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Abstract 

Here we present the synthesis and characterization of a series of hybrid bimetallic 

core@shell and core@shell@satellites colloidal nanostructures. These nanosystems are 

structured as spherical and non-spherical metallic and bimetallic core encapsulated by a 

thermo-responsive N-Isopropylacrylamide (pNIPAM) shell (core@shell) with 

incorporated Ag satellites (core@shell@satellite). The metallic and bimetallic non-

spherical cores include Au nanotriangles and bimetallic AuAg nanocubes, respectively. 

By using different amounts of AgNO3 during chemical reduction and through the seed-

mediated approach, we are able to modify the Ag satellites sizes. We include thermo-

responsive surface enhanced Raman spectroscopy (SERS) investigations for core@shell 

and core@shell@satellite structures as a function of temperature, with improved SERS 

responses for the core@shell@satellite structure.  

 

Keywords: Silver satellites, gold nanotriangles, bimetallic nanoparticles, hybrid 

structure, SERS enhancement. 
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INTRODUCTION 

During the last years, the fabrication of hybrid stimuli-responsive nanosystems 

composed by a metal nanoparticle and a polymeric microgel has attracted considerable 

attention because these colloidal nanoparticles possess the sensing and catalytic 

advantages provided by the metal core and the highly colloidal stability and entrapment 

capabilities supplied by the polymer 
1,2

. Compared with other types of colloidal 

structures used at the nanoscale level as dendrimers, silica and latex nanoparticles, 

polymer brushes or grapheme sheets, stimuli-responsive microgels offer the possibility 

to display sensitivity upon changes in some external parameter, as temperature 
3
, pH, 

4
 

or even solvent nature and ionic strength 
5
. It is well-known that the most synthesized 

stimuli-responsive microgel is poly(N-isopropylacrylamide) (pNIPAM), a 

thermoresponsive polymer that exhibits a phase transition from a hydrophilic water-

swollen state to a hydrophobic globular state when is heated above its lower critical 

solution temperature (LCST), which is about 32ºC in water 
6
. In general, concerning 

hybrid metal-polymer structures, one of the most reported hybrid system  is organized 

as colloidal pNIPAM microgels in conextion with gold, silver or platinum nanoparticles 

7–11
.
 
Among different nanostructures, a very common reported structure is a colloidal 

system formed by pNIPAM acting as a core decorated with metal nanoparticles, which 

is described as a core@satellite structure 
12–16

.
 
The general approach for the synthesis of 

these core@satellite nanocomposites consists on the incorporation of metal ions into the 

pNIPAM microgel network, followed by a chemical reduction to Me
0
 in presence of a 

strong reducing agent. For example, this core@satellite structure was fabricated by 

Ballauf who reported on polystyrene@pNIPAM cores with immobilized silver satellites 

(AgSTs) 
17

. This core@satellite structure was also fabricated using methacrylic acid 

(MMA) as co-monomer during pNIPAM polymerization, thus supplying to the system 

pH responses 
18

. More recently, Hellweg reported on the fabrication of core@satellite 

nanosystems by the incorporation of AgSTs into pNIPAM-derivative microgels 
19

. 

Specifically, the core was fabricated with N-Isopropylacrylamide, N-

isopropylmethacrylamide or N-n-propylacrylamide, and a polymeric shell containing 

poly-N-n-propylacrylamide. This core provided highly colloidal stability and controlled 

the diffusion of reactants towards the AgSTs.  

Another important reported hybrid colloidal structure exhibits a core@shell structure. 

Essentially they are formed by a metal nanoparticle acting as a core homogeneously 

coated by a polymeric shell 
20

. Using this structure, Carregal-Romero fabricated a 
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core@shell system formed by a 60 nm spherical gold nanoparticle encapsulated by 

pNIPAM (Au@pNIPAM) 
21

. Later, based on the same core@shell morphology, Li 

fabricated a bimetallic AuAg core encapsulated by a pNIPAM shell by means a 

galvanic replacement 
22

. It is important to mention that for the fabrication these 

core@shell systems, a pioneer reported approach consisted on a metal surface 

functionalization with terminal vinyl groups 
20

. Then, the core@shell structure is 

obtained by free radical polymerization of NIPAM in presence of a cross-linker 

molecule. By following this easy approach, 60 and 120 nm Au spheres were 

successfully coated by pNIPAM for sensing applications 
21,23

. Later, by using an 

improved methodology, other morphologies as Au nanorod, nanoctahedra or 

nanotriangles were encapsulated by a pNIPAM shell 
24,25

. Hybrid systems with a yolk-

shell structure have been also fabricated. For example, thermo-responsive 

Au@pNIPAM yolk-shell systems in which a single Au nanoparticle is immobilized into 

a hollow pNIPAM shell have been also reported for catalytic application 
26

.  

It is important to note that, apart from the previously described morphologies, during 

recent years, a new kind of colloidal nanostructured has appeared as the next generation 

of hybrid colloidal systems to be used as nanoreactors for catalysis and sensing 

investigations 
27

. They are denoted as core@shell@satellite nanoparticles, and are 

structured as a metal core coated with a microgel shell, which is homogeneously 

decorated with small metal nanoparticles. Based on this structure, we have recently 

reported a methodology to obtain a core@shell@satellite colloidal system composed by 

a spherical bimetallic AuAg core, encapsulated by a pNIPAM shell containing AgSTs. 

This colloidal system was investigated for the catalytic reduction of 4-nitrophenol to 4-

aminophenol at different temperatures 
28

, showing improved capabilities compared with 

core@shell structures. The methodology was based on a free radical polymerization 

using allylamine a co-monomer, thus enabling a subsequent coordination of Ag
+
 with 

the lone pair of electrons from NH2, which were reduced to AgSTs by adding a strong 

reducing agent. However, this preliminary work included only one AgSTs size, as well 

as only spherical Au and bimetallic AuAg nanoparticles as nuclei. During the last years, 

pure Au and bimetallic AuAg nanoparticles have been synthesized including a great 

number of morphologies as spheres, rods, stars, octahedral, triangles or AuAg 

nanocubes. Recently, several protocols have been reported to encapsulate these metal 

nanoparticles with pNIPAM for different purposes, thus resulting in core@shell hybrid 

systems. However, the fabrication of core@shell@satellite structures containing 
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spherical or non-spherical morphologies has been barely reported. As is well-known, 

the fabrication of these hybrid system containing non-spherical and bimetallic cores is 

very promising. Concerning these new hybrid systems we have recently reported a 

protocol for the fabrication of core@shell@satellites strcutures with improved catalytic 

properties. However, we only included spherical morphogies as core. Importantly, the 

fabrication of core@shell@satellites strucutes containing non-spherical metal 

nanoparticles as core will improve their application because anisotropic structures have 

small angles and well-defined corners. In these areas the plasmon delocalization is more 

intense compares with spherical morphologies, thus leading improved Raman intensities 

compared with spherical morphologies 
29,30

. Indeed, for SERS applications, silver 

nanoparticles are the most interesting nanoparticles due to they provide the strongest 

plasmon resonance. This effect is produced because the higher energy of the interband 

transition (∼3,2 eV),
31

 relative to the energy of the plasmon resonance, leads to 

minimum damping of the plasmon.  

Here we include the first reported fabrication of core@shell@satellite structures 

containing gold nanotriangles as well as bimetallic AuAg nanocubes as core. The 

presence of the AgSTs improves the applicabilities in sensing as catalysis. Indeed, and 

additional improvement is the possibility to perform a temperature-controllable plasmon 

coupling between satellites as well as between core and satellise. This circumstance will 

remarkably improve sensing applicability due to the generation of hot spots. Initially we 

include the fabrication of core@shell and core@shell@satellite systems containing 

spherical as well as non-spherical cores, as Au nanotriangle (AuNTs) as well as 

bimetallic AuAg nanocubes (AuAgNCs). Indeed, we have varied the AgSTs sized by 

using different amount of AgNO3 during chemical reduction, and by using the seed-

mediated approach. Transmission electron microscopy images confirmed particle 

morphology, bimetallic composition as well as the AgSTs distribution within the 

microgels network. The presence of metal nanoparticles was also demonstrated by the 

plasmon band positions through UV-vis spectroscopy. Dynamic light scattering (DLS) 

investigations confirmed a different thermo-responsive behavior of core@shell systems 

compared with core@shell@satellite. The percentage of Au and Ag in each colloidal 

system was determined by thermogravimetric analysis (TGA). Finally, we have 

investigated the SERS responses for 4-mercaptobenzoic acid using core@shell and 

core@shell@satellites structures in function of temperature. Different response was 

found in every case, showing improved responses for the core@shell@satellite 
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structure. These fabricated core@shell@satellite particles offer important novelty 

aspects, as the presence of non-spherical metal nanoparticles as core, and the possibility 

to modify the AgSTs size, which could result a thermo-controllable core-satellite 

plasmon coupling, thus obtaining colloidal systems with improved plasmonic 

applications in several field as SERS, fabrication of optical sensors, and catalysis. 

 

2. MATERIALS AND METHODS 

2.1 Chemicals 

Ascorbic acid (AA, 99%), cetyltrimethylammonium bromide (CTAB, ≥99%), 

benzyldimethylhexadecylammonium chloride (BDAC, 97%), 3-butenoic acid (3-BA, 

97%), allylamine (98%), silver nitrate (AgNO3, ≥99%), sodium borohydride (NaBH4, 

≥96%), and N-isopropylacrylamide (NIPAM, 97%) were supplied by Sigma-Aldrich. 

HAuCl4·3H2O, trisodium citrate dihydrate, and sodium hydroxide (NaOH) were 

supplied as well by Sigma. N,N′-Methylenebisacrylamide (BIS, ≥99.5%) were supplied 

by Fluka. 2,2′-Azobis(2- methylpropionamidine)dihydrochloride (V50, 97%) was 

supplied by Acros Organics. All reactants were used without further purification. Water 

was purified using a Milli-Q system (Millipore).  

 

2.2 Materials characterization 

All UV−vis spectra were recorded using a Cary 50 scanning spectrophotometer (Varian, 

USA) with an incorporated xenon flash lamp by using a standard quartz cuvette (path 

length 1 cm). DLS was performed using a Malvern 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 

cumulanttype analysis. Data were acquired after 5 min of sample dispersion and 

stabilization at each temperature (from 24 to 50 °C), with all measurements repeated 

three-fold. TEM investigations were performed by using a JEOL JEM 1400 (JEOL, 

Japan) operating at an acceleration voltage of 80 kV. Samples were prepared by drying 

10 µL of each sample on a carbon-coated TEM grid. Tomography images were acquired 

on a JEOL JEM 2100 at an acceleration voltage of 200 kV. 3D-reconstruction of the 

tomography was carried out using the proprietary software. The Raman spectra were 

recorded in a Renishaw Invia micro-Raman spectrometer operating with a high power 

Renishaw NIR diode laser emitting at 785 nm. The microscope was equipped with a 

50x objective (numerical aperture of 0.75). To avoid excessive heating during 
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measurement of Raman spectra and the possible thermal decomposition of the sample, 

neutral density filters with an optical throughput of 1% and 5% were used and the laser 

power at the sample was between 1 and 5 mW. The resolution was set at 4 cm
-1

 and the 

geometry of micro-Raman measurements was 180°. The Raman intensities have not 

been corrected for the spectral response of the instrument. The SERS samples of 4-

Mercaptobenzoic acid (4MBA) at each temperature were measured in a 1 cm path 

length cell properly covered to avoid evaporation of the solvent reaching the final 

concentration of 10
-4

 M. A temperature sensor has been adapted to control the 

temperature of the bulk solution. The final volume was 500 L in the mixture of 

colloids and adsorbate in water. The extended acquisition mode was used, from 100 to 

3200 cm
-1

. No accumulations were needed and the same experiment was repeted two 

times in order to validate the results that were very similar in each case. Samples were 

washed by centrifugation to remove the excess of 4MBA. Each experimente was 

repeated 3 times. 

TGA analysis was performed by using a Mettler Toledo STAR system. After drying in 

the vacuum overnight, the composites were heated to 800 °C with a heating rate of 10 

°C/min under N2. 

 

2.3 Synthesis of AuNSs@pNIPAM@Ag with controlled AgSTs sizes. 

The encapsulation of gold nanospheres, AuNSs, within pNIPAM was performed in a 

two-step process. First, AuNSs with a mean diameter of ∼50 nm were prepared through 

a modification of the seeded-mediated growth method 
32

. This method is based on the 

reduction of HAuCl4 with 3-BA using ca. 15 nm CTAB-stabilized AuNS as seeds (, 

previously prepared by citrate reduction), in the presence of 0.015 M CTAB. Secondly, 

the pNIPAM polymer shell was grown by free radical polymerization in the presence of 

the previously synthesized vinyl-terminated AuNSs. To do that, Au colloidal dispersion 

(10 mL, 5 mM in terms of Au) was heated to 70°C under a N2 flow. Then, the 

polymerization was carried out by introducing a monomer mixture composed by 

NIPAM (0.1698 g), the cross-linker BIS (23.2 mg, 10% in mols), and allylamine (7.5 

μL, 8% in mol). After 15 min at 70 °C, the polymerization was started by adding 2,2′-

azobis(2-methylpropionamidene)dihydrochloride (100 μL, 0.1 M). After 15 min, the 

reddish solution became turbid, the N2 flow was removed and the reaction was allowed 

to proceed for 2 h at 70 °C. Then, the mixture was left to cool down at room 

temperature under magnetic stirring. In order to remove free microgels, as well as 

Page 6 of 47

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 
 

oligomers and/or residual monomers produced during the polymerization process, the 

final colloidal sample was diluted with water (50 mL) and centrifuged (30 min at 4500 

rpm). This step was repeated five times, and the final resulting pellet was redispersed in 

10 mL of Milli-Q water, see scheme 1. 

The fabrication of core@shell@satellite was performed by following a previously 

reported method 
28

. However, in order to vary the AgSTs dimension we have performed 

the reduction in presence of different amount of AgNO3. Briefly, in 10 mL of the 

previously prepared AuNSs@pNIPAM microgel dispersion, the appropriated amount of 

AgNO3 was added at room temperature and medium magnetic stirring to reach 0.05, 0.3 

and 0.875 mM AgNO3 for samples denoted as AuNSs@pNIPAM@Ag_1, 

AuNSs@pNIPAM@Ag_2 and AuNSs@pNIPAM@Ag_3, respectively. Each solution 

was kept under these conditions during 30 min to allow a homogeneous coordination of 

Ag
+
 ions with the amine groups from allylamine. Then, the reduction was achieved by 

adding 10, 60 and 175 μL of 50 mM NaBH4 at room temperature and vigorous magnetic 

stirring to AuNSs@pNIPAM@Ag_1, AuNSs@pNIPAM@Ag_2 and 

AuNSs@pNIPAM@Ag_3, respectively. After 5 min, each solution was centrifuged at 

5500 rpm during 30 min. The supernatant was discarded, and the pellet was redispersed 

in 10 mL of Milli-Q water. This cleaning process was repeated twice. Sample 

AuNS@pNIPAM@Ag_4 was performed by the seed mediated approach 
33

. In detail, 5 

mL of a solution composed by 0.4 M glycine buffer solution at pH 8.5 (adjusted by 

addition of NaOH, 1 M) and CTAB (200 mM) was mixed with 5 mL of the 

AuNSs@pNIPAM@Ag_3 system. Then, 100 µL of AgNO3 (10 mM) were added under 

medium magnetic stirring. After 30 min, 50 µL of ascorbic acid (50 mM) as a mild 

reducing agent were added under vigorous magnetic stirring. The mixture was 

maintained under stirring for 30 min, followed by centrifugation (5500 rpm, 30 min). 

The supernatant was removed and the pellet was redispersed in 10 mL of MilliQ water, 

see scheme 1.  

 

2.4 Synthesis of gold nanotriangles and gold nanooctahedra  

The synthesis of gold nanotriangles, AuNTs, and gold nanooctahedra, AuNOs, was 

performed by following the same methodology previously reported by us 
25

. 
 
Briefly, 

100 mL of a mixture containing 1 mM HAuCl4 and 5 mM BDAC was introduced into a 

250 mL round bottom flask under low magnetic stirring (100 rpm). Then, the solution 

was heated up to 75 °C and then, 100 μL of 3-BA were added into the mixture. After 
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complete reduction of HAuCl4 to Au
0
 (followed by the absorbance at 400 nm) the 

solution was allowed to cool down to room temperature. Then, the excess of 3-BA and 

BDAC was removed by centrifugation at 7500 rpm for 30 min. The supernatant was 

discarded and the pellet was dispersed in 50 mL of 4 mM CTAC. This synthesis 

produces a mixture of nanooctahedra and nanotriangles (together with a small 

percentage of bigger particles, planar structures). Nanooctahedra and nanotriangles were 

purified by surfactant depletion-induced flocculation 
34

. Specifically, the planar 

structures were firstly removed by centrifugation (7500 rpm for 30 min). Then, the 

resulting precipitate was redispersed in a 5 mL vial containing 2 mL of 100 mM CTAC. 

After 4 h at RT, a precipitate (containing bigger particles and planar morphologies) was 

observed at the bottom of the vial, which was discarded. The supernatant, containing a 

mixture of triangles and octahedra, was redispersed in 10 mL of 10 mM CTAC and 

again centrifuged at 7500 rpm for 30 min. Then, the supernatant was discarded and the 

pellet was redispersed in a 5mL vial containing 2 mL of 175mM CTAC. After 4h the 

supernatant, containing AuNOs, was separated, and the precipitate formed at the bottom 

of the vial, containing AuNTs, was redispersed in 10 mL of 100 mM CTAC. See 

scheme 2  

 

2.5 Synthesis of core@shell@satellite AuNTs@pNIPAM@Ag microgels 

Initially, the encapsulation of AuNTs within pNIPAM (core@shell AuNTs@pNIPAM) 

was performed by a small modification of a methodology previously reported by some 

of us 
25,28

. Briefly, 10 mL of an AuNTs colloidal dispersion with [Au] ≈ 5 mM was 

heated at 70 °C under a N2 flow. Then, N-isopropylacrylamide (0.1698 g, 100 mM), 

N,N′-methylenebisacrylamide (0.0234 g, 10 mM) and allylamine (7.5 μL, 8% in mol) 

were added under magnetic stirring (400 rpm). Then, the polymerization was initiated 

by adding 2,2′-azobis(2-methylpropionamidine) dihydrochloride (100 μL, 0.1 M in 

water), and after 15 min, the N2 flow was removed and the polymerization was kept 

during 2 h at 70 °C. Then, the mixture was left to cool down at room temperature under 

magnetic stirring. In order to remove free microgels (pNIPAM without AuNTs core), as 

well as oligomers and/or residual monomers, the final colloidal sample was diluted with 

water (50 mL) and centrifuged 5 times 30 min at 4500 rpm. The final resulting pellet 

was redispersed in 10 mL of Milli-Q water. See scheme 2 (route 1) 

For the incorporation of AgSTs into the microgel network 2 mL of the previously 

prepared AuNTs@pNIPAM microgels were diluted with 3 mL of water, then 25 μL of 
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29.4 mM AgNO3 was added at RT and the mixture was magnetically stirring during 30 

min. Then, 95 μL of 50 mM NaBH4 was added under vigorous magnetic stirring. After 

5 min, the solution was centrifuged at 5500 rpm during 30 min. Finally, the supernatant 

was discarded, and the pellet was redispersed in 5 mL of Milli-Q water. This cleaning 

process was repeated twice. See scheme 2 (route 1) 

 

2.6 Synthesis of AuAg nanocubes 

The synthesis of AuAg nanocubes, AuAgNCs, was carried out by following a small 

modification of a previously reported methodology 
35

. In our case we used the 

previously purified AuNOs as seed for a Ag shell growth. Briefly, 50 mL of the AuNOs 

colloidal dispersion at 0.1 mM (in terms of Au) and 10 mM CTAC  at medium magnetic 

stirring were introduced in a 100 mL round bottom flask that was immersed in an oil 

bath at 65ºC.. In order to avoid Ag nucleation, allowing a continuous growth on the Au 

surface, 4 mL of AgNO3 (10 mM) and 4 mL of AA (40 mM) were added continuously 

in separate syringes at a rate of 0.166 mL/h. After 24h, the dispersion was left to cool 

down at room temperature, the AuAgNCs were centrifuged twice at 5500 rpm during 30 

min, and redispersed in 50 mL of 15 mM CTAB. See scheme 2 (route 2) 

 

2.7 Synthesis of AuAgNCs@pNIPAM@Ag microgels 

The encapsulation of the AuAgNCs within a pNIPAM shell (core@shell 

AuAgNCs@pNIPAM) was achieved by following a similar approach previously 

reported elsewhere 
25,28

. 
 
Briefly, 50 mL of the previously prepared colloidal dispersion 

containing AuAgNCs in 15 mM CTAB was heated at 70ºC. Then, 250 L of 3-BA was 

added under medium magnetic stirring, and the mixture was maintained at these 

conditions during 1 h. After that, in order to remove the excess of 3-BA, the colloidal 

dispersion was centrifuged at 5500 rpm during 30 min. Then, the supernatant was 

discarded and the pellet was dispersed in 10 mL of 1 mM CTAB. This solution was 

again centrifuged at 5500 rpm during 30 min, the supernatant was discarded and the 

pellet was redispersed in 10 mL of Milli-Q water containing 250 L of 5 mM CTAB. 

This dispersion was heated to 70 °C under a N2 flow. Then, the polymerization was 

carried out by iadding the monomer mixture composed by NIPAM (0.1698 g, 100 mM), 

the cross-linker BIS (23.2 mg, 10 mM), and allylamine (7.5 μL, 8% in mol). Then, the 

polymerization was initiated by adding 2,2′-azobis(2- 

methylpropionamidene)dihydrochloride (100 μL, 0.1 M). After 15 min, the N2 flow was 
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removed and the reaction was allowed to proceed during 2 h at 70 °C. After that, the 

mixture was left to cool down at room temperature under magnetic stirring. Then, free 

microgels, oligomers and/or residual monomers were removed by dilution with water 

(50 mL) and 5 x centrifugations (30 min at 4500 rpm). The final resulting pellet was 

redispersed in 10 mL of Milli-Q water. See scheme 2 (route 2) 

For the incorporation of AgSTs into the microgel network (core@shell@satellites 

AuAgNCs@pNIPAM@Ag), 2 mL of the previously prepared AuAgNCs@pNIPAM 

particles were diluted with 3 mL of Milli-Q water, then 25 μL of 29.4 mM AgNO3 was 

added at room temperature and medium magnetic stirring during 30 min. Then, 95 μL 

of 50 mM NaBH4 was added at room temperature and vigorous magnetic stirring. After 

5 min, the solution was centrifuged at 5500 rpm during 30 min. The supernatant was 

discarded, and the pellet was redispersed in 5 mL of Milli-Q water. This cleaning 

process was repeated twice. See scheme 2 (route 2) 

 

3. Results and discussion 

3.1 Spherical core@shell@satellites particles. Control on the AgSTs size 

Scheme 1 shows schematic representation for the synthesis of core@shell@satellites 

systems containing spherical Au core. Initially, the synthesis of Au@pNIPAM 

microgels was performed by using 15 nm citrate-stabilized AuNSs as seeds to be grown 

to 50 nm spherical AuNSs, which are then treated with a molecule with a terminal 

double bond. Then, the presence of the monomers mixture composed by NIPAM, BIS 

and Allyl, generates a core@shell Au@pNIPAM system.  

 

Scheme 1. Schematic representation for the synthesis of core@shell and 

core@shell@satellites containing AuNSs as nucleus. 

 

Allylamine incorporates terminal NH2 groups into the microgel network able to be 

coordinated with silver ions, and obtaining AgSTs into the microgel network after 

treatment with NaBH4, thus resulting in a core@shell@satellite AuNSs@pNIPAM@Ag 

system. In order to vary the AgSTs size, we include in our investigation the AgSTs 
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fabrication by varying the amounts of AgNO3. Figure 1A, 1B and 1C includes TEM 

images for samples denoted as AuNSs@pNIPAM@Ag_1, AuNSs@pNIPAM@Ag_2 

and AuNSs@pNIPAM@Ag_3, respectively that correspond to core@shell@satellite 

fabricated under AgNO3 0.3, 0.5 and 0.875 mM. The measured particle size was 5.6 ± 

2.4, 9.9 ± 3.9 and 13.6 ± 9.8 nm for AuNSs@pNIPAM@Ag_1, 

AuNSs@pNIPAM@Ag_2 and AuNSs@pNIPAM@Ag_3, respectively. We 

hypothesize that the increase in the AgSTs size is due to the higher amount of AgNO3 

used during satellites fabrication, as the ration of silver precursor (AgNO3) and reducing 

agent (NaBH4) was 1:1 in all cases. AgSTs size was measured by analyzing 100 AgSTs 

from TEM images. Figure S1 include particle distribution of AgSTs. Importantly, we 

were able to increase the AgSTs dimension by using the seed-mediated approach 
33

. 

Basically, this method is based on the AgSTs overgrowth in presence of ascorbic acid 

into a buffer solution. By using this approach, we were able to increase the AgSTs size 

from 13.6 to 34.2 nm, as is shown in Figure 1D and S1D that correspond to the TEM 

image and the satellite size distribution for sample AuNSs@pNIPAM@Ag_4. A more 

detailed observation of TEM images shows that some microgels are not perfectly 

spherical. It is important to note that pNIPAM is a soft material, this microgel is not a 

hard sphere as polystyrene. During the drying process on the TEM grid the microgel 

does not totally collapses, and some residual water molecules are presented within the 

microgel network, thus resulting in a non-spherical morphology. This circumstance fits 

with previously reported works that demonstrate that the microgel sized obtained by 

dynamic light scattering (DLS) analysis at the collapsed state is lower compared with 

the microgel dimension measured by TEM 
28,36 

In Figure 1 some pNIPAM encapsulated 

microgels seem to be interconnected with thinner polymer bridges. This circumstance is 

produced because during the drying process of the sample drop on the TEM grid water 

evaporates, as microgels are subjected to Brownian motion some microgels can hit 

between them and some residual pNIPAM polymer can stick and form these polymeric 

wires. 
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Figure 1. Representative TEM images of the core@shell@satellite microgels with 

spherical core: A) AuNSs@pNIPAM@Ag_1 and B) AuNSs@pNIPAM@Ag_2 and C) 

AuNSs@pNIPAM@Ag_3 and D) AuNSs@pNIPAM@Ag_4. 

 

UV-vis spectroscopy has been also used to confirm the AgSTs growth. Figure S2 shows 

the normalized UV-vis spectra for the four obtained AuNSs@pNIPAM@Ag systems. 

All UV-vis spectra are normalized in the Au plasmon band in order to show the 

evolution of the Ag peak with the amount of AgNO3. Initially, both Au (~535 nm) and 

Ag (~403 nm) plasmonic peaks can be observed for all specimens. However, the 

absorbance intensity of the Ag plasmon band increased with the AgSTs size. 

Specifically, the Ag/Au ratio of the plasmon band intensities increased with the amount 

of AgNO3, 1.3, 1.5, 1.7 and 3.5 for AuNSs@pNIPAM@Ag_1, 

AuNSs@pNIPAM@Ag_2 and AuNSs@pNIPAM@Ag_3 and 

AuNSs@pNIPAM@Ag_4, respectively. As was reported and Mie´s theory establishes, 

the intensity of the plasmon band depends on the particle size
32

. It is important to note 

200 nm 200 nm

200 nm 200 nm

A) B)

C) D)
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that the width of the Ag plasmon band was related to the particle distribution. A metal 

colloidal dispersion with a wide particle distribution provides a wide plasmon band.  

Figure S1 includes  the AgSTs size distribution after measuring 100 particles, which fits 

with the plasmon width.  Figure S3 includes the UV-vis spectra for 

AuNSs@pNIPAM_3 and AuNSs@pNIPAM_4 samples at 25 and 50ºC. Interestingly, 

for the gold core, a plasmon displacement of 6 nm to longer wavelengths is observed in 

both cases. This shift is produced due to the different refractive index into the microgel 

network between both states (swollen and collapsed). However, the silver plasmon band 

shift induced by heating the colloidal samples was 5 and 9 nm for 

AuNSs@pNIPAM@Ag_3 and AuNSs@pNIPAM@Ag_4, respectively. The increase in 

the plasmon shift probably is due to the higher particle size (13.6 and 34.2, 

respectively).
24

 

 

3.2 Non-spherical core@shell and core@shell@satellites particles.  

The synthesis of non-spherical nanoparticles was achieved by using 3-BA as reducing 

agent and BDAC as surfactant that produces, at specific temperature, a mixture of 

AuNTs and AuNOs 
25

. This particle combination is separated and purified by surfactant 

depletion induced flocculation 
34

. In our work, concerning non-spherical nanoparticles, 

we have divided the synthesis of the different colloidal systems in route 1 and 2 (see 

Scheme 2). In route 1, after particle purification, the AuNTs were encapsulated with a 

pNIPAM shell obtaining a core@shell AuNTs@pNIPAM structure.. As mentioned, 

silver ions are able to coordinate with NH2 groups from allylamine, and after the 

addition of NaBH4, AgSTs are generated into the microgel network. However, for route 

2, the separated AuNOs were firstly used as seeds for an Ag shell growth, thus resulting 

in bimetallic AuAg nanocubes (AuAgNCs). The bimetallic core was then encapsulated 

by a pNIPAM shell, thus obtaining a core@shell structure (AuAgNCs@pNIPAM) and, 

finally, AgSTs were incorporated into the microgel network obtaining a 

core@shell@satellite (AuAgNCs@pNIPAM@Ag) structure. Scheme 2 shows a 

schematic representation for the synthesis of the core@shell and core@shell@satellites 

containing non-spherical cores.  
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Scheme 2. Schematic representation for the synthesis of the different core@shell and 

core@shell@satellites colloidal systems containing a non-spherical core. 

 

The successful fabrication of each non-spherical system was initially confirmed by 

TEM analysis. Figure 2 includes representative TEM images at two different 

magnifications of the initially fabricated and purified AuNTs and AuNOc. In both 

images, the percentage of triangles and octahedra is remarkably high, which confirms a 

highly effective particle separation. The measured particle dimension resulted in an 

average particles size of 55.5 ± 3.7 nm for AuNTs and 37.9 ± 2.3 nm for AuNOs.  
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Figure 2. Representative TEM images non-spherical Au nanoparticles at different 

magnifications: A) and B) AuNTs and C) and D) AuOc. 

 

Then, TEM images of the fabricated core@shell AuNTs@pNIPAM microgels (see 

scheme 2, route 1) are included in Figure 3A and 3B. Interestingly, a regular microgel 

shell surrounded an AuNTs was obtained, thus proving a homogenous pNIPAM 

polymerization. Interestingly Finally TEM images of the core@shell@satellite structure 

are included in Figure 3C and 3D. Well-distributed AgSTs in connection with the 

pNIPAM microgel can be appreciated, with an average particles size of 15.8 ± 3.9 nm, 

obtained after the analysis of 100 particles. Interestingly, the same interconnected 

polymer can be observed between some encapsulated pNIPAM microgels. We again 

believe that they are produced for the same reason than in Figure 1. 

 

 

500 nm

C) D)

A) B)
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Figure 3. Representative TEM images at different magnification of the colloidal 

particles obtained in route 1. A) and B) core@shell AuNTs@pNIPAM and C) and D) 

core@shell@satellite AuNTs@pNIPAM@Ag microgels 

 

The presence of Au and Ag was also confirmed by UV-vis spectroscopy. Figure S4 

shows the normalized UV-vis spectra for the AuNTs (black line), the core@shell 

AuNTs@pNIPAM (red line) and the core@shell@satellite AuNTs@pNIPAM@Ag 

(blue line) particles. As expected, the isolated AuNTs exhibited a narrow in-plane 

(longitudinal) mode at 583 nm together with a broad out-of-plane (transversal) mode at 

520 nm as a shoulder 
37

. The normalized UV-vis spectrum for AuNTs after pNIPAM 

encapsulation (AuNTs@pNIPAM, red line) shows the two same bands of the non-

coated AuNTs, which confirms the presence of the metallic core, and an increment in 

the absorbance intensity, due to the scattering produced for presence of the pNIPAM 

shell. Finally, the normalized UV-vis spectrum for the AuNTs@pNIPAM@Ag systems 

(blue line) exhibited both Au (~583 nm) and Ag (~403 nm) plasmonic peaks. 

Interestingly, the plasmon peaks at 583 and 520 nm are still observed. 

The thermo-responsive capabilities of the core@shell and core@shell@satellite  

structures have been analyzed by DLS measurements. The shrinking ratio (the inverse 

of the swelling ratio) is defined as the ratio between the volume of the particle in the 

swollen state (at 24 °C) and the volume of the particle at each temperature [β = 

Vswollen(24 °C)/V(T)] 
20

. Figure S5 shows the shrinking ratio of the AuNTs@pNIPAM 

and AuNTs@pNIPAM@Ag systems as a function of temperature from 24 to 50ºC.  As 

expected, for both systems, a well-defined volume transition is observed around 32 ºC. 

Interestingly, for the AuNTs@pNIPAM@Ag system a reduced swelling capability was 

obtained. This results fits with  previously reported concerning spherical bimetallic 

AuAg@pNIPAM@Ag particles 
28

. The explanation of this behavior is that the AgSTs 

incorporated into the pNIPAM network reduce the swelling−deswelling capability. In 

other words, the presence of the AgSTs hinders the microgel mobility during collapse, 

thus resulting in a lower swelling capacity. The amount of gold and silver was 

calculated by TGA analysis. Figure S6 represents the weight loss for 

AuNTs@pNIPAM@Ag microgel, the amount of Au and Ag obtained after heating the 

sample at 800 °C was 78%.  
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The colloidal structures obtained in route 2 were also initially identified by TEM 

analysis. Figure 4A and 4B includes TEM image for the bimetallic AuAgNCs system 

obtained after controlled Ag growth, using the previously synthesized AuOCs as seeds. 

As shown, monodispersed bimetallic nanocubes were obtained. The average AuAgNCs 

particle size (obtained after the analysis of 100 particles) resulted in 51.3 ± 3.2 nm 

Interestingly, Figure 4B shows the typical intensity contrast between the Au core and 

the Ag shell, produced by the electron scattering differences between both metals, and 

clearly reveals the presence of the octahedral Au core coated by a uniform Ag shell.. 

After pNIPAM polymerization, the successful microgel encapsulation is demonstrated 

in Figure 4C and 4D, which show the core@shell structure for AuAgNCs@pNIPAM 

particles showing the previously obtained AuAgNCs encapsulated by a polymer shell. 

Finally, the presence of the incorporated AgSTs in the core@shell@satellite structure is 

observed in Figure 4E and 4F. We have included in the SI a 3D tomography 

investigation for the AuAgNCs@pNIPAM@Ag systems that confirms a homogenous 

distribution of AgSTs into the microgel.  

 

 

 

Figure 4. Representative TEM images of the different colloidal systems obtained in 

route 2. A) and B) AuAgNCs, C) and D) AuAgNCs@pNIPAM, E) and F) 

AuAgNCs@pNIPAM@Ag 

100 nm

A) C)B)

D) E)F)

100 nm
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Plasmon evolution was again confirmed by UV-vis analysis performed for the 

bimetallic structures fabricated in route 2. Figure 5A (black line) shows a well-defined 

plasmon peak centered at 543 nm corresponding to the normalized UV-vis spectrum for 

the initial AuNOs,. Then, after Ag growth (AuAgNCs, red line), the UV-vis spectrum 

dramatically changed by the presence of this metal into the colloidal structure. UV-vis 

showed a minimum at ca. 320 nm, characteristic of the interband transition in the Ag 

that damps the plasma oscillation in this spectral region 
31,38,39

. The spectrum also 

revealed the presence of a plasmon resonance at ca. 420 nm, attributed to the formation 

of Ag. Indeed, the Au plasmon band drastically blue-shift to 495 nm due to the higher 

excitation cross-section of silver. The origin of such variation is assigned to the 

differences of Ag and Au, which results in a variation of the effective dielectric function 

of the bimetallic AuAg nanoparticle 
40

. Additional higher-order plasmonic modes 

arising from the properties of pure AuAgNCs are found from 350 nm to 450 nm, which 

indicates low dispersity.
35

 After microgel encapsulation (Figure 5B, black line) the 

core@shell AuAgNCs@pNIPAM systems only exhibited the plasmon peak at about 

500 nm together with a weak shoulder about 400 nm, and the minimum corresponding 

to the interband transitions at ca. 320 nm. Finally, when AgSTs were included into the 

microgel (Figure 5B, red line) the normalized UV-vis spectrum showed a more intense 

plasmon band position (located at 410 nm) compared with the previous system, which 

confirms the presence of AgSTs into the colloidal structure.  

Figure 5. Normalized UV-vis extinction for: A) AuNOs (black line) and AuAgNCs (red 

line), B) AuAgNCs@pNIPAM (black line) and AuAgNCs@pNIPAM@Ag (red line). 
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3.3. SERS investigations 

We have included a preliminary study concerning the SERS responses for core@shell 

(AuAgNCs@pNIPAM) and core@shell@satellite (AuAgNCs@pNIPAM@Ag) 

microgels. Figure S7 includes the Raman spectra of AuNCs@pNIPAM and 

AuNCs@pNIPAM@Ag systems. It can be observed the reference spectra of each 

colloid represented in the same range. We have initially chosen these systems for two 

principal reasons: i) as other metallic morphologies presented in literature, as triangles, 

stars or octahedral, the cube-like core also presents in this structure small angles and 

well-defined corners As is well-known, the plasmon deslocalization is more intense in 

structures with curvatures or high angles due to in  these areas the increased in the local 

field or concentration of the electric field near the highly curved we hysurface
41

, thus 

leading to improved Raman intensities compared with spherical morphologies, and ii) 

silver is the metal with the strongest plasmon resonance due to its higher energy of the 

interband transition (∼3,2 eV) relative to the energy of the plasmon resonance, thus 

resulting to minimum damping of the plasmon. As mentioned, we have used 4-MBA as 

model analyte, and we have measured the SERS response at temperature from 25 to 

75ºC. As a proof of concept, we also included a non-coated AuAgNCs colloidal system. 

Before SERS investigation, we measured the UV-vis spectra for AuAgNCs@pNIPAM 

and AuAgNCs@pNIPAM@Ag systems after the addition of 4-MBA. No differences 

were observed compared with the UV-vis spectra of pure colloidal dispersions. Figure 

S8 exhibits the SERS spectra for 4-MBA in the presence of the AuAgNCs systems in 

the mentioned range of temperatures showing two strong SERS bands at 1585 cm 
-1

 

(ring C–C stretching and C–H in-plane bending) and 1078 cm
-1

 (aromatic ring 

breathing, C–H in-plane bending and C–S stretching). Concerning the band at about 

1410 cm
-1

its origin it not clear because in this range both colloidal systems possess 

Raman signals, so it is difficult to distinguish Raman contribution from the adsorbate 

and from the colloidal systems. As can be seen it is a very weak band in both Figure 6A 

and 6B. As expected, this system provided a constant Raman intensity for both bands 

that remained unalterable at every temperature of analysis. On contrary, the SERS 

intensities for 4-MBA in the presence of core@shell AuAgNCs@pNIPAM and 

core@shell@satellite AuAgNCs@pNIPAM@Ag systems showed an interesting 

temperature-dependent behavior. Concerning the core@shell colloidal structure, the 

SERS intensity increased with the temperature of analysis from 25 to 42ºC, however, 

from this temperature, the SERS signal kept constant at any measured temperature (see 
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Figure 6A). In order to understand this behavior it is necessary to take into account that 

the SERS process depends on a long list of factors. It is traditionally accepted that two 

main enhancement mechanisms participate in the SERS phenomenon. The 

electromagnetic enhancement (EM), which relies on the large local field enhancements 

that occur close to metallic nanoparticles when localized surface plasmon resonances 

are excited
42

. EM enhancement does not require direct contact between the molecule 

and the metal, and decreases exponentially with distance from the surface. The dipole 

field decays with distance 1/d
3
, and is raised to the fourth power, thus giving results in 

dependence with 1/d
12

. Another contribution, believed to be much smaller than EM 

effect, is assigned to a chemical or charge-transfer effect (CT) that requires the 

molecules to be chemically adsorbed on the surface forming a metal-molecule 

complex
43

. As explained, pNIPAM experiments a phase transition at 32ºC in water. At 

25ºC, below the LCST, pNIPAM remains in a total swollen state, and we consider that 

there are two different possibilities. At this state, 4-MBA molecules can be in contact 

with the silver surface or trapped within the polymer network, as is represented in 

Scheme 3 (left). By analyzing the SERS spectrum of 4-MBA we conclude that the 

carboxylate and the thiol groups of 4-MBA are deprotonated indicating that 4-MBA 

adsorbs on the Ag surface with a tilted orientation interacting through both functional 

groups
44

. As was previously reported, in neutral conditions of pH, 4-MBA usually 

adsorbs on metal nanoparticles surface as bideprotonated specie given rise to the typical 

SERS spectra we have shown in Figure 6 
44

. This adsorption behavior is similar in all 

the substrates here studied. When the temperature increases and the microgel collapses, 

the distance between the non-linked 4-MBA (represented in blue in Scheme 3) is 

reduced, thus increasing the SERS intensity as is predicted by the EM mechanism. 

When the microgel is totally collapsed (~42ºC) the distance molecule-surface particles 

cannot be reduced, thus resulting SERS intensity that not vary with temperature. As can 

be observed, a similar temperature-dependent behavior was obtained in the presence of 

the core@shell@satellite system. As for the previous core@shell system, the Raman 

intensity for 4-MA increases with the temperature of analysis (Figure 9B).” In both 

systems, after the SERS experiment, we measured the SERS signal after cooling the 

sample at room temperature. As expected, the same value that was the initially obtained 

before heating the sample was obtained, thus proving the reversibility of the fabricated 

systems
20

. As expected, due the AgSTs, the SERS intensity for 4-MBA is much higher 

compared with the previous core@shell system. At the beginning, the SERS intensity 
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increases with the temperature as in the previous case. However, the increment in the 

Raman intensity until 60ºC was probably due to the hindrance produced for the 

presence of AgNSs that are now more closer each other, and probably form aggregates 

in the collapsed state, thus resulting in an additional EM enhancement. 

 

 

Scheme 3. Schematic representation for the two possible states of the 4-MBA 

molecules in presence of core@shell and core@shell@satellite colloidal systems 

 

 

 

Figure 6. SERS spectra for 4-MBA at different temperatures in presence of A) 

core@shell and B) core@shell@satellite colloidal dispersion. The insets represent the 

relative intensities ratios for the bands at 1078 cm
-1

 (black line) and 1585 cm
-1

 (red 

line), which was normalized with respect to the Raman intensity at room temperature. 
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Finally, approximate enhancement factors (EF) of AuAgNCs@pNIPAM and 

AuAgNCs@pNIPAM@Ag colloidal dispersion were estimated by applying the 

equation  EF = (ISERS VSERS/ IRamanVRaman) f,
45

 where VSERS and VRaman represent the 

probed volumes, and ISERS and IRaman the intensities in SERS and Raman, respectively, 

“f” is the correction factor that considers the concentration ratio of the 4-MBA in both 

experiments under the same conditions. Figure S9 includes the calculated EF for 

Calculated EF for AuAgNCs@pNIPAM and AuAgNCs@pNIPAM@Ag colloidal 

structures. 

 

4. Conclusion 

Here we have presented the synthesis and characterization of a series of core@shell and 

core@shell@satellites thermo-responsive microgels. We fabricated colloidal structures 

containing spherical as well as non-spherical metallic and bimetallic cores. Specifically, 

for spherical cores (AuNS@pNIPAM@Ag), we were able to modify the AgSTs 

dimension by using different amounts of AgNO3 during chemical reduction, and by the 

seed-mediated approach. Concerning non-spherical cores, two well-differentiated 

morphologies were encapsulated within a pNIPAM microgel shell, AuNTs and 

bimetallic AuAgNCs, both of them containing AgSTs. TEM and UV-vis spectroscopy 

were used to verify particle size, particle morphology as well as the distribution of 

AgSTs into the microgel. DLS measurements confirmed a different thermo-responsive 

capability between core@shell and core@shell@satellites structures. Importantly, the 

colloidal samples with incorporated AgSTs showed a shorter swelling transition due to 

the presence of the metal nanoparticles into the microgel network. Finally, we have 

proved that these structures have interesting SERS application as we are able to control 

the absolute SERS intensity of a target molecule by changing the temperature. 

 

Supporting Information 

Satellites distribution, UV-vis extinction of the core@shell@satellite sample with 

spherical core, for pure AuNTs, AuNTs@pNIPAM and AuNTs@pNIPAM@Ag 

microgels, shrinking ratio for the AuNTs@pNIPAM and the AuNTs@pNIPAM@Ag 

microgels, TGA analysis for AuNTs@pNIPAM@Ag microgels, Raman spectra for the 

AuNCs@pNIPAM and AuNCs@pNIPAM@Ag systems, SERS spectra for 4-MBA at 

different temperatures in presence of AuAgNCs particles and calculated EF for 
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AuAgNCs@pNIPAM and AuAgNCs@pNIPAM@Ag colloidal structures are included 

in the ESI. 
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Scheme 1. Schematic representation for the synthesis of core@shell and core@shell@satellites containing 
AuNSs as nucleus. 
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Scheme 2. Schematic representation for the synthesis of the different core@shell and core@shell@satellites 
colloidal systems containing a non-spherical core. 
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Scheme 3. Schematic representation for the two possible states of the 4-MBA molecules in presence of 
core@shell and core@shell@satellite colloidal systems 
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Figure 1. Representative TEM images of the core@shell@satellite microgels with spherical core: A) 
AuNSs@pNIPAM@Ag_1 and B) AuNSs@pNIPAM@Ag_2 and C) AuNSs@pNIPAM@Ag_3 and D) 

AuNSs@pNIPAM@Ag_4. 
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Figure 2. Representative TEM images non-spherical Au nanoparticles at different magnifications: A) and B) 
AuNTs and C) and D) AuOc. 
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Figure 3. Representative TEM images at different magnification of the colloidal particles obtained in route 1. 
A) and B) core@shell AuNTs@pNIPAM and C) and D) core@shell@satellite AuNTs@pNIPAM@Ag microgels 
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Figure 4. Representative TEM images of the different colloidal systems obtained in route 2. A) and B) 
AuAgNCs, C) and D) AuAgNCs@pNIPAM, E) and F) AuAgNCs@pNIPAM@Ag 
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Figure 5. Normalized UV-vis extinction for: A) AuNOs (black line) and AuAgNCs (red line), B) 
AuAgNCs@pNIPAM (black line) and AuAgNCs@pNIPAM@Ag (red line). 
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Figure 6. SERS spectra for 4-MBA at different temperatures in presence of A) core@shell and B) 
core@shell@satellite colloidal dispersion. The insets represent the relative intensities ratios for the bands at 
1078 cm-1 (black line) and 1585 cm-1 (red line), which was normalized with respect to the Raman intensity 

at room temperature. 
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Figure S1. Particle distribution for of 100 NPs measured by TEM images of A) AuNSs@pNIPAM@Ag_1 and B) 
AuNSs@pNIPAM@Ag_2 and C) AuNSs@pNIPAM@Ag_3 and D) AuNSs@pNIPAM@Ag_4. 
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Figure S2. UV-vis extinction of the core@shell@satellite sample with spherical core. AuNSs@pNIPAM@Ag_1 
(black line), AuNSs@pNIPAM@Ag_2 (red line), AuNSs@pNIPAM@Ag_3 (blue line) and 

AuNSs@pNIPAM@Ag_4 (green line) 
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Figure S3. UV-Vis extinction spectra for AuNSs@pNIPAM@Ag aqueous hybrid colloids, below (25ºC, black 
lines) and above (50ºC, red line) the LCST A) AuNSs@pNIPAM@Ag_3 and B) AuNSs@pNIPAM@Ag_4 
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Figure S4. Normalized UV-vis extinction of the different systems obtained in route 1. Purified AuNTs (black 
line), AuNTs@pNIPAM (red line) and AuNTs@pNIPAM@Ag particles (blue line). 

254x190mm (96 x 96 DPI) 

Page 42 of 47

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure S5. Shrinking ratio for the AuNTs@pNIPAM (black circles) and the AuNTs@pNIPAM@Ag (red triangles) 
microgels. 
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Figure S6. TGA analysis for AuNTs@pNIPAM@Ag microgels 

254x190mm (96 x 96 DPI) 

Page 44 of 47

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure S7. Raman spectra for the AuNCs@pNIPAM and AuNCs@pNIPAM@Ag systems. 
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Figure S8. SERS spectra for 4-MBA at different temperatures in presence of AuAgNCs particles. The inset 
represents the intensities for the bands at 1078 and 1585 cm-1 
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Figure S9. Calculated EF for AuAgNCs@pNIPAM and AuAgNCs@pNIPAM@Ag colloidal structures. 
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