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ABSTRACT: The development of fast and ultrasensitive methods to detect bacterial pathogens at low concentrations is of 
high relevance towards human and animal health care and diagnostics. In this context, surface-enhanced Raman scatter-
ing (SERS) offers the promise of a simplified, rapid and high-sensitive detection of bio-molecular interactions with several 
advantages over previous assay methodologies. In this work, we have conceived reproducible SERS nanosensors based on 
tailored multilayer octupolar nanostructures which can combine high enhancement factor and remarkable molecular 
selectivity. We show that coating novel multilayer octupolar metastructures with proper self-assembled monolayer (SAM) 
and immobilized phages can provide label-free analysis of pathogenic bacteria via SERS leading to a giant increase in 
SERS enhancement. The strong relative intensity changes of about 2100% at the maximum scattered SERS wavelength, 
induced by the Brucella bacterium captured, demonstrate the performance advantages of the bacteriophage sensing 
scheme. We performed measurements at the single-cell level thus allowing fast identification in less than an hour without 
any demanding sample preparation process. Our results based on designing well-controlled octupolar coupling platforms 
open-up new opportunities towards the use of bacteriophages as recognition elements for the creation of SERS-based 
multifunctional biochips for rapid culture- and label-free detection of bacteria. 

Major research efforts are currently focused on the devel-
opment of efficient field-ready sensor devices for the de-
tection of pathogenic bacteria.1-6 The presence of patho-
genic bacteria in food and drinking water poses a threat 
to public health and security. To deal with this issue, an 
early-warning surveillance system is needed towards early 
in-situ early detection of bacteria. In this context, detec-
tion of Brucella, at the origin of brucellosis, is very chal-
lenging, since currently applied techniques are time-
demanding and lacking standardization.7 Despite the low 
lethality of brucellosis, the pending threat of zoonosis 
remains an important public health worldwide problem. 
Thus, the availability of a method that allows early and 
reliable identification of possible Brucella isolates would 

be extremely useful for both clinical and epidemiological 
reasons.  

Current research focuses on the development of biosen-
sors combining the engineering of materials and interfac-
es allowing for the enhanced transduction efficiency.8-26 
Towards this purpose, a combination of conventional 
techniques based on biological markers with label-free 
approaches is chosen.12-17 Label-free biosensors are an effi-
cient tool for the development of diagnostic systems, such 
as the use of high sensitivity plasmonic devices resting on 
variations in the electromagnetic modal spectrum, while 
selectivity is ensured by the specificity of biodetection 
mechanisms occuring at the surface. By means of plas-
monic nanostructures, it is possible to synthesize novel 
nanobiosensors characterized by selective responses 
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which, in turn, undergo significant frequency shifts in the 
presence of biological material. Recently, techniques 
based on vibrational spectroscopy have emerged as pow-
erful tools for the molecular characterization of bio-
species.21 In particular, Surface Enhanced Raman Spec-
troscopy (SERS) has gained increasing attention in view of 
its applications to the detection and identification of un-
known analytes at extremely low concentrations thanks 
to the unique spectral fingerprints of molecular vibrations 
from single molecule scale to unicellular organisms.18, 27-28 
In SERS, it is of crucial importance to develop metal 
nanostructures that are able to produce high field en-
hancement with highly reproducible features.19-24 Devel-
opment of novel SERS substrates with tailored interface 
targeting specific plays a pivotal role in determining the 
spectrum profile and SERS enhancement magnitude, as 
well as their applications. Generally, complex metallic 
nanostructures with a high SERS activity can either be 
fabricated by top-down nanolithography techniques or by 
bottom-up self-assembly approaches.24,25,26,29 However, 
only nanolithography tools such as electron beam lithog-
raphy (EBL) can provide a tight control on nanoparticle 
shape and size and inter-particle separation which ac-
count for the strength of the electric-field enhancement 
and plasmonic wavelength resonance.  
In parallel, development of biosensitive surfaces involves 
the construction of a layer that contains elements (organ-
ic linkers) active in biomolecular recognition, that are 
immobilized at the surface of the transducer and present 
appropriate anchoring functionality to pathogenic bacte-
ria. In this context, bacteriophages (a group of viruses) 
that recognize and lyse target specific bacteria have re-
cently gained much attention as recognition elements for 
biosensing purposes.30-33 Bacteriophages are an important 
component for the detection and identification of bacte-
rial pathogens as well as potentially excellent tools for 
diagnostics and therapeutics of bacterial diseases. In addi-
tion, particular advantages in the use of bacteriophages 
consist in the specificity of their interaction with specific 
target host cell. However, this level of specificity and se-
lectivity also opens avenues for the development of specif-
ic pathogen detection technologies. Such use of phages 
for the creation of pathogenic sensing platforms has been 
reported by using quartz crystal microbalance (QCM), 
flow cytometry, and surface plasmon resonance (SPR) as 
transduction platforms based on physical adsorption for 
the attachment of the phages on the sensor surface.34-35 
Nevertheless, it has been reported that chemical attach-
ment of the phages onto surface yields better coverage 
and thus significantly improves the performance of these 
sensors.33 
Herein, we investigate novel multilayer meta-structures, 
the chemical attachment of bacteriophages onto such 
meta-surfaces using a self-assembled monolayer (SAM) 
method, and their SERS response before and after bacte-
riophage immobilization. In this work, we report on the 
conception of highly sensitive and reproducible SERS na-
nosensors based on a novel multilayer octupolar meta-
structure functionalized with bacteriophages chemically 
bound on a self-assembled monolayer (SAM) of 4-

mercaptobenzoic acid (4-MbA), enabling SERS response 
to the specific and label-free detection of Brucella bacte-
ria. We study the fabricated nanopatterns by using optical 
(dark field microscopy) and morphological (Scanning 
Electron Microscopy) imaging techniques, and by AFM. 
Immobilized phages to the nanosensors and phage-
bacteria interaction are monitored by SERS analysis. The 
multilayer octupolar-SERS substrates show high average 
enhancement factors of more than 106 with very good 
signal uniformity, thus enabling label-free detection of 
immobilized bacteriophages at femto-molar concentra-
tion level and aqueous Brucella bacteria at single-cell level 
exhibiting a remarkable 8-fold and 21-fold increase of the 
signal, respectively. 

EXPERIMENTAL SECTION 

Fabrication of Multilayer octupolar metastructure 
via EBL. We used high-resolution Electron Beam Lithog-
raphy to fabricate the metastructures (Raith 150 EBL sys-
tem). In the cell, the side of the three big triangles is 200 
nm and the side of the smaller inner triangle is 80 nm. 
The minimal inter-particle distance between two neigh-
bouring cells is 25 nm. A 100 nm layer of ZEP 520A posi-
tive resist (solution composed of 11% methyl styrene and 
chloromethyl acrylate copolymer (solid) and 89% anisole 
(solvent)) is spin-coated on a 15 nm conductive ITO coat-
ed glass substrate, baked at 170° for 5 min (to remove the 
anisole) and exposed to a 10.2 pA electron beam with an 
area dose of 23.5 μC/cm2. Nanotriangular holes are gener-
ated in the resist layer after development in a n-Amyl 
acetate solvent, then rinsed for 90 sec in 1:3 MIBK:IPA 
solution (Isopropyl alcohol) for 60 sec, followed by IPA 
rinse for 30 sec. Finally, the gold octupolar array is created 
by evaporating a 50 nm gold film to the ZEP surface by e-
beam process (SISTEC CL-400C evaporator). The final 
results are 2D (300 μm × 300 μm) nanostructures with 
increasing edge-to-edge distances from 25 to 100 nm in a 
2-layers (ZEP/Au) configuration. The fabrication process 
and the cross section of the substrate are schematically 
shown in Figure 1a-b.  

    

Figure 1. (a) Representation of the EBL process for 
multilayer nanostructure fabrication; (b) Scheme showing 
the cross section of the multilayer structure; (c) Meta-
molecule design. 

FDTD Simulation. Near field distributions were calcu-
lated using the finite difference in time domain (FDTD) 
method taking in account a computational domain corre-

(a) (b) 

(c) 
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sponding to an elementary cell of about 2x2 microns. Pe-
riodic boundary conditions along the x and z axes were 
used to simulate an infinite lattice based on the repetition 
of the elementary cell, while the Perfectly Matched Layer 
(PML) condition was considered for the y-axis to avoid 
the presence of spurious resonances in the solution. In 
the calculation, it was used a three dimensional spatial 
grid with step size of Δx = Δz = Δy = 5 nm while a time 
step of Δt = 2 x 10-3 µm (in units of cT) was set to respect 
the stability limit required for achieving stable and con-
vergent numerical solutions. The refractive indices taken 
into account for the multilayer were nair =1, nglass = 1.51, 
nito=1.79, nzep=1.55 while the gold was modeled using the 
Drude parameters. The simulations were performed by 
exciting the grid with a Gaussian laser source that propa-
gates along the y axis with a wavelength of 785 nm polar-
ized in the plane of the nanoholes in the x direction (TE 
polarization). The Poynting vector distributions are calcu-
lated 25 nm above the plane of the nanoholes to avoid 
stair-stepped approximation error.  

Propagation of Phage. Tbilisi bacteriophages (LGC 
Standards) were propagated on Brucella abortus using 
standard protocols. Brucella bacteria were cultured in 
Tryptic Soy Broth (TSB) at 37°C with 5% CO2. Phage 
enumeration and propagation was carried out by the 
double layer agar method.36 Briefly, for phage propaga-
tion, 0.1 ml of an overnight bacterial culture was mixed to 
5 ml of molten TSA soft (0.75% agar) and poured on a 
TSA plate. Single drops of 100 µl of viral suspension were 
spotted on the double layer plate and incubated at 37°C 
with 5% CO2. After overnight incubation, single plaques 
(4 plaques/ml) were mixed and resuspended in SM buffer 
(5.8 g NaCl, 2g of MgSO4•7H2O, 50 ml of 1 M Tris-HCl pH 
7.5 and 1 ml of 10% (v/v) gelatin in 1 L of distilled water), 
thoroughly vortexed and incubated at room temperature 
for 2h. After incubation, viral suspension was treated with 
chlorophorm (5% v/v) to kill bacterial cells, centrifuged at 
10˙000 rpm × 10 min and the supernatant was filtered 
through 0.22 µm membranes and recovered for further 
propagation steps. After 5 consecutive cycles of propaga-
tion/chlorophorm treatment/filtration, bacteriophages 
were enumerated by plating serial dilutions on double 
layer agar plates and counting single lysis plaques. Viral 
suspension was finally concentrated to 108 PFU/ml and 
dialyzed against sterile MilliQ water by centrifugation at 
2˙000 rpm × 30 min using tubes provided with a 100˙000 
Da membrane (Sigma-Aldrich). All steps were carried out 
in a BSL3 facility. 

Functionalization of Metastructures with Phages by 
Thiol-Chemistry. Once fabricated, the octupolar meta-
structures were functionalized with a Tbilisi bacterio-
phages suspension by use of 4-MbA SAM. 4-MBA_SAM, 
in turn, can chemically interact with target molecules. To 
obtain it, the nanostructures were immersed in a 4-MbA 
100 µM solution for 5 h and then the sample was rinsed 
many times by Ethanol and deionized water. 4-MBA is 
widely used to form SAMs on gold substrates for SPR (or 
LSPR) sensors for many reasons: a) on the basis of its abil-

ity to be adsorbed on gold substrates, due to -SH groups 
present in its structure; b) it offers the possibility of fur-
ther functionalizations due to carboxyl-group (in -para 
with respect to the -SH) on the aromatic ring of the mole-
cule; c) furthermore, links of 4-MBA to proteins can be 
due to carboxyl-groups of 4-MBA and both the functional 
carboxyl-groups and the amino-groups of amino-acidic 
residues (e.g. such as those of Lysine). In this context, the 
proteic coating of the viruses (capsides) can be involved 
in non-covalent bonding with SAMs of 4-MBA.37-38 Thus, 
successively, 300 µl of a bacteriophages suspension (107 
PFU/ml) in water was dropped on the samples, and left at 
room temperature overnight, to allow for phage adsorp-
tion on the 4-MbA-functionalized surfaces. The samples 
were then washed many times by deionized water and 
dried by N2 flux. The 4-MbA SAM forms stable links with 
the bacteriophages onto the meta-surfaces, enabling SERS 
response before and after bacteriophage immobilization. 
The system is stable even at room temperature, since as 
mentioned, the measurements are performed after wash-
ing the sample many times by de-ionized water (H2Odd) 
and obtaining repeatable results. The long term stability 
is high (many months) if the sample is accurately stored 
in a dark room, at 4°C.   
We used the bacteriophage Tbilisi, belonging to the fami-
ly Podoviridae that specifically recognizes and lyses Bru-

cella abortus. The Tbilisi phages are typically 70 nm in 
diameter with a 20 nm tail, and perform lytic cycles inside 
the host bacterium Brucella abortus. Prior to any optical 
or spectroscopic analysis, the bacteria were inactivated 
via formaldehyde treatment to ensure a higher working 
safety. Then, for Brucella analysis, 300 µl of bacterial sus-
pension (105 CFU/ml) in water was dropped on the 
nanostructures functionalized with bacteriophages and 
maintained for 45 min until completion of the recognition 
process. The surfaces were rinsed with water and ethanol 
before SERS measurement so as to remove non-captured 
bacteria. At a second stage of the study, we worked with 
live Brucella cells in a laboratory of Bio-Safety Level 3 
(BSL -3) using an optimized home-made prototypal port-
able Raman system. 

Morphological and Optical characterization. Morpho-
logical characterization was realized by Scanning Electron 
Microscopy (SEM), Dark Field Microscopy (DFM) and 
Atomic Force Microscopy (AFM). SEM images (Raith 150 
system) were analyzed using an acceleration voltage of 
5KeV and a high efficiency secondary electron in-lens 
detector. In Figure 2 SEM images of the 2-layers photonic 
crystals are reported together with a simulation of their 
near-field properties.  
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Figure 2. (a)-(b) SEM images of octupolar metastructures 
with L1=200nm, L2=70nm, A=25 nm and A= 100 minimum 
inter-hole distances between two neighbouring cells, 
respectively; c-d) calculated near field distribution for the 
octupolar nanostructures with L1=200nm, L2=70nm, A=25 (c) 
and 100 nm (d) minimum inter-holes distance between two 
near cells: Poynting vector distribution for the structures 
with minimum inter-hole gaps of 25nm and 100nm, 
respectively. 

 

DFM images were obtained with white light illumination 
and the corresponding colorimetric fingerprints were col-
lected by a 20X (N.A.=0.45) microscope objective. In Fig-
ure 3 DFM images of the octupolar nanostructures with 
inter-holes gap A=25nm are reported before and after 
phage deposition (a-b) together with a SEM image. The 
SEM image with virus was obtained after Au-palladium 
thin film deposition. In Figure 3c, bacteriophages are 
identifiable by their particular circular shape and white 
color. Their mean size was estimated of the order of 70 
nm (Figure 3c, inset). Comparing the images obtained 
before (Figure 3a) and after (Figure 3b) bacteriophages 
immobilization, the color shift observed is due to the 
presence of viruses that induce a local refractive index 
change in the metallic film proximity. The uniformity of 
the color demonstrates the homogenous distribution of 
the viruses on the pattern. 

  

Figure 3. DFM images of the octupolar metastructure with 
A=25 nm before (a), and after (b) bacteriophages 
immobilization; c) SEM image after bacteriophages 
immobilization. The inset in (c) shows the metrology of a 
single phage. 

AFM and topographic profiles measurements were col-
lected with AFM-Ntegra Spectra, NT-MDT. AFM and 

topographic profiles measurements are also reported in 
the supporting information. SPR measurements were re-
alized in transmission by using an Ocean Optics halogen 
white Lamp, an objective 40X, N. A. 0.65, and an Ocean 
Optics Spectrophotometer coupled to an optical fiber 
with core of 50 μm diameter to detect the signal. 

SERS analysis. Mapping experiments were run by a con-
focal Raman spectrometer (Horiba-Jobin Yvon Mod. Lab-
spec Aramis) operating with a diode laser source emitting 
at 785 nm. The 180° back-scattered radiation was collect-
ed by an Olympus metallurgical objective (MPlan 50⨯, 
NA = 0.75) with an exposure time of 1 s; a grating with 600 
grooves/mm was used throughout. The radiation was fo-
cused onto a CCD detector (Synapse Mod. 354308) cooled 
at -70 °C by a Peltier module. In the mapping mode, a 
microscope slide containing the different SERS substrates 
was placed on a piezo-electrically driven microscope stage 
with a x,y resolution of 10 ± 0.5 nm and a z resolution of 15 
± 1 nm and scanned at a constant stage speed in the x-y 
plane with a 2.0 µm step size. The data gathered by the 
instrument were converted into ASCII format and trans-
ferred to the MATLAB computational platform for further 
processing. The SERS spectra were collected in the Ra-
man-shift range 800–1800 cm-1. 
SERS analysis concerning the bacteriophages functionali-
zation was performed by coupling the Raman system with 
an upright microscope Olympus BX51 in a backscattering 
configuration. The Raman system was QE Pro-Raman 
system (Ocean Optics), configured for λ = 785 nm (12 
mW), with a grating of 1200 lines/mm and an input slit of 
50 microns. The spectra were collected in the range be-
tween 400 - 2000 cm-1, using 10 sec acquisition time of a 
50x (N.A.= 0.75) microscope objective with an area of the 
spot size equals to 1.28 µm2. In addition, the detection of 
live bacteria was realized in a laboratory of Bio-Safety 
Level 3 (BSL-3) coupling the spectrophotometer to a 
home-made prototypal system with more versatile fea-
tures and more suitable for in-field analysis. 

RESULTS AND DISCUSSION 

Nanostructures Design. The plasmonic metastructures 
were fabricated using a simplified approach to easily ob-
tain highly reproducible nanocavity-shaped photonic 
crystals.39 The plasmonic crystals which are based on a 
largely used copolymer (ZEP520A) and gold thin layers 
are realized by simple modification of a preexisting nano-
lithography procedure. Our novel nanostructures were 
fabricated by electron beam lithography (EBL). EBL is not 
a low-cost technique. Moreover, EBL is a fabrication 
technique which is technologically demanding in terms of 
time and expensive for a mass production destined to 
industrial applications. Nevertheless, it represents one of 
the best choices for a proof-of-concept study where in the 
design phase the main purpose is to test and study the 
physical properties of new complex nanostructures. Our 
main target is to design well-controlled octupolar cou-
pling platforms using bacteriophages as recognition ele-
ments for the creation of SERS-based multifunctional 
biochips for rapid culture- and label-free detection of spe-

(a) (b) 

(c) (d) 

(a) (b) (c) 

Page 4 of 10

ACS Paragon Plus Environment

ACS Sensors

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



 

cific pathogens (Brucella). After the achievement of our 
target, the idea is scaling existing demonstrations to prac-
tical applications by its replacement with molding tech-
nique in the case of large scale production. Finally, the 
selected phage-based structures and the associated fabri-
cation method can be implemented over large surfaces, 
which is an important prerequisite to the industrial de-
velopment of plasmonic sensors.  
In the frame of the “proof-of-concept phase” the first goal 
of our activity is to adopt a novel easy and fast fabrication 
technique, so as to develop highly sensitive plasmonic 
substrates with homogeneous density profiles for sensing 
based on SERS for use in food safety. To achieve such tar-
get the nanocavities configuration is designed in order to 
furthermore improve the plasmonic properties of a gold 
substrate based on an array of nano-holes. In this multi-
layered structure the plasmonic properties are the sum of 
different Surface Plasmonic Resonance (SPR) modes: 
propagating (Surface Plasmonic Polariton - SPP) and lo-
calized (Localized Surface Plasmon Resonance- LSPR) 
that in different ways contribute to the field in the differ-
ent morphological region of the pattern. Furthermore, the 
presence of a continuous gold film allows a strong reduc-
tion of the glass substrate fluorescence, making the nano-
cavities configuration an ideal platform for plasmonic 
SERS spectroscopy. 

The fabricated gold octupolar nanostructures are based 
on a periodic array of a meta-molecule (unit cell reported 
in Figure 1c) made of equilateral triangular holes in a trig-
onal lattice arrangement. The microscope images demon-
strate the precise and very good quality production of the 
plasmonic nanostructures accounting for their meta-
molecule shape, inter-metamolecular separation that ap-
pear uniform and regular over the pattern (see Figure 2a-
b). The term “octupolar” refers to the 3-fold symmetry of 
the quadratic nonlinear susceptibility tensor that behaves 
under rotations as an octupolar charge distribution ten-
sor.40,41 The “fractal” structure of the nano-hole pattern is 
guided by the notion that increasing the number of tip-
like discontinuities, that is the number of triangles and 
their corners over a given area, is bound to increase like-
wise the number of field enhancing “hot spots”. Hence the 
choice of a central nano-hole and three surrounding ones, 
making altogether for 12 such corners, with the advantage 
in the lattice level of face-to face corners in the shape of 
inter-meta-molecular bow-ties known for their strong 
field enhancing potential. The reason to favor triangles 
lies in their non-centrosymmetric nature as opposed to 
square or circular shapes. Indeed, this is a prerequisite for 
quadratic nonlinear optical effects such as second-
harmonic generation that we project in the longer term to 
combine with Raman and SERS diagnostics so as to 
demonstrate a multi-scheme sensor, with improved 
recognition and sensitivity potential. A growing number 
of papers report on nano-plasmonic structures with 
three-fold octupolar symmetry and it was our desire to 
build-up on this pool of nonlinear optical expertise so as 
to combine it with sensing requirements (see for example 
our reference [41] and references therein). 

SERS Octupoles Performances. In order to evaluate the 
SERS performance of the multilayer octupolar metastruc-
tures we calculated the enhancement factor EF= ISERS ⨯ 
NREF/ (IREF ⨯ NSERS) using 4-MbA as molecular probe. ISERS 
and IREF are the intensities of the band at 1073 cm-1 and 
1096 cm-1 in the SERS and spontaneous Raman spectrum 
of 4-MbA, respectively. Analogously, NSERS (9 ⨯ 105) and 
NREF (2.6 ⨯ 1011) are the number of molecules contributing 
to the SERS and Raman signal, respectively. More details 
on the EF calculations are reported in the supporting ma-
terial. Additionally, to verify the good reproducibility of 
the proposed SERS sensors, which is fundamental for the 
design of quantitatively reliable sensors for specific ana-
lytes, the amplification properties of the SERS substrates 
were characterized by mapping experiments performed 
on different samples. For each nanopattern three maps 
were collected covering a total area of 150 ⨯ 150 �m. For 
simplicity, in Figure 4 is shown only one of the three 
mapping experiments in which the 3D Raman images 
were reconstructed by considering the space-distribution 
of the EF over a 50⨯50 �m surface. To estimate the repro-
ducibility of SERS signals over the mapped area in the 
same figure we reported the average spectrum (obtained 
from 630 spectra of the map) with its relative standard 
deviation. 

 

Figure 4. 3D Raman image (color map) reconstructed by 
considering the EF values as a function of the position in a 50 
× 50 μm area of the octupolar nanostructures with A=25nm 
(a) and A=100nm (c). Average SERS spectrum of 4-MbA 
(black trace) and average SERS spectrum ± standard devia-
tion (red and blue traces, respectively) for the nano-patterns 
with the two different gap distances A=25nm (c) and 
A=100nm (d). 

For the structure with A=25nm a visual inspection of the 
spectra collected across the whole map (see Figure S2, 
Supporting Information) highlights the consistency of the 
SERS pattern in terms of peak frequency and shape. The 
average EF value, (EF) ̅, evaluated over a large number of 
spectra (630 of them for each map), is very good (1.8 × 106) 
and the homogeneity of the SERS signal is appropriate 
[standard deviation (std) = 16 %]. This is evidenced in the 
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3D Raman image (Figure 4a), by the green color of large 
map areas and by the relative closeness of the average 
spectrum with the traces relative to the average spectrum 
with standard deviation uncertainty (see Figure 4b). 
The structure with A=100 (see Figure 4c) shows similar 
features to those described above, with a slightly im-
proved (EF) ̅ (2.1 x 106) and a comparable response homo-
geneity (std = 14%) as reported in Figure 4d. As for the 
absolute intensity, the response is more dependent on 
sampling location. The results show a maximum SERS EF 
of ~ 2.9x107 and 5 x 107 for the octupolar platforms with 
gap A=25 nm and A= 100 nm, respectively, obtained using 
the QE Pro-Raman system coupled to the BX51 micro-
scope (details are reported in the supplementary materi-
als). Such EF values make our structure suitable for high-
performances label-free SERS. Additionally, recent reports 
have evidenced that an enhancement factor of the order 
of 107–108 is sufficient for single-molecule spectrosco-
py.40,41 These experimental results are confirmed by FDTD 
calculations as shown in Figure 2c-d. The near field dis-
tribution is dependent on the arrangement and on the 
shape of the units of a plasmonic structure, and on the 
intensity, wavelength and polarization state of the inci-
dent light.42 The calculated total electric fields by FDTD 
showed that the high SERS response featured by octupo-
lar arrays is mainly due to strongly localized electric fields 
at the gold–air interface of the bottom gold nano-
triangles within a detection volume. 

SERS Detection Performances: Bacteria Capture. In 
order to investigate the recognition and capture proper-
ties of the phage-based octupolar metastructure, SERS 
spectroscopy was used to measure the amplified Raman 
scattering signals from individual bacteria. SERS spectra 
corresponding to a single Brucella bacterium are shown in 
Figures 5a-b. Figure 5 shows both SPR and SERS response 
of a 4-MbA SAM (violet line), after bacteriophages immo-
bilization (green line) and after Brucella bacteria capture 
(red line), respectively, for the two different gaps A = 25 
nm and A=100nm. SERS spectra were measured from 20 
randomly selected spots over the SERS substrate using the 
QE Pro-Raman system with a spot focus area of 1.28 µm2. 
The two main peaks at 1073 cm-1 and 1584 cm-1 are mainly 
associated to CC stretching of the aromatic ring.  
In Figure 5a the top spectrum is the SERS spectra of a 
single bacterium adsorbed on the multi-layer bio-sensing 
platform. It clearly shows that the coupling platform in-
duces a giant enhancement of the SERS signal enabling 
molecular characterization of the bacteria surface down 
to single bacterium detection. The bottom spectrum (blue 
one) is taken out of the nanostructure area and does not 
exhibit any significant SERS signal that would have al-
lowed to detect or to identify the immobilized phages and 
the captured Brucella bacterium. A bright field micro-
scope image of Brucella bacteria captured on the top of 
the Au nanostructures is shown in the inset of Figure 5. 
We used the area of the peak located at 1073 cm-1 to calcu-
late the signal increase. An 8-fold amplification after 
phage immobilization and a remarkable 21-fold amplifica-
tion corresponding to 107000 counts after bacteria cap-

ture were estimated. We justify these amplifications in 
term of local refractive index change due to the presence 
of immobilized phages and further on, to the captured 
bacteria.39 Stable molecular interactions between phages 
and the 4-MbA SAM are possible based on hydrogen 
bonds between the carboxylic acid group of 4-MbA and 
the proteins of the external structure of the Tbilisi virus 
(capsid and/or fiber tails). The increase of hydrogen 
bonds in the system brings about a subsequent increase of 
the system density with a consequent variation at the 
nanoscale of the local refractive index. Therefore, the 
presence of the captured bacteria is responsible for fur-
ther index variation. It is also worthwhile noting that the 
use of a small bacteriophage, such as Tbilisi, allows for a 
larger portion of the bacterium to be probed by the eva-
nescent field.  
In Figure 5b the SERS response of the structure is report-
ed for a larger gap. It exhibits a significantly stronger Ra-
man signal (134000 counts) from the virus before Brucella 
immobilization and a less intense signal from the cap-
tured Brucella. 

 

 

 

 

 

 

Figure 5. LSPR and SERS analysis of 4-MBA (violet line), 
after bacteriophagies immobilization (green line) on top of 
the nanostructure and after Brucella bacteria capture (red 
line). a-b: SERS spectra for the metastructures with inter-
holes gaps of 25 and 100nm respectively. The SERS spectrum 
out of the nanostructure is sketched in blue. For these meas-
urements we used the QE Pro-Raman system with a 10s ac-
quisition time and 12mW laser intensity. c-d: Extinction 
spectra of the Au-octupolar metastructures corresponding to 
(a) and (b) measurements. The intersection of each curve 
with the excitation wavelength is highlighted with a red cir-
cle. 

In order to support our previous explanation and to inves-
tigate the nature of the signal increase, we measured the 
extinction spectra of the meta-structures in a three steps 
analysis performing out-of-plane spectral transmittance 
measurements at normal incidence, via a standard reflec-
tion setup.24 The variation in Raman enhancement with 
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the immobilized viruses and then with the captured bac-
teria is assigned to the variation in Surface Plasmon Res-
onance (SPR) position and its corresponding shift from 
the excitation wavelength of 785 nm. It has been reported 
that maximum enhancement is observed when the SPR 
approaches the excitation wavelength.43-44 Figure 5 c-d 
shows the red-shift of the plasmonic resonance peaks for 
the two gaps considered. Clearly, the situation that better 
overlaps the region of the excitation laser wavelength (λ = 
785 nm), allowing an enhancement of the resonance ef-
fect, is that represented by 4MbA+virus+brucella in the 
smaller gap structure (red line in Figure 5c). In this way, a 
plasmonic resonance shift associated with the gold nano-
patterned structure, due to the presence of immobilized 
phages and to the subsequent Brucella's capture, can jus-
tify a higher SERS response. Such a resonance shift is at 
the origin of the observed increases of the SERS signal 
intensity, as reported in the graph of Figure 5a. Moreover, 
Figure 5d shows a better match for the 4MbA+virus sys-
tem when the gap is 100nm, which justifies the lower am-
plification of the Brucella signal and the more intense 
Raman signal coming from the system with the immobi-
lized virus. Furthermore, at the same time we demon-
strated the application of such substrate for SPR based 
molecular sensing. A redshift in peak wavelength from 
704 to 741 nm is observed after phage immobilization (107 

PFU/ml), and a further shift from 741 to 788 nm corre-
sponding to Brucella capture (105 CFU/ml) for the 25 nm 
gap nanopattern (see Figure 5c). Likewise for the larger 
gap (see Figure 5d) where a red shift of 53 nm corre-
sponds to the immobilized phages (107 PFU/ml) and the 
observation of a further 44 nm shift after Brucella capture 
(105 CFU/ml). In this way we could test the capacity of our 
sensor towards easy detection of viruses down to a 16 
Femtomolar concentration. Further work is in progress to 
evaluate its sensitivity and detection threshold. In order 
to test the reproducibility of our platform the SERS re-
sponse signal over different concentration of bacteria has 
been analyzed in the range 104 – 109 CFU/ml (see Supple-
mentary Figs S5). Measurements have been taken testing 
the phage-based octupolar metastructure with gap A = 25 
nm. 

Specificity studies. Negative control SERS experiments 
were conducted to check the recognition specificity of the 
bound Tbilisi phages. To check the selectivity of the 
phage-based octupolar platform, a 300 µl (105 CFU/ml) 
bacterial suspension in water of Escherichia Coli was 
dropped on the nanostructure with gap A=25nm func-
tionalized with bacteriophages, and maintained thereafter 
for 45 min. The surface was then rinsed with water and 
ethanol to remove non captured bacteria before SERS 
measurement. SERS spectra of the immobilized Tbilisi 

bacteriophages and of the Escherichia Coli bacteria are 
shown in Figure 6, indicating that the bacteria SERS sig-
nal does not exhibit any amplification compared to the 
phage signal. The addition of Escherichia Coli to the Tbili-

si phage-based octupolar coupling system does not cause 
any Raman amplification. Thus, the bacterial capture ex-
periments with the non-host control E. coli confirm al-

most negligible binding. This proves that this system is 
selectively sensitive to Brucella and not to other bacteria. 
To further ascertain the selectivity of the present plas-
monic biosensor, the phage immobilized surfaces exposed 
to the host E. coli bacteria were also tested by optical mi-
croscopy, confirming that no capture took place after 
washing the samples (see inset of Figure 6). 

 

Figure 6. SERS spectra of 4-MBA after bacteriophagies 
immobilization (blue line) on the top of the nanostructure 
and after Escherichia Coli bacteria capture (red line). In inset 
dark field microscope image of captured bacteria on top of 
the functionalized multi-layer nanostructure. 

In order to complement the evaluation of our plasmonic 
coupling platform, we exposed it to live brucella bacteria. 
We used here our home-made prototypal system for SERS 
“in situ” analysis as shown in Figure 7a. A 10 µl (104 
CFU/ml) suspension of Brucella bacteria in water was 
dropped on the octupolar platform with gap 25nm 
functionalized with bacteriophages and maintained for 45 
min. The surface was rinsed with water and ethanol 
before SERS measurement to remove non captured 
bacteria. SERS spectra of the immobilized Tbilisi 
bacteriophages and of the single focalized Brucella 

bacterium are shown in Figure 7b, indicating that the 
bacterium SERS signal exhibits a clear amplification by a 
2.1 factor as compared to the phage signal. This result 
confirms the previous study with inactived Brucella where 
we demonstrated an amplification of 2.5. 

 

Figure 7. (a) Home-made prototypal system for SERS “in 
field” analysis; (b) SERS spectra of 4-MBA after 
bacteriophage immobilization (blue line) on the top of the 
nanostructure and after Brucella bacterium capture (red 
line). 

 

CONCLUSION 
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In conclusion, we have conceived and demonstrated a 
novel large area SERS substrate made of multilayer octu-
polar metastructures which generate high density SERS at 
the triangular nanocavity sites within a detection volume. 
This SERS substrate shows a maximum EF of ~ 2.9x107 and 
average EF enhancement over 106 and good uniformity 
(∼18%). The multilayer octupolar metastructure works as 
a dual-functional sensing chip (SERS-SPR) with highly 
sensitive local refractive index detection (lower than 17 
femtomolar level) and Raman enhancement. A giant en-
hancement of the 4-MbA SERS intensity of 107.000 counts 
was observed. Such performance is specifically attached 
to the recognition and attachment of Brucella bacteria in 
the presence of viruses. This work indicates that SERS 
spectroscopy in combination with innovative multi-layer 
octupolar metastructures properly functionalized with 
Tbilisi bacteriophages specific to Brucella bacteria may 
offer a promising alternative to detect Brucella as com-
pared to agar-plates. Measurements at the single-cell level 
are made possible, enabling faster and more accurate 
identification in less than 1h while avoiding a pre-
cultivation step. Our method is simple, low cost, selective 
and highly sensitive, opening interesting opportunities for 
the use of bacteriophages as recognition elements for 
Brucella detection. In the longer term, we wish to build-
up on the nonlinear optical potential specific of octupolar 
structures and already well documented in the literature 
(see Ref. 39 and references therein). Such a combination 
could provide a multi-probing platform based on both 
nonlinear optical detection together with the currently 
demonstrated SERS-SPR probe. Such combination has the 
potential to provide further insights onto the polarizabil-
ity and anisotropy and chirality (handedness) of the tar-
geted specie. We also plan to employ our octupolar cou-
pling platform towards the detection of Brucella within a 
complex environment in order to effectively move phage 
diagnostics from the laboratory onto the clinic. In addi-
tion, future research efforts will be aimed to immobilize 
different bacteriophages in order to selectively identify 
other clinically relevant bacterial pathogens such as 
Staphylococcus Aureus, E. Coli, Salmonella and Listeria at 
concentrations below 104 CFU/ml. 
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