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Gold nanostars can display tunable optical properties in the visible and near IR, which lead to strong electromagnetic field enhancement 
at their tips. We report generalized application of gold nanostars for ultrasensitive identification of molecules, based on both localized 
surface plasmon resonance (LSPR) and surface enhanced Raman scattering (SERS). We address the requirements of plasmonic sensors, 
related to sufficiently large areas where nanoparticles are uniformly immobilized with high density, as well as mechanical flexibility, 10 

which offers additional advantages for real-world applications. Gold nanostar monolayers were thus immobilized on transparent, flexible 
polydimethylsiloxane substrates, and their refractive index sensitivity and SERS performance were studied. The application of such 
substrates for LSPR based molecular sensing is demonstrated via detection of a model analyte, mercaptoundecanoic acid. We further 
demonstrate SERS-based pesticide detection on fruit skin, by simply covering the fruit surface with the flexible plasmonic substrate, at 
the area where the target molecule is to be detected. The transparency of the substrate allows SERS detection through backside 15 

excitation, thereby facilitating practical implementation. 
 

1. Introduction  

Plasmonic nanoparticles of metals such as gold or silver 
possess a great potential for numerous applications due to their 20 

unique optical properties.1-3 Excitation of their localized surface 
plasmon resonance (LSPR) modes leads to large enhancement of 
local electric fields near the surface of the plasmonic 
nanoparticles.4,5 Ultrasensitive techniques including surface 
enhanced Raman scattering (SERS) spectroscopy and LSPR 25 

sensing have been developed on the basis of this unique 
phenomenon. LSPR frequency and plasmon field intensity vary 
depending on several factors such as size and shape of the 
nanoparticles, as well as refractive index (RI) changes in the 
surrounding medium,6-12 which is the basis of LSPR sensing. On 30 

the other hand, SERS detection is based on the amplification of 
Raman signals of analyte molecules by the enhancement of 
electric near field when the analyte is located near excited 
plasmonic nanostructures. It has been recently demonstrated that 
nanoparticles with sharp tips show higher sensitivity toward RI 35 

changes and much larger near field enhancement, as compared to 
spherical or smoother nanoparticles,13-16 thus rendering spiky 
nanoparticles excellent platforms for optical sensing and SERS. 
For this reason, fabrication of metallic nanoparticles has seen 
significant progress toward morphology control and presence of 40 

sharp edges or tips, as in nanobipyramids, nanotriangles or 
nanostars.17,18 In this context, several nanostar synthesis methods 
have been reported, through either seedless or seed-mediated 
growth.8,16,18-25 However, implementation of real-world 

applications of these plasmonic nanoparticles is still a challenge. 45 

To achieve this purpose, a number of procedures are available to 
deposit nanoparticles onto a solid substrate such as glass, which 
can be used in portable sensing devices,26-31 as alternatives to 
lithography-based methods,5,32-35 which require costly 
instrumentation and show difficulty for the fabrication of 50 

nanostructures with sharp nanoscale features. On the contrary, 
solution-based fabrication offers fine control over size and shape 
of the nanoparticles to be deposited on solid substrates. Most of 
the previous studies focused on the immobilization of plasmonic 
nanoparticles on rigid substrates such as glass, which has some 55 

limitations over flexibility, or paper, which lacks transparency 
and thus has limited applicability. Thus, substrates featuring bulk 
size, transparency and flexibility would offer a great advantage 
over existing rigid substrates in many ways, since they could be 
wrapped around non-flat surfaces for detection. Examples could 60 

be pesticide detection on fruits or detection of drug molecules or 
explosives from clothes, as well as detection from a liquid 
flowing through a flexible tube. This is thus the focus of the 
present study, in which we selected polydimethylsiloxane 
(PDMS) as a support for gold nanostars and we show successful 65 

preparation of macroscale highly sensitive flexible substrates that 
can be used for both SERS and LSPR sensing. PDMS is a silicon 
based organic polymer that behaves as an inert, non-toxic, non-
flammable and optically transparent elastomer.36-38 These unique 
characteristics render PDMS a popular solid support for 70 

plasmonic nanoparticles toward sensing applications. Since 
PDMS is transparent and the thickness, shape or size of the 
support can be easily tuned, the Raman analyte can be confined 
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between the target material and a nanoparticle modified ultrathin 
PDMS film, so that SERS signals can be measured through 
backside excitation and Raman scattering collection. Some 
reports are available on the immobilization of gold nanoparticles 
on PDMS substrates via solution processes, however these are 5 

usually spherical nanoparticles, which in general lead to weak 
SERS signals. Thus, we aimed at immobilizing anisotropic 
nanostructures such as nanostars onto PDMS films for efficient 
SERS and LSPR sensing. Three different morphologies of gold 
nanostars were produced and deposited on PDMS by a simple 10 

method using chemical adsorption. RI and SERS sensitivities for 
each type of gold nanostars were evaluated using thiolated and 
dye molecules as Raman reporters. We additionally demonstrate 
the potential of these substrates for real-life applications, through 
an example showing LSPR sensing of mercaptoundecanoic acid 15 

and SERS detection of a common pesticide on fruit skin.  

2. Materials and methods 

2.1. Reagents 

Milli-Q water was used throughout all experiments. 
Tetrachloroauric acid tetrahydrate (HAuCl4·4H2O), silver nitrate 20 

(AgNO3), ascorbic acid (AA), sodium dodecylsulfate (SDS),  3-
aminopropyltriethoxysilane (APTES), polyvinylpyrrolidone 
(PVP), mercaptoundecanoic acid (MUA), astra blue (AB), 
rhodamine 6G (R6G), 4-aminothiophenol (4-ATP), and 
thiabendazole were purchased from Sigma-Aldrich and used 25 

without further purification. SYLGARD184 Silicone Elastomer 
kit for PDMS fabrication was purchased Dow Corning. All 
glassware was washed with aqua regia before use.  
 
2.2 Synthesis of Au nanostars 30 

Nanostars were prepared by a previously reported seed-mediated 
method.25 Citrate stabilized nanoparticle seeds were prepared by 
adding 15 mL of 1% citrate solution to 100 mL of boiling 1mM 
HAuCl4 solution under vigorous stirring. After 15 min of boiling 
the solution was cooled down to room temperature. The solution 35 

volume was kept constant while boiling. The seed solution was 
stored at 4 ˚C before use for nanostar growth. Nanostars with 
three different tip sizes (hereafter S1, S2, and S3) were 
synthesized by varying [Ag+] and [HCl] in the growth solutions. 
Briefly, 1 mL of the citrate-stabilized seed solution was added to 40 

100 mL of 0.25 mM HAuCl4 solution with different amounts of 
HCl (100 µL of 1M HCl for S1 and S2, and 30µL for S3).  
Quickly, different amounts of 0.01 M AgNO3 solution were 
added to each solution at room temperature (100 µL for S1, 200 
µL for S2, 500 µL for S3), together with 500 µL of 0.1 M 45 

ascorbic acid. Longer stability of the nanostars could be achieved 
by addition of SDS solution (100 µL of 0.01 M). The solution 
was stirred for 30s as the solution color rapidly turned from light 
pink to bluish or dark grey. The solutions were then centrifuged 
at 4000 rpm for 90 min at 4 ˚C and redispersed in 50 mL of 50 

ethanol. The nanostar solutions were stored in the dark at 4 ˚C. 
Morphological characterization was carried out by transmission 

electron microscopy (TEM; JEOL 2010) and Image J software 
analysis.  
 55 

2.3. Preparation of Gold Nanostar/PDMS Flexible Substrates  
 

The PDMS elastomers were fabricated by pouring a mixture of 
Sylgard 184 elastomer and curing agent (w/w=10:1) on a Piranha 
washed glass slide and heating at 60 ˚C over night. As prepared 60 

PDMS substrates were washed by sonication with ethanol and 
vertically soaked in 5% APTES solution in ethanol at 40 ˚C for 4 
h. The substrates were then washed again with ethanol by 
sonication and vertically soaked in the purified nanostar solution 
in ethanol overnight. The substrates containing nanostars were 65 

washed with water and stored in the dark at 4 ˚C under nitrogen 
for further use.  
 
2.4. Refractive Index sensitivity measurements 

Extinction spectra of the Au nanostar colloidal solution and Au 70 

NS/PDMS substrate were measured using a UV-vis 
spectrophotometer (Agilent 8453). To determine the RI 
sensitivity in solution, as-prepared nanostars were dispersed in a 
mixture of water-ethylene glycol solutions by varying the volume 
fraction of ethylene glycol from 0 to 100% with an increase of 75 

10% in each step. The RI sensitivity of PDMS/AuNS substrates 
was measured by recording UV-vis spectra of the substrates by 
immersion in the corresponding water-ethylene glycol solvent 
mixture. The refractive indices of the mixed solutions were 
calculated from the volume fractions of the ingredients according 80 

to the Lorentz-Lorenz equation. Values of 1.3334 and 1.4318 
were used for the refractive indices of pure water and ethylene 
glycol, respectively. The LSPR peak shifts for the each nanostar 
sample were plotted as a function of solvent RI and sensitivity 
was determined as the slope of the corresponding linear fit. 85 

Figures of merit (FOM) were calculated by dividing the RI units 
by the full width at half maximum (FWHM) of the plasmon 
peaks from the aqueous dispersions of nanostars. For molecular 
sensing, a strip of Au nanostar/PDMS substrate was fixed on the 
side wall of a 1cm plastic cuvette and filled with MUA solutions 90 

at different concentrations. The extinction spectra were measured 
by immersion of the strip in the solution of lowest MUA 
concentration for 4 h and then gradually increasing the 
concentration to see an LSPR shift. The same strip was used for 
the all concentrations for consistency.  95 

 
2.5. SERS measurements 

Standard SERS analyte solutions were prepared using stocks of 
4-ATP (10-2 M), R6G and AB (10-3 M) in ethanol, which were 
further diluted with Milli-Q water to achieve concentrations 100 

ranging from 10-4 to 10-8 M. Thiabendazole is not soluble in 
water at neutral pH, so a stock solution was prepared at pH=10. 
The solid SERS samples were prepared by immersing the 
nanostar functionalized PDMS slides in aqueous solutions of 
ATP (10-6 M) and AB (10-7 M) for at least 4 h. After soaking, the 105 
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slides were rinsed with Milli-Q water, dried and deposited onto a 
glass support. For pesticide detection, PDMS films were soaked 
in aqueous thiabendazole solutions of different concentrations 
(from 10-7 to 10-3 M) for 2 h and placed on a glass slide for SERS 
measurement. For pesticide detection on fruit skin, pieces of 5 

apple and orange skin were first soaked in a thiabendazole 
solution (10-5 M), followed by wrapping a PDMS/AuNS film 
around the skin, with the nanostars facing it. One important note 
is that, thin PDMS substrates (~0.5 mm) are likely to stick onto 
the fruit surface, so that the nanostars interact with the molecules 10 

on the surface to obtain strong SERS signals. Therefore, we 
prepared thin PDMS substrates using a mould and nanostars 
attached to it.  
The SERS spectra were recorded with an InVia Renishaw Raman 
spectrometer equipped with two Peltier charge-coupled detectors 15 

(CCD) and a Leica confocal microscope.  All SERS signals were 
collected upon laser excitation with a wavelength of 785 nm and 
exposition time of 10s using a 100× objective with numerical 
aperture NA= 0.9. The laser power was set to 0.4 mW. For the 
detection of pesticides on fruit skin, 50× objective was used. 20 

 
 
 

3. Results and discussion 

Au nanostars of three different tip morphologies were 25 

prepared by a surfactant free, Ag+ assisted seed mediated growth 
method reported by Yuan et al.25 (see detailed description in the 
experimental section). The extinction spectra of the Au nanostars 
(Figure S1†) clearly show that the tip LSPR mode is highly 
sensitive on tip morphology. As the concentration of Ag+ 30 

increases, the longitudinal plasmon band red shifts, which is 
attributed to the average increase of tip length. Figure 1a-c 
shows representative TEM images of the three different nanostars 
prepared with varying Ag+ concentration (10, 20 and 50 µM for 
samples S1, S2 and S3, respectively) and the corresponding 35 

photographs of Au nanostars solutions. The TEM images further 
confirmed that the number and average length of spikes increases 
with increasing Ag+ concentration. The particles in Sample S1 
display a small number of tips, so that the UV-vis spectrum is 
dominated by the core LSPR, while the few longer tips are 40 

responsible for a small shoulder around 800 nm.8 As the tip 
aspect ratio increases the main LSPR band gets red-shifted, 
whereas the extinction spectra of S2 and S3 still show a weak 
absorption around 520 nm, which is attributed to the (small) 
contribution of the core LSPR mode (Figure S1†). As the tips 45 

exhibit high field enhancement and are highly sensitive to the 
refractive index of the surrounding medium, they can be very 
useful for plasmonic sensing. The following step comprised 
immobilization on flexible supports for the fabrication of flexible 
plasmonic substrates, for applications where rigid substrates may 50 

not be useful. Flexible plasmonic Au nanostars/PDMS substrates 
were prepared by the attachment of Au nanostars to APTES 
functionalized-PDMS elastomeric substrates through the amino 
functional groups. The resulting Au nanostars/PDMS substrates 
display uniform colorations over areas of several cm2, that 55 

resemble those of the parent colloidal suspensions, as shown in 
Figure 1d. The substrates were characterized by UV-vis 
spectroscopy and SEM. As an example, SEM images of Au 
nanostars from sample S2 on PDMS are shown in Figure 1e,f. 
The lower magnification SEM image (Figure 1e) shows a 60 

monolayer of nanostars uniformly distributed on the PDMS 
substrate and sharp tips pointing outwards (see HRSEM image in 
the inset). The nanostars density was found to be ~200 particles 
per µm2. The optical properties and refractive index sensitivity of 
the three different PDMS/AuNS substrates were characterized by 65 

UV-vis spectroscopy through immersion of the substrate in the 
corresponding solutions in a plastic cuvette, as illustrated in 
Figure 1g. The extinction spectra of the prepared substrates in 
water are shown in Figure 1h revealing LSPRs at λmax (H2O)/nm 
558, 694, and 835, for substrates S1, S2, and S3 respectively 70 

(Table 1). The extinction maximum redshifts upon 
immobilization of the nanostars on PDMS (immersed in water) 
with respect to their colloidal suspensions, due to a refractive 
index increase of the surrounding environment from water to 
PDMS. Since this type of AuNS are found to be reshape in 75 

solution, the stability of PDMS/AuNS substrates was measured 
under different storage environments. Although some gradual 
blue shift of the plasmon peak was observed when the substrates 

 
 

Figure 1: a-c) TEM images of each Au nanostar sample: S1 (a), S2 

(b), S3 (c), and photographs of their corresponding solutions. d) 

Photograph of PDMS slides covered with the nanostars from 

samples S1, S2 and S3 (Au nanostar/PDMS). e,f) SEM images of 

Au nanostars (S2)/PDMS at different magnifications. The inset 

image shows the spikes of Au nanostars deposited on PDMS. g) 

Schematic image of the configuration for measurement of extinction 

spectra of PDMS films. h) Extinction spectra of Au nanostars/PDMS 

substrates immersed in water. f)  LSPR shift versus RI for samples 

of Au nanostars/PDMS substrates. The lines are linear fits to the 

data. 
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were stored in air, when stored under nitrogen no plasmon shift 
was observed up to 15 days (Figure S2a,b). 

Refractive index sensitivity measurements on such flexible 
PDMS/AuNS substrates were conducted to confirm the 
performance of the nanostars upon deposition on the substrates. 5 

Extinction spectra were measured by immersing the films in 
water-ethylene glycol solvent mixtures of different volume 
fractions (Figure 1g). The characterization of the Au nanostars in 
solution and on PDMS substrates are summarized in Table S1†, 
Figure S1† and Table 1, respectively, including the LSPR shifts 10 

in refractive index units (RIU), as well as figure of merit (FOM). 
The obtained sensitivities are comparable to those previously 
reported for Au nanostars,6,8 indicating that the tips are indeed 
available to the solution. The measured RI sensitivities are lower 
than those previously reported for lithographically fabricated 15 

substrates,35,39 which is likely due the organic ligand-free nature 
of these substrates. However, complicated and expensive 
instrumentation is required in those cases whereas the present 
solution processing offers advantages in terms of low-cost and 
easy preparation. We additionally tested the same immobilization 20 

approach using other types of Au nanostars, such as those capped 
with polymers. Therefore, we deposited PVP-coated Au 
nanostars16 on PDMS (PDMS/AuNS-PVP) following a similar 
approach and the data are shown in Figure S3†. This result 
indicates the general applicability of the method to prepare 25 

flexible plasmonic substrates made of different types of 
anisotropic plasmonic nanostructures. The high sensitivity of Au 
nanostars with longer tips toward local RI changes suggests 
potential applications in chemical or biological sensing. We 
carried out a proof of concept experiment for sensing the 30 

adsorption of mercaptoundecanoic acid (MUA), which can 
covalently adsorb on Au surfaces via thiol binding. MUA can 
form self-assembled monolayers on gold surfaces and can thus be 
used as a model system for the LSPR-based molecular sensing. 
We selected sample S3, which displayed the highest RI 35 

sensitivity, to demonstrate MUA molecular sensing. To make 
sure that the observed plasmon shifts do not originate from 
morphological differences occurring on the probed nanostars, the 
PDMS strips were fixed onto the wall of the cuvette, to which 

solutions with increasing MUA concentrations (from 10-8 M to 40 

10-4 M) were added. The strip was soaked in each solution for 4 
hours and then washed with water and ethanol before measuring 
the corresponding absorption spectrum. Figure 2a shows the 
slight red shift of the plasmon peak of supported Au nanostars 
from 840 to 871 nm, when increasing MUA concentration. 45 

Interestingly, the shift can be linearly fitted, which is essential for 
quantitative sensing (see Figure 2b). We found the detection 
limit at 10-7 M and observed the shift up to 10-4 M, where 
saturation of the molecules on the surface of the AuNS was 
achieved.  50 

Although we demonstrated the potential of PDMS-AuNS 
substrates in LSPR sensing, application of the same substrates for 
SERS sensing offers additional advantages, such as very low 
detection limits, combined with the identification of compounds 
from their unambiguous vibrational fingerprints, which may 55 

ultimately lead to multiplexing. SERS is governed by (i) the 
electromagnetic field amplification provided by the absorption 
and scattering behavior of the nanoparticles, which can be tuned 
by their composition, size and shape, and (ii) the chemical 
enhancement provided by the coupling of the molecule to the 60 

surface, which depends on the electronic nature of the analyte of 
interest and the relevant surface chemistry. Upon excitation, 
nanostars show highly localized electromagnetic field (EF) 
enhancements at the tips, which act as hot spots and thus 
significantly improve the SERS performance.8,40,41 Furthermore, 65 

the immobilization of nanostars onto solid supports via 
aminosilanes gives rise to a uniform assembly containing a high 
density of inter-particle hot spots with highly confined EF, which 
may provide even larger SERS than the individual particles.42-44 
To prove the SERS ability and to avoid unrealistically large 70 

SERS enhancements caused by resonant Raman scattering of 
model analytes, we used molecules that are non-resonant with the 
pump energy of 785 nm, such as the dye astra blue (AB) for 
electrostatic binding and 4-aminothiophenol (4-ATP) for covalent 
binding. 75 

Table 1: Main plasmon peaks, RI sensitivities, FWHM, and FOM 
of Au nanostars synthesized with different Ag+ concentrations, 
deposited on PDMS films. 

 

 
 
Figure 2: a) Extinction spectra of sample S3 on a PDMS film 
immersed in different concentrations of MUA in ethanol. b) LSPR 
shift versus MUA concentration. The solid line is a linear fit to the 
data. 
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PDMS/AuNS slides were cut into ca. 5×5 mm2 pieces and 
incubated in 1 mL of 10-7 M AB or 10-6 M 4-ATP solutions, prior 
to SERS measurements. Regardless of the analyte type, the 
highest SERS efficiency was obtained from sample S2, whereas 
the trend between S1 and S3 was influenced by the nature of the 5 

analyte (see Figure S4†). Figure 3 shows representative spectra 
and intensity maps for 4-ATP on the three different PDMS/AuNS 
samples. The characteristic modes observed at 1585, 1179, 1004, 
1081 and 397 cm-1, corresponding to ring breathing (8a), ring 
deformation (9a, 18a), and C-S stretch (7a) and CC torsion (16a) 10 

vibrations,45-47 are clearly detectable within all three samples. The 
intense signals at 1427, 1386 and 1141 cm-1 are probably related 
to laser-induced dimerization of the 4-ATP.48 The most efficient 
SERS performance of S2 is related to the formation of hot spots 
within the monolayer. It was recently demonstrated at the single 15 

particle level that, the number of hot spots as well as the 
geometry of the cluster strongly increase the SERS enhancement 
factor under off-resonance conditions in comparison to isolated 
particles44 and strongly increases with decreasing the gap distance 
between the particles.43,49 The SEM image in Figure 1f shows a 20 

relatively homogeneous distribution of AuNS clusters of different 
sizes. Probably the combination of medium-sized tip length and 
symmetric geometry of S2 nanostars lead to tip-to-tip gaps that 
favor the formation of more active hot spots within the monolayer 
than for the case of S3 nanostars, which display longer tips that 25 

can interlace more easily. Additional factors that may influence 
the overall SERS intensity are: (i) the number of molecules 
adsorbed on the nanostars surface and at the hot spots; (ii) the 
nanoparticle density on the support. As the size of the nanostars 
increases in the order S1 < S2 < S3, the effective concentration of 30 

nanostars on the PDMS support (under optimal packing 
conditions) decreases along the same series and can lead to 
effectively lower SERS signals.  

The homogeneity of the nanostar functionalized PDMS slides 
was evaluated by measuring SERS spectra over several areas of 35 

approx. 20×30 µm2. Figure 3a shows the SERS intensity 
distributions for the ν(C-S) stretching of 4-ATP at 1081 cm-1. In 
each sample we found a few areas with higher intensities than the 
average values, leading to brighter spots which are likely due to 
molecules adsorbed at the tips of the star branches and within the 40 

hot spots, thus contributing to a larger extent to the SERS 
signal.40 As SERS is a molecular spectroscopy method, different 
adsorption sites and orientations with respect to the surface can 
cause dramatic intensity changes of the excited vibrations. 
Neglecting these local effects, the mean variation from the 45 

average signal does not exceed 10% for all the samples.  
The long-term SERS application of the PDMS substrates 

functionalized with S2 AuNS was furthermore tested for three 
different batches and aging times using 4-ATP. Concentrations 
down to 10-8 M could be detected even when using 6 and 9 month 50 

old substrates. Interestingly, similar PDMS/AuNS substrates 
could be prepared with PVP-capped nanostars (star tip aspect 
ratio 1.4), which also showed strong SERS signals with similar 
intensities than those for surfactant-free nanostars (Figure S5†). 

From the above SERS studies it is clear that these uniform 55 

substrates are suitable candidates for SERS applications. The 
main advantages of these PDMS supports are the easy 
preparation, transparency and flexibility. Such substrates can thus 
be applied to analyze the chemical composition of the surface of 
objects with arbitrary shapes, by simply wrapping them with a 60 

PDMS/AuNS film and exciting the plasmon modes from the rear 
side of the film. To prove this concept, 10 µL of a dye solution 
containing rhodamine 6G (R6G) was drop-casted onto a smooth 
Au film, then covered with a PDMS film functionalized with S2 
nanostars and SERS spectra were collected upon backside laser 65 

irradiation. As shown in Figure 3b, strong SERS signals were 
recorded (main vibrations at 1515, 1365, 1314 and 612 cm-1) for 

 
 

Figure 3: (a) SERS spectra of 4-aminothiophenol [ATP] = 10-6 M on nanostars of different aspect ratios: S1 (1.1), S2 (1.7) and S3 (2.4), immobilized 
onto PDMS. The spectra are background corrected and offsets were applied to improve data presentation. SERS maps over large areas were generated 
for the characteristic vibrations at 1081 cm-1, corresponding to the ν(C-S) stretching. The white scale bars on the maps correspond to a scanning 
distance of 10 µm. (b) SERS spectra of 10-4 M (blue) and 10-5 M (black) R6G solutions drop casted onto a smooth Au surface, covered with 
PDMS/AuNS films and irradiated from the backside. The Raman scattering spectrum of 10-4 M (red) R6G solution onto an Au surface without 
plasmonic PDMS is shown as a reference. Here, the exposition time and laser power were set to 20s and 0.9 mW, respectively. 
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concentrations of 10-4 and 10-5 M, when R6G was in contact with 
the plasmonic substrate. In the absence of nanostars, Raman 
scattering of 10-4 M R6G exposed to the smooth Au was only 
possible at surface defects.  

After this successful test, the same collection method was 5 

applied to detect the pesticide thiabendazole on fruit skin. 
Thiabendazole is widely used as food preservative and additive in 
many countries, but it is not approved in the EU, Australia and 
New Zealand, due to its toxicity at higher doses. Thus, the 
detection of such pesticide molecules is important. As shown in 10 

Figure 4a, the SERS spectra of thiabendazole were readily 
obtained at different concentrations, with the characteristic 
Raman peaks at 1008 cm-1 (phenyl ring breathing mode), 1276 
cm-1 (skeletal ring C-N, C=N-N stretch) 1539 cm-1 (aromatic C=C 
stretching) and 1574 cm-1 (skeletal ring stretching mode). SERS 15 

signals were clearly detectable down to 20 ppb using the 
PDMS/AuNS substrate. To further investigate the advantages of 
substrate flexibility, SERS signals from pesticide molecules 
present on an apple skin were detected by placing the Au 
nanostars/PDMS film around the fruit, in such a way that 20 

nanostars touch the skin directly and thus are in close proximity 
of pesticide molecules, as shown in the inset of Figure 4b. In this 
case, the peaks at 1008 cm-1 (phenyl ring breathing mode), and 
1574 cm-1 (skeletal ring stretching mode) from the pesticide 
molecule are clearly observed. However, some spectral shifts 25 

were observed with respect to the spectrum obtained from direct 
incubation of the substrate in pesticide solution, which may arise 
from chemical binding of pesticide molecules in solution via Au-
S bonds, which is not likely to occur for molecules that were 
adsorbed on apple skin. Control spectra were collected from the 30 

fruit skin with pesticide molecule but without the SERS substrate, 
as well as from non-contaminated fruit skin covered with Au 
nanostars/PDMS substrate, which confirm that the obtained 
signals indeed originate from thiabendazole. Importantly, thin 
PDMS substrates (~0.5 mm) were required so that PDMS could 35 

be strongly adhered to the fruit surface and to facilitate 
adjustment of the laser focus on the fruit skin using the 50× 
objective. Incidentally, general applicability of the approach was 

demonstrated through the detection of the same pesticide 
molecules from orange skin (Figure S6†). In both cases, the 40 

presence of pesticide on the fruits could be readily identified, 
though quantification is still difficult to achieve. Despite of some 
remaining challenges, this initial study shows the potential of this 
material, with advantages regarding large scale fabrication of 
flexible plasmonic substrates for sensing of arbitrary analytes on 45 

substrates of any shape and composition. 
  

4. Conclusions 

Gold nanostars were immobilized onto flexible PDMS 
substrates via a simple solution process based on electrostatic 50 

self-assembly. The refractive index sensitivity of such PDMS-
supported Au nanostars allowed LSPR sensing of model 
molecules such as MUA, showing a linear increase of the LSPR 
shift with respect to the concentration of MUA. These substrates 
additionally exhibit high SERS activity toward both thiolated and 55 

non-thiolated molecules. The efficiency with regard to the two 
different sensing methods appears to be optimal for nanostars 
with different geometries, which may also be related to the 
formation of clusters on the substrate. Therefore, it is possible to 
design flexible plasmonic substrates with specific optical 60 

properties depending on the sensing method. The flexibility of 
PDMS offers additional advantages for sensing on substrates with 
arbitrary geometries, which was demonstrated through the 
detection of a selected pesticide on fruit skin using back side 
illumination. Considering the low cost and simple fabrication of 65 

the flexible plasmonic substrates using gold nanostars with 
tunable plasmon resonances, these substrates offer a great 
potential toward both LSPR and SERS sensing applications. 
Moreover we expect that these substrates can be readily 
incorporated into PDMS-based microfluidic devices for online 70 

plasmonic sensing. 
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