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Nanoparticles that combine domains with different composi-
tions (e.g., noble metals, iron oxide, organic compounds, or
polymer) have attracted considerable interest for biomedical
applications, because two or more important functions, for
example, targeting, imaging, and therapy, can be combined
into a single nanoparticle, and such a particle would increase
the precision and efficacy of diagnosis and treatment.!) A
gold nanoparticle is well suited to the framework of multi-
functional nanoparticles owing to its biocompatible surface
and unique optical properties.”! Surface conjugation with an
antibody, DNA, a drug-embedded polymer, or an iron oxide
moiety could enable a variety of combinations for targeting,
imaging, and photothermal treatment.”!

Many research efforts have been focused on the synthesis
of these particles Some issues, such as reproducibility,
uniformity in size and shape, and in-solution production,
however, remain challenging, as there is a lack of information
regarding the formation and overgrowth of heterogeneous
nanoparticles.”’! To overcome these current synthetic limita-
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tions, the growth mechanism of these particles should be
explored. This knowledge could significantly contribute to the
rational design and precise fabrication of the particles. To
date, only a few monitoring techniques, including in situ TEM
and UV/Vis spectroscopy, have been used to study the growth
mechanism of homogeneous nanoparticles.

Herein, we show that by exploiting single-particle scatter-
ing spectra, mechanisms underlying the overgrowth of Au on
dimeric gold/polystyrene (gold/PS) nanoparticles can be
inferred, which are largely hidden in UV/Vis spectroscopy
and TEM owing to ensemble averaging and two-dimensional
image projection (Figure 1). Since the UV/Vis absorption
spectrum is obtained by the ensemble signal measurement of
multiple dimers in solution, it is not easy to address the issue
of the precise growth mechanism for individual dimers. In
comparison, scattering spectra based on individual particles
provide more precise information concerning the growth
mechanism. During overgrowth of Au, distinct patterns in
scattering spectra of single dimeric particles were differ-
entiated. We also propose an overgrowth mechanism that
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Figure 1. A cartoon showing the growth of a gold/PS dimer with the
reduction of Au™ ions on its surface and correlation of the predicted
UV/Vis absorption with scattering spectra for single hybrid dimers.
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corresponds to each pattern. Gold/PS dimeric nanoparticles
were selected as a model system because the combination of
gold and polymer moieties would be useful in terms of
multifunctional capability and further modification.?*”! The
overgrowth of Au on a single gold/PS nanoparticle was
monitored by dark-field microscopy™® in association with a
homemade microfluidic system (Figure 2).
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Figure 2. a) Schematic illustration of the simultaneous optical mon-
itoring of the overgrowth of a single gold/PS dimer. b) A homemade
microfluidic system combined with dark-field microscopy for real-time
monitoring under the reaction conditions.

Gold/PS dimers were synthesized as reported.”! As shown
in Figure S1 in the Supporting Information, the prepared
dimers consist of 50 nm layers of gold and 75 nm layers of PS.
Prior to the overgrowth of Au, the gold/PS nanoparticles were
attached to the surface of a cover glass by electrostatic
attraction (Figure S2 in the Supporting Information). The
cover glass was first functionalized with poly(diallyldimethy-
lammonium chloride) (PDADMAC), a positively charged
polyelectrolyte, and subsequently the negatively charged
gold/PS nanoparticles were immobilized. Note that the gold/
PS dimer is negatively charged, owing to the presence of
carboxylic groups on the gold portion and sulfonate groups on
the PS portion. To avoid the nucleation of Au in solution and
to facilitate the selective overgrowth of Au on the surface of
the nanoparticles, cetyltrimethylammonium bromide
(CTAB)-capped gold seeds (ca. 4 nm) were attached to the
nanoparticles.

The final cover glass was integrated with a homemade
microfluidic system (Figure 2b). During overgrowth, time-
resolved scattering spectra of individual dimeric nanoparti-
cles were collected by means of a dark-field microscopy
system. To clearly observe overgrowth on individual gold/PS
nanoparticles, the crystallization of CTAB and nucleation of
Au in solution must be avoided. The concentrations of Au**,
CTAB, Ag", and ascorbic acid in the growth solution were

www.angewandte.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

carefully selected to minimize unwanted nucleation in
solution. Moreover, the overgrowth reaction in the flow
chamber was maintained at 25°C to prevent the crystalliza-
tion of excess CTAB in the growth solution.

Since a change in the size and shape of a gold nanoparticle
is directly related to different localized surface plasmon
polaritons, in situ observation of the scattering profile permits
estimation of morphological changes of the gold nanoparticle
as well as of the kinetics during overgrowth.’! By analyzing
the time-resolved scattering spectra of 20 different individual
nanoparticles, we found that three different growth modes
existed, even under identical overgrowth conditions. The
representative spectral changes for each mode are shown in
Figure 3. In mode I (11 out of 20 spectra), the scattering
intensity increases and the plasmon resonance frequency is
red-shifted with increasing reaction time. Patterns similar to
this scattering profile can be found in cases of growth of single
spherical nanoparticles. When light scattering from PS is
neglected owing to the four or five orders of magnitude
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Figure 3. Representative spectral changes for the three different
growth modes observed under identical overgrowth conditions. Each
inset shows the TEM image of a final overgrown structure for each
growth mode. a) Mode |: The scattering intensity increases and the
plasmon resonance frequency is red-shifted with increasing reaction
time. b) Mode II: Analogous to mode |, but about 75% of the total
change takes place within 20 min. c) Mode Il1: The scattering peak
maxima (around 550 nm) are nearly unchanged, but a new scattering
resonant peak appears at a longer wavelength (around 680 nm), and
its intensity gradually increases with reaction time.
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differences in Rayleigh scattering cross sections between gold
and PS,'" it appears that most of the Au* ions contribute to
selective growth on the gold portion, and the size of the gold
portion grows gradually, as shown in the inset TEM image of
Figure 3a. Mode IT (5 out of 20 spectra) is analogous to
mode I, and the scattering spectra show an increase in
intensity and a red shift in the resonance frequency during
overgrowth. However, about 75 % of the total changes occur
within 20 min, whereas mode I shows a relatively gradual
change over a period of 60 min. The more rapid change
associated with mode I suggests that during reaction, the
overgrowth of Au proceeds over the entire surface of the gold
portion, thus leading to the symmetrical overgrowth on the
gold portion, as evidenced by the maintenance of a single
Gaussian shape in the scattering spectra. However, instead of
a larger spherical shape, an extended shape resembling a fin
or spike is produced, as shown in the inset TEM image of
Figure 3b, leading to a more rapid reaction rate than in
mode I. Unlike growth modes I and II, the scattering peak
maxima (around 550 nm) and intensities remain nearly
constant with increasing reaction time in mode III (4 out of
20 spectra). However, in mode I1I, a new scattering resonant
peak is observed at a longer wavelength (around 680 nm), and
its intensity gradually increases as overgrowth proceeds. This
behavior can be attributed the generation of a second
resonance peak corresponding to asymmetric growth from a
gold/PS dimer. Consequently, the final structure has an
elliptical shape in which the PS portion is fully covered by
gold (Figure 3¢, inset).

Figure 4 demonstrates the kinetic change of the resonance
frequency, intensity ratio (Zsgonm/Issonm)> and equivalent radius
in detail. As shown in Figure 4a, the peak shifts of the
resonance frequency with respect to the reaction time are also
different among the three modes. In modes I and II, the
position of the resonance peak shifted by about 10 nm to a
longer wavelength, but there was no significant change in
mode III. In mode III, instead, a second peak appeared at
about 680 nm (see Figure 3c). We compared the intensity
ratio of the second resonance peak to the first one (Fig-
ure 4b). During overgrowth, the ratio showed an 18%
decrease in modes I and II, which resulted from the increased
intensity of the first peak. In contrast, it increased by 48 % in
mode III owing to a significant increase in the second peak.
Therefore, the striking contrast in the intensity ratio reveals
that more than one collective oscillation exists.

To more quantitatively examine each overgrowth mode,
we calculated the equivalent radius from the change in
measured intensity, assuming a spherical structure. Since the
change in the scattering intensity (/) is proportional to the
sixth power of the particle diameter [D, Eq. (1)]:"+!!

Iy x D° 1)

the equivalent radius can be related to the scattering
intensities using Equation (2):

Req = Ro(](x)/10)1/6 (2)
where R, is the equivalent radius, R, is the initial radius of a
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Figure 4. Kinetic changes of resonance frequency, intensity ratio
(Iesonm/ Issonm), @nd equivalent radius. a) Plots of the shift of peak
maximum in the scattering spectra as a function of overgrowth time.
In modes | and Il, the resonance peak is red-shifted by about 10 nm,
while there was no significant change in mode I1I. b) The scattering
intensity ratio for the two resonance peaks (around 550 nm and

680 nm, respectively). Unlike growth modes | and 1, lsgonm//s50nm
increases by 48 % in mode Ill, owing to the significant increase in the
longitudinal plasmon band (around 680 nm). Insets in (a) and (b)
describe the method used for replotting from the original spectra.

c) Time-dependent changes in equivalent radius calculated using
Equation (2). In growth mode Ill, the equivalent volume is 44 and
64 % larger than those for growth modes | and II.

gold nanoparticle (R,=50 nm), and I, is the initial scattering
intensity. Furthermore, for mode III, we take the averaged
values for the two radii, as estimated from the two resonance
peaks (see Figure S3 in the Supporting Information). In
modes I and II, the equivalent radii gradually increase up to
27 nm within a period of 15 min. However, the radius in
mode II is saturated after 15 min, while mode I shows a
gradual increase up to 28 nm over a period of 60 min. In
contrast, in the case of overgrowth mode III, the equivalent
radius increases to 30 nm, which corresponds to 44 % and
64 % larger volume than the particles resulting from growth
modes I and II, respectively. More experimental and theoret-
ical studies to investigate the population of each overgrowth
mode and factors that dominate a specific overgrowth mode
are currently under investigation.
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In conclusion, by exploiting the time-resolved Rayleigh
scattering spectra of single nanoparticles, the mechanisms
underlying the overgrowth of Au on individual dimeric gold/
PS nanoparticles can be revealed. It would not be possible to
accomplish this aim using UV/Vis spectroscopy and TEM
owing to ensemble averaging and the fact that two-dimen-
sionally projected images are produced in the case of TEM.
During the overgrowth of Au, three distinct patterns in the
scattering spectra of individual dimeric particles can be
differentiated. In mode I, the scattering intensity increases
and the plasmon resonance frequency is red-shifted with
increasing reaction time, thus suggesting that most of the Au™*
ions are selectively nucleated on the gold portion, and the size
of the gold portion grows in a symmetrical manner. Compared
with mode I, the more rapid change in the intensity and
resonance frequency in mode II suggests that, during over-
growth, the nucleation of Au leads the production of gold/PS
nanoparticles with an extended shape resembling a fin or
spike. Unlike growth modesI and II, a new scattering
resonant peak at longer wavelength is observed (around
680 nm) in mode III, and its intensity gradually increases as
overgrowth proceeds. We attribute the generation of the
second resonance peak to asymmetric growth (e.g., elliptical
shape) originating from a single gold/PS heterogeneous
nanoparticle. We expect that these results can directly provide
a better understanding of the growth mechanism and help
overcome current limitations in the synthesis of nanoparticles.
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