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ABSTRACT Novel colloidal composites have been designed to incorporate multiple functionalities that allow
optical detection, magnetic manipulation, molecular trapping, and thermal response. Such particles are made of
gold nanoparticle cores covered by a thin layer of metallic nickel and a poly(N-isopropylacrylamide) (pNIPAM) shell.
While the gold cores provide efficient optical response through localized surface plasmon resonances, nickel
allows external magnetic manipulation and the pNIPAM shell can be swollen or collapsed as a function of
temperature, thus allowing capture and release of various types of molecules.
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fter very significant advances have

been achieved in the development

and fabrication of a wide variety of
functional nanomaterials, the scientific
community has seen increasing interest in
the incorporation of multiple functionalities
within individual nanostructures. Such
multifunctional nanomaterials can find ap-
plication, for example, in biomedicine if
properties such as labeling, sensing, di-
rected transport, and drug release are com-
bined within the same particle. This field
has significantly evolved during the past
few years, and colloid synthesis in particu-
lar has made important contributions in this
direction. For example, magnetic nanoparti-
cles and semiconductor quantum dots were
assembled within colloidal particles,’ 3
providing them with magnetic and optical
response. Combination of magnetic and
metal nanoparticles has also been demon-

strated to be useful in sensing
4—6

*Address correspondence to
mgrzelczak@units.it, applications.

Imarzan@uvigo.es. A different type of materials that has ac-
Received for review June 11, 2009 quired particular interest in this respect
and accepted September 9, 2009. comprises the combination of microgel

. . particles” ' with other functional nano-
Published online Sep ber 21, 2009. X K
10.1021/nn9006169 CCC: $40.75 materials because microgels can be swol-
len or collapsed under the influence of ex-
© 2009 American Chemical Society ternal stimuli, such as temperature or pH.

3184 ‘A‘“t\i/ﬂ\\@) VOL.3 = NO. 10 * SANCHEZ-IGLESIAS ET AL.

Among microgel polymers, poly(N-isopro-
pylacrylamide) (pNIPAM) has been most of-
ten studied, and several examples have
been recently reported on the incorpora-
tion of various types of nanoparticles, either
within the microgel porous network’' ~'7or
on the microgel surface.'® 22 In these hy-
brid nanomaterials, the tunable porosity of
the microgel can be used for selectively al-
lowing/suppressing the diffusion of certain
molecules, which can then react within the
microgel (e.g., when nanocatalysts are in-
cluded),® or simply be captured and re-
leased at a later stage when the appropri-
ate external switch is triggered.?*”2¢ We
have recently reported®” a synthetic
method that allowed us to directly grow
thermosensitive pNIPAM on the surface of
gold nanoparticles, thus providing the
microgel with well-defined optical response
due to the characteristic surface plasmon
resonance (SPR) of the gold cores. Interest-
ingly, the SPR wavelength was found to be
highly sensitive toward the refractive index
changes occurring during the temperature-
driven swelling and collapse of the
microgel, associated with a volume phase
transition. We have additionally demon-
strated®* that such core—shell colloids can
be used to trap different types of molecules,
which can be detected in situ by means of
surface-enhanced Raman scattering (SERS).
However, despite a few recent reports,?®2°
the uniform incorporation of a magnetic
component within microgels is still very
poorly developed, and the strategies pro-
posed so far include either growth of the
microgel on the surface of silica colloids
containing magnetic nanocrystals®° or cap-
ture of magnetic nanocrystals directly
within or at the surface of the microgel
network.®' 3% Building upon our prior ex-

www.acsnano.org



perience in the growth of pNIPAM on gold nanoparti-
cles, we report here a novel method to provide them
with magnetic functionality, through controlled growth
of a nickel shell on the encapsulated gold nanoparti-
cles, while maintaining the optical response of the gold
cores and the thermoresponsive properties of the
microgel.

RESULTS AND DISCUSSION

The preparation of these novel multicomponent,
multifunctional nanoparticles is based on a combina-
tion of several methods previously developed in our
group. On one hand, we have recently reported the
buildup of thermosensitive pNIPAM shells on CTAB-
capped gold spheres, as well as the subsequent growth
of the gold core by the further catalytic reduction of
gold salt, upon diffusion through the porous polymeric
shell.2” On the other hand, we have been able to coat
various types of nanomaterials, including gold nanopar-
ticles, with uniform nickel shells, through Pt-catalyzed
hydrazine reduction of NiCl,.2® These two different pro-
cedures can be combined in such a way that Ni shells
are grown on the surface of gold spheres which have
been previously surrounded by the porous pNIPAM
microgel, so that a magnetic component can be added
to the optically and thermally responsive Au@pNIPAM
colloids. The growth of Ni on Au was reported to pro-
ceed only if a small amount of Pt was present on the
particle surface,®® which would act as a catalyst for de-
composition of a Ni—hydrazine complex. This was also
confirmed in the present study (not shown control ex-
periments evidenced that Ni could not be grown on
pure Au cores), and therefore, prior to growth of the
Ni shell, the Au cores had to be covered with a small
amount of Pt. This was achieved through addition of
K,PtCl,, CTAB, and ascorbic acid, so that both the
Pt2* —CTAB complex and ascorbic acid diffuse through
the porous pNIPAM shell and catalytic reduction occurs
at the gold core surface. (In the absence of the Au cores,
no Pt(ll) reduction takes place under these conditions.)
Subsequently, the Pt layer can be used as a catalyst for
growth of a Ni shell through decomposition of
Ni—hydrazine complexes at 35 °C, which was previ-
ously found to be the optimal temperature for this pro-
cess.>® Again, in the absence of the Pt layer, no Ni(ll) re-
duction could be achieved.

Although both reactions were carried out at 35 °C,
a temperature slightly above the lower critical solution
temperature (LCST), microgel collapse was not found to
significantly hinder the diffusion of reactants through
the shell. Working above the LCST involves reduction of
the microgel porosity, leading to a slower diffusion
rate of the Pt?" —CTAB or the Ni>* —hydrazine com-
plexes through the polymer shell. Since a decreased re-
duction rate was expected at higher temperature, a
compromise temperature of 35 °C was chosen to avoid
complete collapse of the microgel but still high enough
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Figure 1. TEM micrographs showing gold nanoparticles
coated with pNIPAM before (a) and after (b) nickel reduc-
tion. (c) Variation of the hydrodynamic diameter of
Au@pNIPAM (open circles) and Au/Pt/Ni@pNIPAM (solid
circles) with temperature, showing no changes of microgel
diameter before and after growth of Pt and Ni.

to promote Ni(ll) reduction. Careful choice of the experi-
mental conditions was crucial to achieve the optimal
thickness of both the Pt and Ni shells, which maintained
optical activity and imparted significant magnetic re-
sponse. We found that the thickness of the Ni shell (Fig-
ure S1 in the Supporting Information) could be con-
trolled by adjusting hydrazine concentration as
indicated in the Experimental Section, while lower NiCl,
concentrations did not yield uniform Ni shells and
higher concentrations resulted into non-uniform
growth or fully damped SPR. As shown in Figure 1 for
the initial and final states, both the appearance of the
particles in the low magnification TEM images and the
measured average overall particle size were not signifi-
cantly affected during the whole process.

However, through higher resolution TEM and EDS
microanalysis, it was demonstrated that the cores did
indeed change after each individual step (see Figure 2
and Supporting Information S2). First of all, for the Pt-
modified Au cores, prior to Ni reduction, EDS microanal-
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Figure 2. (a) EDS spectra of Au/Pt@pNIPAM taken from different areas
of one particle, showing detectable presence of metallic platinum at
the edges. (b) Dark field STEM image of a single Au/Pt@Ni core show-
ing typical core/shell structure. (c) STEM-XEDS line scans across the
particle shown in b, for Au and Ni. (d) STEM-XEDS RGB image (Au =
red; Ni = green), with an arrow indicating the profile line (c). (e) Dark
field TEM image of a Au/Pt@Ni core with a thinner Ni shell, and (f) HR-
TEM image of the polycrystalline Ni shell (the FFT image from the
marked area is shown in the inset).

ysis at the center and the edge of a single core (Figure
2a) undoubtedly shows the presence of Pt at the par-
ticles’ surface, whereas Au predominates at the central
area of the particle. Additionally, both bright field and
dark field images of the cores obtained after Ni reduc-
tion revealed the presence of a rough shell uniformly
covering the Au spheres. Line profile microanalysis
across a single core (Figure 2c) showed that the shell is
made of Ni, whereas, again, Au was the predominant el-
ement at the particle center. Complete STEM-XEDS
mapping was also carried out on the whole particle
(Figure 2d), providing elemental distribution, which
agrees with the expected core—shell structure, also ob-
served in the dark field HAADF STEM image (Figure
2b). This is thus a demonstration that the coating pro-
cess did indeed proceed as expected, so that Ni was
grown on each individual Au core, without apparently
affecting the corresponding pNIPAM shell. As reported
for similar systems,®>° these shells are expected to
comprise an inner metallic Ni layer, surrounded by an
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external layer of Ni oxide/hydroxide, which explains
the outermost roughness. Evidence of the polycrystal-
line structure of the Ni shell was provided by analysis of
a different sample with a smaller shell thickness (ca. 4
nm). The random orientation of the polycrystalline shell
originates bright spots in the TEM dark field image
shown in Figure 2e, whereas the HRTEM image in Fig-
ure 2f clearly reveals well-resolved lattice planes, which
can be assigned to face centered cubic nickel. The dif-
ferent orientations of adjacent grains are also reflected
in the corresponding fast Fourier transformed (FFT) im-
age shown in the inset.

The beauty of this system, which differentiates it
from other examples of nanoparticle-loaded microgel
colloids, is the combination of a number of different
functions that are interesting in themselves but become
even more interesting when combined within a single
nano-object. It is thus crucial to characterize not only
the thermosensitive volume change of the pNIPAM
shell (shown in Figure 1c) but also the optical (related
to the surface plasmon resonance, SPR, of the Au cores)
and magnetic (related to the Ni/NiO shells) properties
of these composite colloids. The optical response was
characterized through standard UV—vis spectroscopy
in aqueous solution. Spectra were thus recorded dur-
ing the various steps of the coating, as shown in Figure
3a. In fact, we feared that the SPR band, originally
present in the Au@pNIPAM colloids, could be com-
pletely screened when the cores became covered with
the Ni shells, as previously reported for Au nanorods.>®
Although damping of the SPR band was indeed ob-
served upon Pt coating, and even more strongly upon
Ni coating, a well-defined SPR band could still be re-
corded, which was significantly (ca. 20 nm) red-shifted
as compared to the original one, as also reflected in an
obvious color change observed during the process.
Theoretical modeling based on the boundary element
method (see Experimental Section and Supporting In-
formation for details) was carried out using a multilayer
model that intended to reproduce the experimental
system as closely as possible, as depicted in Figure S3
(Supporting Information). The thickness of each layer in
the core was estimated from statistical analysis of par-
ticle size from TEM images at each synthesis step (see
size distributions in the Supporting Information, Figure
S1), while the thickness of the organic pNIPAM shell was
determined from DLS measurements, as shown in Fig-
ure 1c. For Au, Pt, and Ni, experimental, wavelength-
dependent dielectric data were used, but for NiO and
pNIPAM, constant values were chosen for simplicity and
proven to yield meaningful results. As can be observed
in Figure 3a,b, the agreement between experimental
and calculated spectra is not only remarkably good for
the initial Au@pNIPAM-coated spheres but also the
theoretical results faithfully reproduce the experimen-
tal trend upon deposition of the Pt and Ni/NiO shells,
confirming that the observed, broadened plasmon
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the Ni/NiO shell surrounds the

Au cores, meaning that the Ni (see Experimental Section for details).

shell is not sufficiently thick to

fully screen the optical sensitivity of the cores. Apart
from the obvious interest for direct environmental sens-
ing using the particles in solution, we can additionally
foresee future applications in the biosensing area if the
optical and magnetic properties can be combined, so
that contributions toward magnetoplasmonic
biosensing®”*8 can be envisaged.

However, this obviously requires a significant
magnetic response of the Ni shell. Previous studies
for similar systems®®3°4° have demonstrated that
Ni/NiO shells and nanoparticles grown using the Pt-
catalyzed reduction of Ni?* with hydrazine are typi-
cally ferromagnetic and readily respond to external
magnetic fields. In spite of the small thickness of the
Ni shells deposited in the present study, the compos-
ite colloidal spheres were also observed to respond
toward an applied external magnetic field, even at
room temperature. This is exemplified in Figure 4.
Shown in Figure 4a,b are low magnification TEM im-
ages of Au@Ni@pNIPAM spheres, which were dried
on carbon-coated TEM grids in the absence (a) and
in the presence (b) of an external magnetic field. Ob-
viously, when no magnetic field was applied, the dis-
tribution of the particles on the grid was homoge-
neous, while in the presence of a low intensity
magnetic field, there is preferential alignment of
the particles along the magnetic field lines, as has
been repeatedly reported for a variety of magnetic
nanoparticle systems. This is a first demonstration of
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the magnetic character of the particles at room tem-
perature, which is confirmed by the photographs in
Figure 4c, showing the uniform dispersion of par-
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Figure 4. (a,b) TEM images of samples dried on a TEM grid under zero (a)
and low intensity (0.2 T) (b) magnetic field. (c) Digital photographs of a
nanocomposite colloid before (left) and after (right) placing a permanent
magnet next to it. (d) Hysteresis loops at 5 and 300 K showing typical fer-
romagnetic behavior of the sample (see Supporting Information Figure S4
for the complete hysteresis loops).
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ticles in the colloid, which is completely lost, when
a hand-held magnet is placed next to the vial, which
was able to drag all the particles toward it within

1 h because of magnetic attraction. While a detailed
analysis of the magnetic properties is out of the
scope of this paper, we show in Figure 4d the low
magnetic field region of a magnetization cycle for
the dried colloid recorded at low (5 K) and high (300
K) temperature (full cycles showing complete satura-
tion at high field are shown in the Supporting Infor-
mation, Figure S4). In both cases, the loops present
hysteresis, revealing the ferromagnetic nature of this
system.*"*? |t should be noted that, as opposed to
most measurements on nanoparticle systems, in this
case, interparticle interactions can be completely ne-
glected since even in the dry state there is a signifi-
cant separation between cores, dictated by the
pNIPAM shells. Zero field cooling-field cooling (ZFC-
FC) magnetization measurements (see Figure S5 in

EXPERIMENTAL SECTION

Chemicals. Ascorbic acid, cetyltrimethylammonium bromide
(CTAB), HAuUCl, - 3H,0, K;PtCl,, NiCl,, hydrazine monohydrate
98%, trisodium citrate dihydrate, styrene, divinylbenzene,
N-isopropylacrylamide, and N,N-methylenebisacrylamide were
supplied by Aldrich. 2,2"-Azobis(2-methylpropionamidine) dihy-
drochloride was supplied by Acros. All reactants were used with-
out further purification. Water was milli-Q grade.

Synthesis of CTAB-Stabilized Gold Spheres. Gold nanoparticles were
prepared through a previously reported seeded growth
method.*® Briefly, gold seeds (15 nm, 0.5 mM) were prepared
by citrate reduction** and then diluted with the same volume
of a 30 mM CTAB solution. Seeded growth was carried out by ad-
dition of ascorbic acid solution (0.5 mM) onto a mixture of
HAuCl, (0.25 mM) and CTAB (15 mM) at 35 °C, followed by addi-
tion of the seed solution ([Au] = 4.47 uM).

Encapsulation of Gold Spheres in pNIPAM Shell. Encapsulation of
gold nanoparticles in thermoresponsive pNIPAM microgels in-
volves several steps.?” Initial polystyrene coating was performed
as follows: 150 mL of as-prepared CTAB-stabilized gold nanopar-
ticles was centrifuged at 4500 rpm for 40 min, the supernatant
discarded, and the precipitate redispersed in 150 mL of milli-Q
water. The solution was then heated to 30 °C, followed by addi-
tion of styrene (10 L) and divinylbenzene (5 L) under stirring.
After 15 min, the temperature was raised to 70 °C and polymeri-
zation was initiated by adding 2,2"-azobis(2-methylpropio-
namidine)dihydrochloride (20 pL 100 mM in water). The polym-
erization was allowed to proceed for 2 h. The solution was
centrifuged once at 4000 rpm (40 min), the supernatant dis-
carded, and the precipitate redispersed in 15 mL of milli-Q wa-
ter. The solution was purged with nitrogen (15 min at 70 °C), fol-
lowed by addition of N-isopropylacrylamide (0.1698 g) and N,N-
methylenebisacrylamide (0.0234 g). After 15 min, the nitrogen
flow was removed and polymerization was initiated by addition
of 2,2"-azobis(2-methylpropionamidine)dihydrochloride (150 pL
100 mM). After 7—10 min, the colorless solution became turbid,
and the reaction was allowed to proceed for 2 h at 70 °C. The
pink milky mixture was then allowed to cool to room tempera-
ture under stirring. To remove small oligomers, unreacted mono-
mers, as well as gold-free microgels, the dispersion was diluted
with water (15 mL) and washed three times by centrifugation (30
min, 4000 rpm) and redispersion in water (5 mL).

Catalytic Growth of Nickel/Nickel Oxide Shell on Platinum-Coated Gold
Surface. An initial, catalytic Pt shell was grown as follows: K,PtCl,
(0.25 mL, 10 mM) was added to 25 mL of CTAB 100 mM, and the
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the Supporting Information) show a blocking tem-
perature above room temperature, in agreement
with the hysteresis of the sample at room
temperature.

CONCLUSIONS

Multifunctional nanomaterials were fabricated
through a rational design and modification through col-
loid chemistry methods. We have demonstrated the
preparation of thermoresponsive pNIPAM microgels
containing optically active gold nanoparticles, sur-
rounded by magnetically responsive nickel shells. These
nanocomposite colloids can be readily manipulated
through external magnetic fields and show optical re-
sponse that is highly sensitive toward refractive index
changes such as those induced by collapse and swell-
ing of the pNIPAM shell. This type of material can open
new possibilities toward applications in controlled mo-
lecular uptake and release where detection and exter-
nal manipulation are possible.

mixture was incubated at 35 °C for 30 min to allow for complex-
ation of platinum with CTAB, followed by addition of ascorbic acid
(0.875 mL, 100 mM). To this solution was added an appropriate
amount of Au@pNIPAM, keeping the Au%/Pt" molar ratio equal to
1.6. The mixture was stored at 35 °C for 24 h, followed by three-fold
washing (4000 rpm, 30 min) and redispersion in 2 mL of water.
For Ni reduction, 40 p.L of 250 mM NiCl,, 448 pL of 2 M hydrazine,
and 2 mL of Au/Pt@NIPAM were added to 22.5 mL of water at 35 °C,
under sonication. This mixture was left for 6 h at 35 °C, followed
by three-fold centrifugation (3500 rpm, 30 min) and redispersion
in 5 mL of water. The resulting Ni/NiO shell was 8 nm thick on av-
erage (from TEM). Thinner Ni/NiO shells (4 nm) were obtained by
reducing by half the amount of hydrazine, keeping volumes and
concentrations of all other compounds unchanged.

Magnetophoretic Deposition. The nanocomposite solution was
drop-casted on the TEM copper grid at 300 K between two per-
manent magnets, providing a magnetic field of 0.2 T.

Characterization. Optical characterization was carried out by
UV—vis—NIR spectroscopy with a Cary 5000 spectrophotome-
ter, using 1 mm path length quartz cuvettes. Transmission elec-
tron microscopy (TEM) images were obtained with a JEOL JEM
1010 transmission electron microscope operating at an accelera-
tion voltage of 100 kV, while high resolution TEM (HRTEM) and
analytical STEM studies were performed with a JEOL JEM 2010
FEG-TEM operating at an acceleration voltage of 200 kV. X-ray
energy-dispersive spectra (EDS) were acquired using an Inca En-
ergy 200 TEM system from Oxford Instruments, and elemental
maps (STEM-XEDS) were acquired coupling the X-ray spectrom-
eter to a STEM unit, equipped with a high angle annular dark
field detector (HAADF). Mapping was performed with 0.7 nm
probe size and 40 cm camera length. Background subtraction
was carried out prior to mapping overlap. Zeta potential and hy-
drodynamic diameters were measured using a Zetasizer Nano S
(Malvern Instruments, Malvern, UK). Field- and temperature-
dependent magnetic measurements were performed on the
dried coated particles, at 5 and 300 K, up to 5T, in a V10 Quan-
tum Design SQUID magnetometer.

Modeling of Optical Properties. Simulations of optical spectra
were based on the boundary element method (BEM),**¢ for
concentric, multishell spheres made of dielectric media repre-
senting gold, platinum, nickel, pNIPAM, and water as solvent
with dimensions estimated from the experimental results (see
schematic drawings in the Supporting Information). The dielec-
tric data for Au were taken from Johnson and Christy,47 for Pt
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and Ni from Palik,*® for NiO from ref 49, and constant values of
1.335 and 1.414 were taken for the expanded and collapsed
microgel shell, respectively.>®
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