined from the cantilever deflection, F' = k4. As before, we
assume that zero separation is at the point of the first mea-
surable force [6]. Then the deformation is calculated as the
difference between the position of the piezo translator and
the cantilever deflection. The diameter of the capsule was de-
termined optically with an accuracy of 0.2 um and from the
AFM load vs deformation curves (like in Ref. [6]). The rela-
tive deformation e of the capsule was then calculated as
e=1—H/(2ry), where H is the minimum sphere/substrate
separation [6,41]. To get reliable results we have performed
several series of force measurements. Every series included
at least 10 experiments. Then the average of all force vs defor-
mation curves was calculated.

3. Results and discussion
3.1. General observations

Fig. 2 (top) shows suspensions of MF particles (a), (PSS/
PAMAM), microcapsules (b) and (PSS/Au-PAMAM), cap-
sules (c). As one can see, the suspension of (PSS/PAMAM),
capsules is colorless and transparent while the suspension of
(PSS/Au-PAMAM), capsules is dark red, like the color of
Au-PAMAM solution used for the capsule preparation. The
capsules made using Au-PAMAM precipitate much faster
as compared with capsules without gold nanoparticles.
From the UV—vis spectra of (PSS/PAMAM), and (PSS/Au-
PAMAM), microcapsule suspensions (Fig. 2, bottom) one
could see that Au-containing microcapsules show a surface
plasmon band in the visible region around 520 nm, indicating
the presence of Au nanoparticles (a rough estimate leads to
a particle size below ca. 4—5nm). This is well consistent
with the TEM data. The shape of the obtained capsules and
their average diameters were monitored by confocal laser
scanning microscopy. Typical image of (PSS/Au-PAMAM),
capsules is shown in Fig. 3. The absolute majority of them
(>90%) have ideal spherical shape. The (PSS/PAMAM),,
(PSS/PAMAM),/PSS and (PSS/Au-PAMAM),/PSS capsules
have given similar confocal images. SEM and TEM images
of dried capsules (Fig. 4) were also taken in order to observe
and confirm the formation of the capsules.
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Fig. 2. Top: suspensions of MF particles (a), (PSS/PAMAM), microcapsules
(b) and (PSS/Au-PAMAM), capsules (c). Bottom: UV—vis spectra of (PSS/
PAMAM), and (PSS/Au-PAMAM), microcapsule suspensions and the
difference.

3.2. Structure and morphology of the capsules

To investigate the multilayer shell structure and morphol-
ogy, we have taken and analyzed SEM and TEM images of
dried capsules at higher magnification (Fig. 4c and d). The

Fig. 3. The confocal image of (PSS/Au-PAMAM), microcapsules.

surface morphology of capsules (Fig. 4a and c¢) shows the folds
with sharp edges similar to the majority of microcapsules
studied before [45,46]. The surface of the capsules looks
rough, but it is not porous. TEM analysis has shown that
gold nanoparticles are included in the shell of (PSS/Au-
PAMAM), microcapsules and that these nanoparticles are
well separated (Fig. 4d). These results demonstrate that gold
nanoparticle-loaded PAMAM dendrimer can be successfully
used as a building block for the formation of multilayer
microcapsules.

3.3. Deformation profiles

Fig. 5 shows the average force vs deformation profiles for
(PSS/PAMAM),, (PSS/PAMAM),/PSS, (PSS/Au-PAMAM),,
and (PSS/Au-PAMAM),/PSS microcapsules. One can see
that capsules containing gold nanoparticles in their shells are
somewhat stiffer than their gold-free analogues, but the

Fig. 4. SEM (a and c) and TEM (b and d) images of (PSS/Au-PAMAM), microcapsules.
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Fig. 5. The average force—deformation curves measured for (PSS/PAMAM),,
(PSS/PAMAM),/PSS, (PSS/Au-PAMAM), and (PSS/Au-PAMAM),/PSS
capsules. For all curves only every 15th point is shown.

increase in the stiffness is not significant. It has previously
been concluded [31] that the presence of nanoparticles in the
multilayers should always dramatically increase the stiffness.
Also note that PAMAM dendrimers are rather soft and can
be easily deformed, so that being deposited to the oppositely
charged solid surface they compress to the ellipsoidal shape
(with the height of about 5—6 nm for the PAMAM of the
diameter used here) [47]. Therefore, the presence of a metal
nanoparticle inside a dendrimer molecule should change the
stiffness of dendrimers significantly. However, our results
clearly show that this is not so for multilayer shells made of
PAMAM-encapsulated gold. The reason for this is likely con-
nected with the earlier established fact that the mechanical
properties of multilayer materials are determined by a number
of ionic cross-links in the system, but practically independent
of the stiffness of the building blocks. Clearly, our nanopar-
ticles are incorporated inside the dendrimer, and do not have
a contact with the alternating polyelectrolyte. In other words,
their encapsulation inside dendrimers cannot affect the number
of ionic cross-links. Note, however, that the fact that Au-
loaded dendrimers are getting stiffer likely still plays some,
but indirect role. One can speculate that the small increase
in the slope of the force curves after encapsulation of gold
(Fig. 5) is indeed due to the slight increase in the thickness
of the dendrimer layer due to inner nanoparticles, which
are expected to lead to a weaker “‘spreading’ and compression
of dendrimers on a template for a capsule preparation. From
the analysis of the force curves one can also conclude
that additional protective PSS layer increases the stiffness
of the microcapsules due to an increase in the shell thick-
ness, but presumably also due to the decrease in permeability.
Thus, the experimental data suggest that the incorporated
nanoparticles do not really increase the stiffness of the cap-
sule shells, and the main parameter that controls the mech-
anical properties of the capsule shells is still the amount of
ionic cross-links between alternating polyelectrolytes and
dendrimers.

4. Conclusions

We have presented a novel method of assembling micro-
shells loaded with gold nanoparticles and measured their
mechanical properties. These microshells represent very
promising and multifunctional systems, since, on one hand,
they can be used as dual encapsulation and release systems;
on the other hand, they consist of dendrimers which are also
important for the variety of applications [48]; finally, they con-
tain gold nanoparticles that impart other promising properties
(optical, electrical, remote release and more). Remarkably, the
use of nanoparticles encapsulated into dendrimers practically
does not affect mechanical characteristics of the microshells.
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