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The synthesis, characterization, and assembly of different
types of nanoparticles, which was established as a necessary
prerequisite for the application of nanotechnology, have dra-
matically advanced over the last 20 years.? However, it
has recently been realized that the incorporation of multiple
functionalities within nanoscale systems would become
much more useful for most of the foreseen applications.
Thus, the fabrication of multifunctional nanoparticles has
become a major challenge. Among these systems, the incor-
poration of active (optically, catalytically, magnetically...)
nanoparticles within so-called “smart” thermosensitive mi-
crogels has received significant attention over the last few
years.Y The incorporation of nanoparticles can be accom-
plished either by in situ formation, by post-synthesis assem-
bly or by direct polymerization on the nanoparticles sur-
face.”®) We have recently reported the growth of thermo-
sensitive poly(N-isopropylacrylamide) (pNIPAM) microgels
on the surface of gold nanoparticles, involving several steps,
including the formation of a first polystyrene thin layer, fol-
lowed by pNIPAM polymerization after the required purifi-
cation process.® Although gold nanoparticle growth could
be achieved within the microgel shell, this synthesis was re-
stricted to spherical nanoparticle seeds, whereas, for exam-
ple, nanorods (which display a much more interesting opti-
cal response) were not properly incorporated. Thus, there
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was a need to both simplify the coating process and make it
more widely applicable.

We report here a novel procedure where butenoic acid is
used for the synthesis of gold nanoparticles in aqueous sur-
factant solutions, in the presence of preformed Au seeds.
Apart from the interesting observation that butenoic acid
can be used as a reducing agent, this is particularly interest-
ing because it provides the particles with a vinyl functionali-
ty, which should be useful for the direct pNIPAM polymeri-
zation on the nanoparticles surface and their subsequent en-
capsulation, while avoiding complicated surface functionali-
zation steps. Although we have only optimized the reduction
process for nanosphere growth, we also demonstrate that
butenoic acid can replace cetyltrimethylammonium bromide
(CTAB) molecules from Au nanoparticle surfaces, including
Au nanorods, and adsorb on the metal surface, thereby facil-
itating the polymerization of pNIPAM on the metal core.
The improved stability of the nanocomposites and the po-
rosity of the pNIPAM shell allows subsequent reduction of
metal atoms on the metal core, which was exploited for the
overgrowth of pNIPAM encapsulated Au spheres and rods
with both Au and Ag under mild conditions. In a previous
publication we demonstrated the ability of these composite
colloids to mechanically trap non-common surface-enhanced
Raman scattering (SERS) analytes. However, the use of
60 nm gold spheres as colloidal cores and the impossibility
of forming hot spots due to the physical barrier imposed by
the pNIPAM shell severely limited the enhancing capability
and thus the detection limit. In the present work, the SERS
intensity was significantly increased through manipulation of
the composition and the morphology of the nanoparticle
cores. Thus, the first modification involved the controlled
growth of uniform silver shells, a much more efficient plas-
monic material,'”! on the gold cores. Second, we exploited
the near field concentration at the ends of nanorods to fur-
ther increase the signal.'''? Finally, we demonstrate that
the molecular affinity of the pNIPAM shells toward analytes
can be extended by tuning the surface charge, which would
allow the electrostatic attraction of charged molecules.['*!¥
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It has been reported that spherical Au nanoparticles in a
wide size range can be prepared in aqueous solutions of the
cationic surfactant CTAB, through a seeded growth method
in which an ionic precursor is catalytically reduced by ascor-
bic acid, a mild reducing agent, on preformed Au seeds.!'>!°!
Other organic acids such as salicylic acid'”! have also been
reported to show similar reducing capabilities, so that they
can reduce Au"™-CTAB complexes to Au'-CTAB but reduc-
tion into Au’ can only take place on catalytic metallic gold
surfaces. Recently, Xia and co-workers have shown the re-
ducing capability of the vinyl group toward HAuCl,, in the
presence of water, so that gold nanoparticles could be
formed.'® Considering that butenoic acid presents both a
vinyl and an acidic group, it was expected to display an en-
hanced reduction power for the gold salt precursor.

The results obtained using butenoic acid as reducing
agent have been found to be similar to those reported for
ascorbic acid, but our interest was related to the adsorption
of additional butenoic acid molecules, added in excess, onto
the particles surface, through the carboxylic group, provid-
ing the particles with the vinyl functionality.'” Therefore,
upon removal of the excess CTAB, nanoparticles grown
with butenoic acid might be directly used for their encapsu-
lation with pNIPAM, avoiding any additional functionaliza-
tion. Figure S1 in the Supporting Information shows a repre-
sentative TEM image of approximately 64 nm diameter gold
nanoparticles prepared through overgrowth of 15nm Au
seeds by HAuCl, reduction with butenoic acid, in the pres-
ence of CTAB. Encapsulation within pNIPAM shells was
achieved by simply removing the excess CTAB and adding
the NIPAM monomer, a crosslinker and an initiator (see
Experimental Section). A representative TEM image of the
same gold nanoparticles coated with pNIPAM (Au@pNI-
PAM) is shown in Figure S2 in the Supporting Information.
It is clear from these images that all the particles are per-
fectly encapsulated in the pNIPAM shell, which indicates
that the vinyl groups present on the particles promote uni-
form pNIPAM polymerization over the whole surface of the
nanoparticles, as has been previously shown for gold and
silica."?*?!1' Although the use of butenoic acid in the reduc-
tion process is convenient, it can also be adsorbed on
CTAB-capped gold particles, which allows to carry out the
pNIPAM encapsulation of other preformed nanoparticles
with interesting morphologies, such as nanorods. In this
case, a suitable amount of butenoic acid (see Experimental
Section) was added to the Au nanorod colloids and allowed
to equilibrate for 1 h, prior to starting the polymerization of
pNIPAM. The result was an extremely efficient coverage of
all the Au nanorods within pNIPAM microgel spheres, as re-
vealed by the corresponding TEM images (see Figure S3 in
the Supporting Information). Apart from the interest of
coating nanorods, the success of this approach confirms the
capability of butenoic acid to adsorb onto Au particles, in
the presence of CTAB, and still serve as anchor points for
pNIPAM.

We have reported,”® that both the size and the plasmonic
response of pNIPAM-based metal nanocomposites can be
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tuned with temperature and are fully reversible. We regis-
tered the changes in hydrodynamic diameter and position of
the localized surface plasmon resonance (LSPR) with tem-
perature for both Au-sphere(64 nm)@pNIPAM and Au-
nanorod@pNIPAM nanocomposite colloids (see Figure S2
and S3 in the Supporting Information). The photon correla-
tion spectroscopy (PCS) data revealed that the lower critical
solution temperature (LCST) of the pNIPAM shells is simi-
lar to that reported for pure microgels,” while the LSPR
bands of the aqueous dispersions are consistently redshifted
as the microgel shell collapses due to the increase in local
refractive index around the metal core.”**! As expected,
the variation of the LSPR position with temperature can be
nicely correlated to the variation of the hydrodynamic diam-
eter. It should also be pointed out that a larger LSPR shift
was recorded for Au-nanorod@pNIPAM than for Au-
sphere(64 nm)@pNIPAM (21 nm vs. 11 nm), mainly because
of a higher electromagnetic field concentration in nanorods
than in spheres, which also leads to a higher sensitivity
toward local refractive index changes.”®

A major advantage of the efficient encapsulation of gold
nanoparticles with pNIPAM arises from the high porosity of
the shell and the high colloidal stability, so that chemical re-
actions can be carried out while aggregation is completely
avoided.”"! Interesting reactions are related to the possibility
of post-coating reduction of metals on the gold cores, which
allows not only adjusting their size® but also their composi-
tion if different metals are used.”?”! One obvious choice in
the context of plasmonic applications is the growth of silver
on the pre-encapsulated gold cores. Silver is significantly
more efficient than gold as a plasmonic metal because its in-
terband transitions are restricted to the UV, but the synthe-
sis of size- and shape-controlled silver nanoparticles is more
complicated than for gold. Thus, it is advantageous to use
preformed gold nanoparticles as templates for the prepara-
tion of silver shells with various morphologies,*”?*! which
display optical properties close to those of pure silver. In
this context, we decided to attempt the in situ growth of
silver shells on the Au cores for the Au-sphere-
(64 nm)@pNIPAM and Au-nanorod@pNIPAM composite
colloids. The coating process simply involved the reduction
of AgNO; with ascorbic acid, in the presence of the corre-
sponding core—shell colloids. As a blank for comparison, we
also carried out the growth of the same starting particles
with additional gold, in the same molar proportion as for
silver. Figure 1 A and C show representative TEM images of
the particles grown with Au (spheres and rods, respectively),
whereas Figure 1B and D show the result of growing silver
shells on the same cores, resulting in Au@Ag core@shell
metal nanoparticles, covered with pNIPAM. The insets in
Figure 1B and 1D show the typical intensity contrast be-
tween the Au core and the Ag shell (due to the electron
scattering differences between both metals), clearly reveal-
ing the uniform coating for both geometries. Interestingly,
these new, core-grown, nanocomposites retain the original
thermoresponsive properties of the polymer shell. Fig-
ures S4-S7 in the Supporting Information show that in all
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Figure 1. Representative TEM images of metal@pNIPAM nanocompo-
sites with different cores; A)103nm Au, B) Au(64 nm)@Ag(18 nm)
core@shell, C)gold nanorods ((82.1+7.9)nm x 21.6+2.6), and
D) Au@Ag core@shell nanorods ((76.7+7.7) nm x 40.0£5.1). The scale
bar in the insets is 50 nm.

cases the overall dimensions, measured by PCS, are similar
before and after the various core growth experiments.
Figure 2 summarizes the optical properties of the aqueous
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Figure 2. UV/Vis-NIR spectra of the different metal@pNIPAM aqueous
composite colloids, below (22°C, solid lines) and above (44°C, dashed
lines) the LCST; A) 64 nm Au spheres (a), 103 nm Au spheres (b), and
100 nm Au@Ag (64/18) core-shells (c). B) Au nanorod (a), Au@Au
nanorod (b), and Au@Ag nanorod (c).

dispersions of the different nanocomposites. The first obser-
vation is that, while the growth of Au spherical cores from
64 to 103 nm leads to a significant redshift because of retar-
dation effects,'! coating with Ag up to a total diameter of
100 nm results in a clear blueshift and formation of a quad-
rupolar mode, in agreement with previous reports.’” On the
other hand, the growth of gold nanorod cores was uniform,
with only a slight decrease of the aspect ratio, so that the
LSPR bands only changed in intensity. However, the optical
changes derived from silver growth were more remarkable,
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not only due to the presence of silver on the surface, but
also because the growth took place preferentially at the
sides, in agreement with recent reports for gold rods in solu-
tion.”*! These two effects lead to a dramatic blueshift of
the longitudinal LSPR, so that it is strongly affected by the
Rayleigh scattering arising from the pNIPAM shell. Regard-
ing the reversible thermoresponsive behavior of the optical
properties for the different composite colloids, it can be
summarized through the total redshift of the LSPR at high
temperature (above the LCST at 32°C) due to the collapse
of the polymer shell. The maximum value of the redshift de-
pends on the metal core size, shape, and composition, since
these three factors are known to dominate the LSPR sensi-
tivity toward changes in the local refractive index.”3! As
an example, the LSPR shift for spherical nanoparticles
varies from 10nm for Au-sphere(64 nm)@pNIPAM, to
17 nm for Au(64 nm)@Ag@pNIPAM, and up to 28 nm for
the thicker gold nanorods. Unfortunately, the scattering
overlap does not allow us to make a proper observation of
the LSPR shifts in Au-nanorod@Ag@pNIPAM, though a
redshift was also observed.

The SERS efficiency of the different materials was char-
acterized by recording spectra of 1-naphthalenethiol
(INAT), which is a non-resonant molecule in both the visi-
ble and the IR. As shown in Figure 3 (inset), the SERS
spectra of INAT are characterized by ring stretching (1553,
1503, and 1368 cm™"), CH bending (1197 cm™), ring breath-
ing (968 and 822 cm ™), ring deformation (792, 664, 539, and
517 cm™), and CS stretching (389 cm™'), in agreement with
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Figure 3. Comparison of the intensities of the ring stretching peak
(1368 cm ™) for the different samples, acquired in solution upon excita-
tion with 532, 633, and 785 nm laser lines. The intensities are normalized
for the same amount of particles in each suspension. Inset: Representa-
tive average SERS spectra of INAT in pNIPAM-coated metal colloids,
acquired upon excitation with the different laser lines.
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previous reports.’? From Figure 3, one can see that all our
systems provided sufficient enhancement to allow identifica-
tion of INAT from solution, thus confirming that the mole-
cules can diffuse through the porous shells and reach the
metallic cores, where they bind through the thiol group.
Note that three different laser lines were used for excitation,
so that coupling to the respective LSPR modes was possible
for all different samples. The morphological and chemical
modification of the particles in the present study allowed us
to compare the effect of different parameters on the detec-
tion capabilities of the composites. For both spheres and
rods, the SERS intensity was found to increase with core
size, but the differences were modest as compared with
those originated by the presence of silver. Additionally, the
spectral changes dictated by the silver coating allowed us to
use the green laser line (532 nm), which is very inefficient in
pure gold particles due to damping by interband transitions.
On the other hand, changes in shape from spheres to rods
greatly affected the recorded SERS intensity. This was par-
ticularly important for the case of silver-coated nanorods,
where silver not only increases the optical efficiency but
blueshifts the longitudinal LSPR, which leads to strong elec-
tric field concentration at the ends of the rods.'"'? The net
effect is a substantial increase in the SERS intensity record-
ed from the Au-nanorod@Ag@pNIPAM sample, upon exci-
tation with the red laser (633 nm).

Apart from INAT, which can easily bind to the metal
cores through the thiol group, we demonstrate here the pos-
sibility of using this composite system for electrostatic trap-
ping of charged analytes. To this end, we added to a small
volume of the Au-nanorod@Ag@pNIPAM colloid a dilute
alkaline solution of 2-naphthoic acid (2NA, pH 13). The
final pH of the suspension was 11, at which 2NA is com-
pletely ionized and is thus very unlikely to adsorb on stan-
dard, citrate-stabilized silver colloids, which also have nega-
tive surface charge. This was confirmed when 2NA was
mixed with a citrate-Ag colloid and a totally featureless
SERS spectrum was recorded, as shown in Figure 4. Howev-

2NA on silver nanospheres

WWW"W

2NA on AuAgNS-100@pNIPAM

2NA on AuAgNR-82@pNIPAM

400 800 1200 1600
Raman shift/cm-*

Figure 4. SERS spectra of an alkaline solution of 2-naphthoic acid on dif-
ferent colloidal suspensions. Excitation laser line was 633 nm.

Chem. Eur. J. 2010, 16, 9462 —9467

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATION

er, since the pNIPAM shells were grown using a cationic ini-
tiator (AAPH), they display a positive surface charge
(+25 mV), which is expected to be present not only at the
outer surface but also within the pores, so that 2NA anions
can adsorb on the shell, giving rise to a significant increase
in the recorded SERS intensity. All pNIPAM composites
yielded SERS, as demonstrated through the well-defined
spectra for 2NA (Figure 4), dominated by the ring stretch-
ings at 1632 and 1388 cm™', CH bending at 1468 cm™', ring
breathing at 1018 cm ™', and CH deformation at 770 cm ™.l
However, and consistent with the previous findings, compo-
sites prepared with gold and silver with rod shape provided
a substantially larger intensity, demonstrating again their
suitability for SERS analysis even when the formation of
hot spots is inhibited.

In summary, we have demonstrated that the use of bu-
tenoic acid largely facilitates the surface polymerization of
pNIPAM shells on a variety of gold nanoparticles, which can
be further manipulated within the porous shells, either to in-
crease their size or to grow silver shells, thereby significantly
improving their plasmonic performance. The Au@Ag@pNI-
PAM colloids were found to provide much higher SERS in-
tensities than their Au@pNIPAM counterparts, not only in
the case of spheres but particularly for nanorods. Addition-
ally, the tunable surface charge of the microgels can be ex-
ploited to adsorb different types of analyte molecules and
generalize the use of these systems for SERS detection.

Experimental Section

Materials: Ascorbic acid (AA), hydrochloric acid, cetyltrimethylammoni-
um bromide (CTAB), butenoic acid, silver nitrate (AgNOs3), sodium bo-
rohydride (NaBH,), N-isopropylacrylamide (NIPAM, 97 %), and 2-naph-
thoic acid (2NA) were supplied by Aldrich. HAuCl,-3 H,O, trisodium cit-
rate dihydrate and sodium hydroxide (NaOH) were supplied by Sigma.
N,N'-Methylenebisacrylamide (BIS) was supplied by Fluka. 2,2'-
Azobis(2-methylpropionamidine) dihydrochloride (AAPH) and 1-naph-
thalenethiol (INAT) were supplied by Acros Organics. All reactants
were used without further purification. Water was purified using a Milli-
Q system (Millipore).

Au-sphere(64 nm)@pNIPAM particles: Au seeds (64 nm) were prepared
through a seeded growth method. Briefly, 35 mL of approximately 15 nm
Au nanoparticles (previously prepared by citrate reduction) was added to
15 mL of 0.03m CTAB aqueous solution. A 4.5 mL portion of this seed
solution was added to a growth solution prepared by adding butenoic
acid (800 pL) under gentle stirring to 50 mL of an aqueous solution con-
taining 1 mm HAuCl, and 15 mm CTAB at 70°C. After 10 min, excess bu-
tenoic acid and CTAB were removed by centrifugation at 4500 rpm for
30 min. After redispersing the pellet in 4 mm CTAB (50 mL), the disper-
sion was centrifuged at 4500 rpm for 40 min and the precipitate redis-
persed in water (10 mL). Subsequently this Au colloidal dispersion was
heated at 70°C under N, flow and then NIPAM (0.1698 g) and BIS
(0.0234 g) were added under magnetic stirring. After 15 min, the nitrogen
flow was removed and the polymerization was initiated with the addition
of AAPH (100 pL 0.1m). After 2 h at 70°C, the white mixture was al-
lowed to cool down to room temperature under stirring. Finally, it was di-
luted with water (50 mL), centrifuged (30 min at 4500 rpm) and redis-
persed in water (fivefold). The Au core size measured from TEM was
(63.9£5.9) nm.

Au-sphere(103 nm)@pNIPAM: The growth of the Au core was carried
out following the method developed by Rodriguez-Fernandez et al.l'®)
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Briefly, to 10mL of an aqueous solution containing Au-sphere-
(64 nm)@pNIPAM (0.25 mm), CTAB (0.1m), and HAuCl, (0.9 mm),
180 pL of AA 0.1M was added under magnetic stirring. After 30 min the
growth process was finished. The Au core size measured from TEM was
(103.0+8.4) nm.

Au-sphere(64 nm)@Ag@pNIPAM: The coating of 64 nm Au cores with
Ag was carried out following the method developed by Yang et al.*®! To
10 mL of 0.4Mm glycine buffer solution at pH 9.5 containing Au-sphere-
(64 nm)@pNIPAM (0.25 mm) and CTAB (50 mm), first 655 pL of 15.2 mm
AgNO; aqueous solution and subsequently 450 uL of AA 0.1m were
added. After 30 min the reduction was finished. The Au@Ag core size
measured from TEM was (100.3 £9.2) nm.

Au-nanorod@pNIPAM: Gold nanorod colloid (250 mL) was synthesized
by using the seed-mediated synthesis reported by Guyot-Sionnest et al.**
The dimensions of the obtained nanorods measured from TEM were
(70.0+£7.2) nm x (17.6+3.1) nm (aspect ratio, AR=4.1+0.8). Then,
100 mL of the gold nanorod colloid was centrifuged at 7000 rpm for 1 h
to remove excess CTAB and redispersed in water (100 mL). Then, pure
butenoic acid (300 uL) was added to the nanorod solution at 70°C. After
1 h, the dispersion was centrifuged (1 h at 6000 rpm) to remove the bute-
noic acid in excess and the pellet was redispersed in water (10 mL).
pNIPAM encapsulation was carried out as explained above for Au-
sphere(64 nm)@Ag@pNIPAM particles. The only changes were the
amounts of NIPAM (0.1924 g), BIS (0.0265) and AAPH (100 uL 0.1m)
used. After polymerization, the dispersion was diluted with water
(50 mL), centrifuged (1 h at 5500 rpm) and redispersed in water fivefold).

Growth of Au-nanorod@pNIPAM (Au-nanorod@Au@pNIPAM): This
was carried out as described above for Au-sphere(64 nm)@Au@pNIPAM,
but using 0.8 mm HAuCl, and 160 pL of 0.1 AA. The final Au core size
measured from TEM was (82.1+£7.9)nm x (21.6+2.6) nm (AR=3.6+
0.5).

Au-nanorod@Ag@pNIPAM: The process was as described above for Au-
sphere(64 nm)@Ag@pNIPAM, changing the amounts of AgNO; (540 uL
of 14.83 mm) and AA (360 uL 0.1M) aqueous solutions. The final core
size measured by TEM was (76.7+7.7) nm x (40.0+5.1) nm (AR=19+
0.4).

Characterization: UV/Vis-NIR spectra were recorded by using a Cary
5000 spectrophotometer. Transmission electron microscopy (TEM) was
performed in a JEOL JEM 1010 microscope operating at an acceleration
voltage of 100 kV. Photon correlation spectroscopy (PCS) was carried
out on a Zetasizer Nano S (Malvern Instruments, Malvern UK) using a
detection angle of 173°. The intensity-averaged particle diameter and the
polydispersity index values were calculated from cumulant-type analysis.
SERS measurements: Samples for SERS were prepared by adding 15 pL
of either an ethanol INAT solution or an aqueous alkaline solution
(pH13) 2NA both 107°m to 1.5mL of each sample (Au-sphere-
(64 nm)@pNIPAM, Au-sphere(103 nm)@pNIPAM, Au-sphere-
(64 nm)@Ag@pNIPAM, Au-nanorod@pNIPAM, Au-nanorod@Au@pNI-
PAM and Au-nanorod@Ag@pNIPAM). After 1 h, allowing for thermody-
namic equilibrium to be reached, average SERS was directly recorded
from these suspensions. The inelastically scattered radiation was collected
with a Renishaw Invia system, equipped with Peltier charge-coupled
device (CCD) detectors and a Leica confocal microscope. The spectro-
graph has 1800 or 1200 gmm™' gratings with additional band-pass filter
optics. Samples were excited with three different laser lines at 532
(Nd:YAG), 633 nm (He-Ne) and 785 nm (diode). Spectra were collected
in Renishaw extended mode with accumulation times of 10 s using a mac-
rosampling 90° objective adaptor.
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