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’ INTRODUCTION

The ability to control the assembly of nanoparticles is a strong
concern in many application domains, including biodiagnostics,
drug delivery, catalysis, and information storage.1 The existing
methods of assembly are based on electrostatic interactions (metal
ion chelation2 or complexation3), biospecific recognition (DNA
linking4 and polymer-based biomolecular recognition5), solvo-
phobic interactions,6 andmultidentate ligands (e.g., multidentate
thioethers,7 dithiols,8 and multifunctional fullerenes9). Reversi-
ble aggregation of nanoparticles presents a great interest in many
application fields as reported in the literature.Methods to achieve
such a goal are mainly based on the stabilization of nanoparticles
by stimuli-responsive polymers, which respond to an external
stimulus such as pH, light, or temperature.10

As a response to the stimulus, water becomes a poor solvent
for the polymer chains grafted on the AuNP, therefore leading to
the emergence of hydrophobic interactions as the polymer chains
undergo conformational changes. Nanoparticle aggregation in
aqueous solution induced by these stimuli-responsive polymers
generally leads to amacroscopic precipitationwithout any control of
the size and shape of the aggregates and thus represents a difficulty
in such systems.

In previous work, we reported the synthesis of dithiol-func-
tionalized thermosensitive polymer-coated gold nanoparticles in
aqueous solution.11 The aggregation temperature, Tagg, of the
AuNPs, which corresponds to the phase transition temperature

of the grafted polymer, can be easily tuned from 8 to 50 �C, both
by changing the AuNP size and by increasing the proportion of
hydrophilic polymer in the polymer corona. The reversible
AuNP aggregation was only driven by the temperature stimulus.
However, in all cases, as said above, the aggregation of AuNPs
leads to diffusion-limited aggregation and macroscopic phase
separation. In aqueous solution, one interesting approach to
control the nanoparticle aggregation at a nanoscale level is to
govern both short-range attractive and long-range repulsive
interactions. In the case of thermoresponsive polymer-coated
gold nanoparticles, attractive interactions come from the poly-
mer chains themselves, which become hydrophobic above the
phase transition temperature of the polymer. Furthermore, it
leads to a macroscopic aggregation due to the absence of long-
range repulsive interactions. Then, the control of the nanopar-
ticle aggregation requires the presence in solution of either
electrostatic or steric repulsive interactions. In the case of steric
repulsions, free copolymer chains in solution, which can both
interact with the nanoparticles in solution and maintain a
colloidal stability, are well-known in colloid chemistry to act this
role. Commercial Pluronic poly(ethylene oxide)-block-poly(pro-
pylene oxide)-block-poly(ethylene oxide), PEO�PPO�PEO,which
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ABSTRACT: Aggregation of thermosensitive polymer-coated
gold nanoparticles was performed in aqueous solution in the
presence of a triblock copolymer poly(ethylene oxide)-block-poly-
(propylene oxide)-block-poly(ethylene oxide) (Pluronic P123,
PEO20�PPO68�PEO20). The gold nanoparticles, AuNPs, which
are covered by thermosensitive statistical copolymers poly(EOx-st-
POy), aggregate when the temperature is higher than the phase
transition temperature of the polymer, leading to a macroscopic
precipitation. The presence of Pluronic chains in solution prevents
the uncontrolled aggregation of the AuNPs at higher temperature
than both the aggregation temperature of the AuNPs (Tagg) and
the critical micellization temperature (cmt) of the Pluronic. The
size, the colloidal stability, and the optical properties of theAuNPs aggregates aremodulated as a function of theP123-to-AuNP ratio, which
constitutes the critical parameter of the system. Moreover, the AuNP aggregation is totally reversible upon decreasing the temperature
below Tagg. Our approach constitutes an easy way to the formation of well-controlled nanoparticle aggregates with well-defined sizes. The
resulting aggregates have been characterized by UV�vis spectroscopy, dynamic light scattering, and electron microscopy.
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are known to form thermodynamically stable micelles in aqueous
solution, possess the required physicochemical characteristics de-
scribed above to play the role of polymeric surfactant.12

In this present work, we report on an original strategy con-
sisting of fine control of the aggregation of polymer-coated gold
nanoparticles using Pluronic PEO�PPO�PEO copolymers,
which possess the same chemical composition as the polymer
grafted on AuNPs. First we demonstrate that the presence of P123
chains prevent the macroscopic phase separation of aggregated
AuNPs in solution. Reversible and controlled nanoparticle aggre-
gates are formed in aqueous solution. In the second part of the pre-
sent work, we highlight the physicochemical parameters allow-
ing one to subtly tune the size of the gold nanoparticle aggregates.

’EXPERIMENTAL SECTION

Materials. Amino-terminated poly(ethylene oxide-st-propylene
oxide), poly(EOx-st-POy), Jeffamine M600 and M1000, with designed
molar masses 600 and 1000 g 3mol�1 and ethylene oxide/propylene
oxide, EO/PO, ratio of 1/9 and 19/3, respectively, were purchased from
Huntsman Performance Products. Didodecyldimethylammonium bro-
mide (DDAB), sodium borohydride (NaBH4), and gold(III) chloride
(AuCl3) were purchased from Alfa Aesar. Tetrabutylammonium bor-
ohydride (TBAB), decanoic acid, thioctic acid (TA), 4-(N,N-dimethy-
lamino)pyridine (DMAP), N,N0-dicyclohexylcarbodiimide (DCC),
and poly(ethylene oxide)20-block-poly(propylene oxide)68-block-poly-
(ethylene oxide)20 (Pluronic P123, Mn ∼ 5750 g 3mol�1) were pur-
chased from Sigma-Aldrich. All chemicals were used as received.
Synthesis. Dithiol-Functionalized Thermosensitive Polymers (DHLA�

M600 and DHLA�M1000). Thioctic acid was coupled to Jeffamine
M600 andM1000, using DMAP and DCC in CH2Cl2. After purification
by chromatographic column, dithiolane-terminated poly(EO-st-PO)
was reduced into dithiol using NaBH4. The ligands denoted DHLA�
M600 and DHLA�M1000 were extracted, dried, and then stored under
inert atmosphere at 4 �C before used. Details of synthesis are reported in
ref 11.
Polymer-Protected Gold Nanoparticles. Six nanometer gold nano-

particles (AuNPs) capped by decanoic acid were prepared by the
procedure described in ref 13. Briefly, AuCl3 (7.5 mg) was dissolved
in 1mL of 100mMDDAB solution in toluene. Decanoic acid (43mg) in
toluene (2.5 mL) was mixed with the gold salt solution and then TBAB
(25 mg) dissolved in 1 mL of DDAB solution was injected to precipitate
gold nanoparticles. A ligand-exchange procedure was carried out by
mixing AuNPs in toluene (1 mL) with an excess of dithiol-terminated

Jeffamine as previously reported in ref 11. We used different mixtures of
DHLA�M600 andDHLA�M1000 in a 100/0, 75/25, and 60/40molar
ratio. Cap-exchanged nanoparticles were dried, dispersed in ethanol, and
purified three times by ultracentrifugation to remove free ligands. After
drying, gold nanoparticles were redispersed in 10 mM KCl solution to
screen residual electrostatic interactions and stored at ∼4 �C. The
concentration of gold nanoparticles was evaluated using UV�vis
absorbance at 400 nm. In the following, polymer-stabilized gold nano-
particles will be labeled AuNP@x/y, where x/y is the initial DHLA�
M600/DHLA�M1000 molar ratio used for the exchange.

Preparation of AuNP and Pluronic Mixtures. Solutions of PEO�
PPO�PEO P123 copolymer were prepared in 10 mM KCl solution,
ultrasonicated for 15 min at 4 �C, and stored 24 h at low temperature.
AuNP solutions were gently mixed with P123 solution, with the
temperature kept lower than 4 �C. The final concentrations of gold
nanoparticles and the P123 mass percentages in the mixtures are
reported in Table 1.
Characterization. UV�Vis Spectroscopy. Absorbance measure-

ments were carried out at different temperatures with a UV�vis
Hewlett-Packard 8453 spectrophotometer using a quartz cell, in a
wavelength ranging from 300 to 900 nm and equipped with a tempera-
ture controller ((0.1 �C).

Microscopy. Transmission Electron Microscopy (TEM) images were
performed with a JEOL 2010 field electron gun microscope operating at
an acceleration voltage of 200 kV. Samples were prepared by spreading a
drop of sample on an ultrathin 300 mesh Formvar/carbon-coated
copper grid and dried in air.

Dynamic Light Scattering. Dynamic Light Scattering (DLS) was
carried out on a CGS-3 goniometer system equipped with HeNe laser
illumination at 633 nm and an ALV/LSE-5003 correlator. All samples
were initially filtered through 0.2 μm Millipore syringe filters. The
samples were stabilized at constant temperature for 10 min prior to
measurement. The data were collected by monitoring the light intensity
at a scattering angle of 90�. The hydrodynamic size distribution was
obtained using CONTIN algorithm and represented as a percentage of
the diffused intensity.

’RESULTS AND DISCUSSION

Reversible Aggregation of DHLA�M600/DHLA�M1000-
Coated Gold Nanoparticles. At low temperature, all the sus-
pensions of thermosensitive polymer-coated gold nanoparticles
present a UV�vis absorption spectrum typical of well-dispersed

Table 1. Concentrations and Characteristic Temperatures of
Gold Nanoparticles and P123 Copolymers Used in This Study

AuNP@x/y

nanoparticle

concentration (M)

Tagg

(�C)a
P123 solutions

(wt %)

cmt

(�C)b

AuNP@100/0 6� 10�8 12 10�4 36

AuNP@75/25 8.5� 10�8 22 10�3 31

AuNP@60/40 5� 10�8 38 10�2 26

10�1 21

1 16

5 12.5
aThe aggregation temperature (Tagg) for AuNP@x/y as the function of
theDHLA�M600/DHLA�M1000 x/ymolar ratio is reported in ref 11.
bThe critical micellization temperature (cmt) of Pluronic P123 aqueous
solution as a function of copolymer concentration is indicated and were
extracted from data of ref 12, except for values at 10�3 and 10�4 wt %,
which were obtained by extrapolation.

Figure 1. Evolution of maximum wavelength (determined by UV�vis
spectroscopy) as a function of the temperature for AuNP@x/y in 10 mM
KCl solution with different molar ratios DHLA�M600/DHLA�M1000:
100/0, 75/25, and 60/40 (ramp 0.4 �C/min).
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gold nanoparticles with a characteristic surface plasmon reso-
nance band (SPR) centered at λSPR ∼520 nm. As the tempera-
ture increases, the grafted thermosensitive polymers undergo a
phase transition; i.e., they tend to dehydrate and become
hydrophobic. Then, at a critical temperature, labeled Tagg, an
aggregation of AuNPs characterized by a sudden red shift of λSPR
is observed (Figure 1). In a previous study, we have shown that
the aggregation mechanism is totally reversible and that λSPR
goes back to the initial value as the temperature decreases below
Tagg.

11 The aggregation temperature depends on the composi-
tion of the polymer corona and tends to decrease as the
DHLA�M600/DHLA�M1000 ratio increases (see Figure 1
and Table 1). This behavior may be related to the difference of
solution properties of both polymers. Indeed, the Jeffamine
M1000 is quite similar to pure poly(ethylene oxide), PEO, which
is highly soluble in water, even at high temperature, whereas the
Jeffamine M600 contains a large fraction of propylene oxide
(PO) groups, which are less soluble.14 The polymer corona
behaves as a single statistical poly(EOx-st-POy) copolymer with
an intermediate composition leading to a phase transition
temperature modulated by the mean EO/PO ratio. As seen in
Figure 1, the transition appears smoother for ligand mixtures
than for pure DHLA�M600 ligand. This may be related to
distribution fluctuation of both grafted ligands from one particle
to another.
Influence of the Presence of PEO�PPO�PEO Copolymer

Chains on the Stability of AuNP Solutions. One of the main
limitations of the nanoparticle assemblies mediated by the
temperature stimulus as reported above is that we are unable
to control the growth mechanism of nanoparticle clusters (see
Figure S1 in the Supporting Information). Beyond Tagg, a
massive and rapid precipitation of aggregates occurs due to
hydrophobization of the grafted polymers on the gold nanopar-
ticle surface. Tomanage cluster growth, the strategy developed in
this work consists of adding surfactant polymer chains into the
AuNP suspension, leading to a competition at Tagg between
nanoparticle�nanoparticle sticking and surfactant�nanoparticle
adsorption. The feasibility of this strategy is presented through a
first example of solution containing AuNP@100/0 at 6.10�8 M

and Pluronic P123 at 10�1 wt % (see Figure 2). The mixture was
prepared at 4 �C, a lower temperature than the two characteristic
temperatures of the system, i.e., the AuNPs aggregation tem-
perature Tagg (12 �C) and the expected critical micellization
temperature (cmt) (21 �C) of P123 at this concentration
(Table 1). Then the solution was quickly brought to a fixed
temperature of 6, 16, and 35 �C and characterized by UV�vis
absorption spectra recorded every 2 min. At 6 �C, the UV�vis
spectra do not evolve with time and there is no apparent sign of
aggregation. Indeed, at this temperature, on the one hand, the
grafted polymers are well-hydrated and ensure a good dispersion
of the gold nanoparticles, and on the other hand, the P123 chains
remain as individual unimers in good solvent. When the solution
is heated to a temperature between Tagg and cmt, the nanopar-
ticles aggregate in an uncontrolled manner and then precipitate
(see Figure 2B). Indeed, in this range of temperature, the grafted
polymer is mainly in a dehydrated state but the P123 copolymers
have not yet started to micellize, assuming a cmt value unaffected
by the very low AuNP content. However, Tiberg et al. have
shown that the adsorption of PEO�PPO�PEO chains occurs
on hydrophobized silica substrate below the critical micellization
concentration (cmc).15 Therefore, it is likely that the P123 chains
interact with gold nanoparticles between Tagg and cmt, but the
surfactant absorbed amount is probably not sufficient to avoid
the AuNP aggregation. The process of controlled assembly is
only achieved when the temperature is brought beyond Tagg

and cmt. Indeed, at 35 �C, no macroscopic precipitation takes
place (see Figure 2C). In this case, only a slight shift of the λSPR
from 520 to 531 nm is observed during the rise in temperature
(∼1 min) and then spectrum absorbance remains constant.
Maintained at 35 �C, these suspensions were found to be very
stable over 1 week. Moreover, the absorption spectra are always
similar irrespective of the reached final temperature (from 30 to
50 �C). The λSPR shift and the absence of macroscopic precipita-
tion suggest the formation of limited-size aggregates in the solu-
tion during the temperature jump. As described above, the increase
of the temperature beyond Tagg leads to a hydrophobization of
ligands followed by an aggregation. However, as the temperature
reaches the cmt of surfactant, the P123 unimers tend to associate

Figure 2. UV�vis kinetics at (A) 6 �C, (B) 16 �C, and (C) 35 �Cof AuNP@100/0 (Tagg = 12 �C)with 10�1 wt % P123 (cmt = 21 �C). UV�vis spectra
were recorded every 2min for 30min. The red curve wasmeasured at 4 �Cbefore the temperature jump. Inset: pictures of AuNP@100/0 solutions taken
after the kinetics.
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to formmicelles due to the fact that water becomes a poor solvent
for PO groups (hydrogen bonds decrease). Then, the hydro-
phobic surface of gold nanoparticles behaves as an active surface
on which the PPO blocks of the P123 chains condensed.15 The
highly hydrophilic poly(ethylene oxide) blocks, which extend
toward the aqueous phase, sterically stabilize the growing AuNP
aggregates and thus prevent the gold clusters from noncontrolled
macroscopic aggregation. Note that, in addition to the red shift of
the surface plasmon resonance band, an increase of the absor-
bance is also observed, which probably comes from the polymer
collapse on the nanoparticle surface that induces an increase of
the local refractive index.16

Tuning Aggregate Size with the Pluronic/AuNP Ratio. As
long as the aggregation mechanism is affected by interactions of
copolymer chains and AuNPs, it becomes possible to control the
size of gold nanoparticle clusters by varying the P123/AuNP
ratio. In Figure 3, we show the UV�vis spectra of AuNP@100/0
mixed with P123 solutions at different P123/AuNP ratios from
2.4 to ∼120 000 measured at 40 �C. This temperature was
chosen to ensure the micellization of P123 at all concentrations.
For comparison, a spectrum of AuNP solution with P123 chains
measured below Tagg and cmt is reported in the same figure. As
free polymer concentration increases, the shift of λSPR due to
AuNP aggregation tends to decrease. In particular, for the largest
P123-to-particle ratio, λSPR reaches a value very close to that
obtained for isolated gold nanoparticles. The shift of λSPR can
also be correlated to the color of the different solutions, which
gradually changes from purple to red (see inset in Figure 3) as
surfactant concentration increases. The colors together with the
absorption spectra of these suspensions do not evolve with time
by holding the temperature, suggesting that the system allows a
(pseudo)equilibrium state (see Figure S2 in the Supporting
Information).
We may anticipate that there is a strong correlation between

λSPR and the aggregate size which are both controlled by the
P123/AuNP ratio. To confirm this hypothesis, the aggregate size
was investigated by dynamic light scattering. Before studying the
aggregates formed from AuNPs and P123 surfactants, we first
characterized the hydrodynamic sizes of the different individual
components of the system. The hydrodynamic diameters of
unimers and micelles of P123 are 4.6 and 19 nm, respectively
(see Figure S3 in the Supporting Information), which are in good

agreement with reports in the literature.17 The polymer-coated
gold nanoparticles have a hydrodynamic diameter of about 13(
1 nm, whatever the nature of the mixture of grafted thermo-
sensitive ligands. Intensity distributions of DLS measurements at
40 �C for different P123-to-AuNP@100/0 ratio are reported in
Figure 4. For a ratio of 2.4, the distribution is dominated by a
unique peak centered at∼1300 nm, indicating the presence of a
single population of large aggregates. Further, the increase of the
free polymer amount leads to a shift of the aggregate sizes toward
smaller sizes. This confirms that the size of the gold clusters is
well-governed by a competition between the nanoparticle ag-
gregation and the amphiphilic polymer adsorption, which pro-
vides a steric stabilization against further aggregation. For the
highest P123/AuNP ratio, the DLS intensity distribution exhibits
a prominent peak centered at ∼20 nm and a small secondary
peak at 200 nm. However, due to the considerable light diffusion
of the largest objects compared to the smallest ones (which

Figure 3. UV�vis spectra of AuNP@100/0 with different concentra-
tions of P123 heated to 40 �C after 30 min, normalized at 400 nm. Inset:
picture of the corresponding solutions of AuNP@100/0 with 5, 1, 10�1,
10�2, 10�3, and 10�4 wt % P123 from left to right.

Figure 4. Intensity distribution versus hydrodynamic diameter determined
by dynamic light scattering at 40 �C of AuNP@100/0 (Tagg = 12 �C)
in 10 mM KCl solution with different concentrations of P123.

Figure 5. TEM images of AuNP@100/0 aggregates as a function of
P123 chains amount in solution.
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depends on the power six of the size), the number contribution of
the largest population can be neglected. Therefore, DLS data
suggest that the sample with high polymer amount contains
essentially pure P123 micelles and isolated gold nanoparticles or
very small aggregates capped by P123 chains. This conclusion is
consistent with UV�vis data, as mentioned above, where a small
λSPR shift between polymer-free AuNP suspension at low
temperature and AuNP suspension with high amount of P123
beyond Tagg and cmt was observed. The possibility to tune the
aggregation from isolated particles to large aggregates with the
addition of P123 chains in solution was also confirmed by TEM
observations (see Figure 5). For a low P123-to-particle ratio, the
observed aggregates are very large and the more abundant the
amphiphilic polymer, the more the aggregate size decreases.
Note that the aggregate sizes obtained by TEM are consistent
with DLS measurements (see Figure S4 in the Supporting
Information). However, the TEM size for large clusters is over-
estimated because of aggregate spreading on the TEM grid
during the drying. As expected, for the highest concentration
of P123, only individual gold nanoparticles mixed with pure P123
micelles are observed.
The simple method presented above to tune the size of the

AuNP aggregates can be generalized for all different thermo-
sensitive polymer-coated gold nanoparticles synthesized in this
study. It is important to note that the initial DHLA�M600/
DHLA�1000 ratio used for cap-exchange significantly affects the
aggregation temperature. Therefore, by varying the nature of
grafted polymer and the P123 amount, we can independently
modulate the relative position between Tagg and cmt. In parti-
cular, for AuNP@100/0, Tagg is always lower than the cmt of all
P123 concentrations between 10�4 and 5 wt %, whereas the
opposite situation occurs for AuNP@60/40 (see Table 1). For
AuNP@75/25, the relative position of Tagg in relation to cmt
depends on the copolymer concentration. In fact, it is also
possible to control the cluster size when cmt is lower than Tagg.
In those cases no aggregation occurs between cmt and Tagg due
to the hydrophilic nature of the grafted polymer on nanoparticle
surface. An important result is that the cluster sizes only rely on
the P123/AuNP ratio but not on the relative values of Tagg

and cmt. As seen in Figure 6, the values of λSPR follow a linear
relationship with the logarithm of the Pluronic/AuNP ratio,
independent of Tagg, which is influenced by the composition of

the grafted polymers. Moreover, the cluster sizes determined by
DLS are similar for the most part for AuNP@100/0 and
AuNP@75/25 at the same P123/AuNP ratios (see Figure S4
in the Supporting Information), meaning that the critical para-
meter for the control of the AuNP aggregation is the Pluronic-to-
AuNP ratio.
On the basis of our observations, it appears that controlled

aggregation occurs only when the temperature exceeds the
aggregation temperature of the AuNPs and the critical micelliza-
tion temperature of the P123 copolymer, whatever the relative
position of these two critical temperatures. Hecht et al. investi-
gated the micellization kinetics of P123 copolymers and reported
that the relaxation time assigned to the association of unimers
into a micelle is in the millisecond range.18 In consequence, it is
likely that the temperature jump applied to the mixtures of
AuNPs and P123 is slow compared to the micellization process.
The surfactant follows an equilibrium state. For a given tem-
perature, at the cmc, the unimer concentration stays constant
when the Pluronic concentration increases. If the nanoparticle
assemblies were only controlled by the adsorption of unimers on
AuNPs surface, the cluster sizes should be independent of the
copolymer concentration. It is not the case (see Figure 6).
Therefore, our results suggest that the assembly is more con-
trolled by a dissociation equilibrium of surfactants from the
micelles to the solution and then to the AuNP surface than the
only adsorption of free unimers in solution to the AuNP surface.
One another question is about the kinetic differences between
nanoparticle aggregation (including dehydration of adsorbed
polymer and then aggregation) and surfactant adsorption. From
our point of view, the first mechanism is less rapid than the
second one. Indeed, as the temperature jump takes more than
few seconds, for mixtures with Tagg < cmt, a rapid aggregation
mechanism should lead to a macroscopic precipitation before
reaching the cmt and should be relatively independent of
surfactant concentration. Since the cluster size seems only
dictated by the P123/AuNP ratio, we can conclude that the
aggregation is a relatively slow process compared to the dissocia-
tion kinetics of surfactant from the micelle toward the nano-
particles.
Aggregation Reversibility.As discussed above, the aggregate

size can be tailored by manipulating the P123-to-particle ratio
and by raising the temperature beyond the aggregation tempera-
ture of the AuNPs (Tagg) and the cmt. Themain originality of our
method is that the aggregation mechanism is totally reversed by
simply decreasing the temperature below the phase transition
temperature of the grafted polymer. By cooling the solution
down, λSPR returns to its initial value around 520 nm, which
denotes a complete redispersion of gold nanoparticles. Indeed, as
temperature decreases, the thermosensitive grafted polymers
reswell (good solvent condition), and spontaneous surfactant-
nanoparticle and nanoparticle�nanoparticle separations occur.
This reversibility has been experimentally demonstrated by
UV�vis spectroscopy during several heating�cooling cycles
(see Figure 7). The originality of our system is that both the
size and the reversibility of the assembly can be controlled by
varying the initial composition of the solution and the temper-
ature.
Thermodynamically Stable Aggregates versus Frozen

Aggregates. It is well-known that the PEO�PPO�PEO Pluronics
belong to a class of neutral surfactants, able to form thermodynamically
stable micelles in water due to a reversible exchange of unimers
from the micelles toward the external solution.19 It is likely that

Figure 6. Evolution of the maximum of the surface plasmon band, λSPR
(determined by UV�vis spectroscopy), as a function of the P123 to
AuNP ratio, for different AuNP@x/y.
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this reversibility also occurs in the case of the P123 adsorption
onto Jeffamine-capped nanoparticles. Since aggregate sizes result
in a mutual compromise between nanoparticle�nanoparticle
interaction and the surfactant adsorption, we can question
possible exchanges at a constant temperature from one aggregate
to the other, leading to an equilibrium state of aggregation. To
answer, we started from a state containing aggregates and then
we disturbed the system by increasing the total Pluronic P123
concentration without changing significantly both the total
solution volume and the AuNP concentration. These experi-
ments were conducted at fixed temperature, and UV�vis spectra
were recorded at a regular interval before and after the perturba-
tion (see Figure S5 in the Supporting Information). A rearrange-
ment of the aggregates should induce a blue-shift of the λSPR due
to a decrease of the aggregate size with the P123 amount. In fact,
we did not observe a color change even after a long time (several
weeks). As expected, to observe the real λSPR corresponding to
the new P123 concentration, the solution needs to be cooled
down to 4 �C to redisperse the nanoparticles and then heated
again to re-form new smaller aggregates. This experience in-
dicates that rearrangements do not occur and that P123�AuNPs
aggregates are frozen assemblies.

’CONCLUSIONS

In summary, we have demonstrated an original and simple
strategy in order to control nanoparticle assembly. Thermosen-
sitive polymer-coated gold nanoparticles, AuNPs, were mixed
with P123 Pluronic chains in solution. We found that reversible
controlled aggregates of gold nanoparticles can be achieved in
aqueous solution in the presence of Pluronic. Thermosensitive
AuNP solutions are not stable when the temperature increases
above the aggregation temperature, Tagg. By contrast, upon
addition of Pluronic chains in solution, the aggregation state
and the size of gold nanoparticle aggregates are directly governed
by the Pluronic-to-particle ratio. Indeed, the Pluronic chains act
as poisons to a macroscopic precipitation of the AuNPs. Our
interesting approach presented in this paper is an effortless way
to prepare well-defined hybrid micelles controlling the number
of gold nanoparticles in the aggregates. Thus, this process can be
generalized for various nanoparticles by modifying the anchoring
group. We are currently expanding the scope of the control of
gold nanoparticle aggregates in the range of high Pluronic
concentrations. We anticipate that with subtle mixture of AuNPs

and Pluronic we will enable to finely manipulate smaller AuNP
aggregates as dimers or trimers. This work plays a real role in the
comprehension of the nanoparticle aggregationmechanism. This
simple approach offers great promise for future works in the area
of reversible, stable, and controlled-size assembly.
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