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GOLD–EPOXY NANOMUSHROOM ARRAYS FOR LABEL–FREE 
NUCLEOTIDE SENSING 

The fabrication technology and two possible application areas of a gold-epoxy surface nanocomposite are 
presented. The nanocomposite is made of ordered nanoparticles on top of etched epoxy pillars, forming an 
array of ‘nano-mushrooms’. The presented technology enables the large-scale fabrication of such composites 
(e.g., with a cm2 surface area) with control over the size and interparticle distance of the nanoparticles. The 
possibility to utilize such nanocomposites as label-free nucleotide biosensors in LSPR (localized surface 
plasmon resonance) configurations and also as SERS (surface-enhanced Raman spectroscopy) substrates is 
presented.

Introduction

Recently, the development of plasmonic nanomaterials became one of the focal points of materials science 
research, due to their unique optical properties, such as their extremely high absorption and scattering 
efficiency or excellent sensitivity to the dielectric properties of the surrounding medium. Relying on these 
properties, plasmonic nanostructures offer a large potential for bioanalytical applications, such as LSPRi 
and SERS as well. Localized surface plasmon resonance imaging (LSPRi) – the utilization of collective 
electron oscillations, which are incited on the nanoparticles, as sensors – promises the possibility of high 
throughput biomolecule sensing integrated into miniaturized point-of-care (PoC) devices (1). Surface-en-
hanced Raman spectroscopy (SERS) is a promising ultrasensitive method in which the Raman scattering 
signal strength of molecules, absorbed on the surface of metallic nanoparticles with intensive near-fields, 
is enhanced with several orders of magnitude (2). Both techniques require nanoparticles or nanostructures, 
preferably bound to a surface. Besides, the sensitivity of both methods is depending on the intensity of the 
plasmon field around the particles, which can be enhanced by utilizing plasmonic coupling between closely 
packed nanoparticles (3-5). 

In this work, we present a fabrication technology to prepare gold-epoxy surface nanocomposites (nano-
mushrooms, as illustrated in Fig.1), where closely packed gold nanoparticles form an array on a large surface 
area, with controllable particle size and interparticle distance, which is essential for the optimization of 
these substrates for LSPR and SERS purposes. The application of these nanocomposites for the label-free 
detection of DNA fragments with these methods is also demonstrated.
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Fig .1:  3D i l lu s t r a t ion of  t he  f abr ic a t-
ed go ld- epox y na nomu sh room a r r ay s 
a nd t he i r  po s s ib le  u s e  a s  nuc leot ide 
s en sor s  (4 ).

Fabrication Technology

The main steps of the fabrication technology are presented in Figure 2. A detailed description of the diffe-
rent steps can be found in our previous works (4,5). In short, the nanoparticles are synthesized by solid-state 
dewetting on nanobowled aluminum templates, which are prepared by the selective chemical etching of 
porous anodic alumina (PAA) grown on an aluminum sheet with controlled anodic oxidation. The nano-
particles are transferred to the surface of epoxy substrates, which are subsequently selectively etched (5).

Fig .3 :  SE M i ma ge s  (f a l s e  c o lou r s)  o f 
top a nd t i l t  v i e w (45°)  pre s ent i ng t he 
s i z e  d i s t r ibut ion of  t he  f i ve  d i f f e r-
ent  na nopa r t i c l e  a r r ay  t y pe s .  Ima ge 
c)  i l lu s t r a t e s  t he  sh ape a nd po s i t ion 
of  t he  na nopa r t i c l e s  i n s ide  t he  na no -
bowl s .  T he pa r t i c l e  d i a me te r  w i l l  b e 
r e f e r r ed to  a s  D 0,  wh i le  t he  i nt e r pa r-
t i c l e  d i s t a nc e  i s  denoted a s  D.  (4 )

Fig .2 :  T he ma i n f abr ic a t ion s t ep s  o f  go ld- epox y na nomu sh room a r r ay  prepa r a t ion .  (4 )

This f lexible fabrication technology provides proper control over the nanoparticle size, shape, and inter-
particle distance over a large surface area (several cm2), which enables the fine-tuning and optimization of 
their plasmonic absorption spectra for LSPR and SERS applications between 535–625 nm. As illustrated in 
Fig. 3, by controlling the pore size and the deposited layer thickness, the size and interparticle distance of 
the spheroidal particles can be inf luenced. For type A substrates, the average size of the pores is 68 ± 3 nm; 
for type B it is 109 ± 4 nm. With subsequent gold thin film deposition and dewetting (thermal annealing) 
the size of the resulting particles can be set [4,5]. In the examples presented in this paper B2-type particle 
arrangements were used (corresponding to an average particle diameter of 92 ± 6 nm).
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 LSPR

In order to demonstrate the applicability of the fabricated sensor elements for LSPR sensing, optical spectro-
scopy measurements were performed in a transmission-based optical setup with an Avantes Avaspec 2048-
4DT spectrometer and an Avantes Avalight DHS halogen light source. The bulk refractive index sensitivity 
of the plasmonic sensors was tested by changing the medium above the samples between air, de-ionized 
water, and a sucrose dilution series (25 %, 50 %, 75 % and 100% in di water, as shown in Fig. 4.A). The 
sensor surface was illuminated in a circular area with a diameter of 8 mm and a glass microscope sheet was 
used to cover the dispersed media on the samples. The obtained RI sensitivity of our sensors was between 
85–120 nm/RIU, depending on the fabrication technology (5).

Fig u re  4 .  A )  L SPR ab sorba nc e  spe c t r a  o f  a  na noc ompos i t e  s en sor  i n  d i f f e r ent  c a l ibr a t ion med i a  (suc ro s e  so lut ion). 
In s e r t :  t he  c or re spond i ng pe a k po s i t ion s  a nd l i ne a r  f i t .  B)  T he r e spon se  o f  t he  s en sor  to  probe -  a nd t a r g e t  s i ng le -

s t r a nded DNA , r e spec t i ve ly.  (5)

 Nucleotide sensor tests were performed by using 20 bases long probe- and target-DNA molecules that 
form a specific sequence from the parasite Giardia lamblia (the β-giardin gene) (6). The DNA base sequen-
ces are the following (from 5′ to 3′): probe-DNA: CGTACATCTTCTTCCTTTTT-[ThiC6]; target-DNA: 
AGGAAGAAGATGTACGACCA. We used the same DNA functionalization protocols, which were tested 
in a previous work (7), including 1) overnight probe immobilization from 1 μM solution; 2) 30 min 6-mer-
capto-1-hexanol (MCH) treatment after probe immobilization to reduce nonspecific binding of DNA on 
the gold surface, 3) 2 h binding of target-DNA from a 1 μM solution. As shown in Fig. 4. B), these treat-
ments caused a redshift of 9.4 ± 0.8 nm after probe immobilization and 6.6 ± 0.7 nm after target hybridi-
zation. As demonstrated in our paper (5), with these protocols, it was possible to reach a limit of detection 
around 5 nM for this 20 bp long target DNA.

SERS

Surface-enhanced Raman spectroscopy measurements were performed with a Renishaw InVia Raman spec-
trometer at 785 nm laser wavelength on a nanocomposite sample with an acquisition time of 10 s. Fig. 5 
shows the obtained SERS spectrum of a 20 base pair long ds-DNA bound on the gold NPs. The observed 

Fig u re  5.  SE R S spec t r u m of  DNA mole c u le s  a f t e r  probe -DNA i m mobi l i z a t ion a nd sub s equent  t a r g e t 
b i nd i ng ,  me a su red on a  B2 t y pe go ld- epox y na noc ompos i t e s  obt a i ned w it h 785 n m e xc i t a t ion (10).

Conclusions

Two application areas were demonstrated for the introduced gold/epoxy surface nanocomposites, namely 
LSPR sensors and SERS substrates. Our proposed fabrication technology has the following distinct advan-
tages compared to other technologies: 1.) Controlled synthesis: the particle size and interparticle distance 
can be precisely controlled in a fixed hexagonal distribution, and thus the plasmonic absorption peak (and 
sensitivity) can be fine-tuned for individual applications (which is important to both LSPR and SERS). 
2.) Large scale fabrication: the lateral size of the substrate is not limited, sensors with several cm2 surface 
area can be easily prepared, and the nanoparticle size/distribution is homogenous on the whole surface. 3) 
Robustness: the prepared nanocomposite – gold nanoparticle arrangement on fixed on epoxy pillars – is 
completely stable, there is no particle removal exposed to f luidic environments. More detailed information 
regarding the fabrication and application of these surface nanocomposites can be found in our previous 
publications (1,4,5).

peaks correspond well with Raman bands previously associated with the bases (adenine, cytosine, guanine, 
and thymine) or the sugar-phosphate backbone (deoxyribose) (8,9). With the Raman spectroscopy expe-
riments we have found that by optimizing the fabrication parameters and maximizing the interparticle 
coupling, the characteristic Raman intensities of the DNA molecules could be increased by more than 2.5 
orders of magnitude. With the optimized geometrical parameters the plasmonic sensor elements demonstra-
ted an analytical SERS enhancement factor of around 105 (10). 
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