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Our results demonstrate that it is possible, by means of generation of 

buckles on the silver nanorod arrays (AgNRs) PDMS substrate to enhance 

the Raman signal of P. aeruginosa bacteria due to the formation of high 

density ‘hot spots’ among the AgNRs arrays which provides better 

entrapment and increases the net effective contact area of bacteria with 

the metal surface. 

Pseudomonas aeruginosa is an opportunistic pathogen that 

colonizes on damage sites prone to infection such as burns, surgical 

wounds, respiratory tract and physically damaged eyes.
1,2

 P. 

aeruginosa also lead to serious pulmonary infections in cystic 

fibrosis and immunocompromised patients, mainly due to its high 

level of resistance to antibiotics. Successful antibiotic treatment of 

the infection relies on accurate and rapid identification of infectious 

pathogens. Conventional techniques used to identify bacteria 

includes biochemical tests such as Gram stain, enzyme activity tests 

and antibiotic susceptibility test.
3
 All these tests can be applied only 

on pure bacteria after incubating them in suitable growth medium.
4
 

However, culturing bacteria is a time consuming procedure and 

cannot provide rapid identification and response. 

 

Recently, surface enhanced Raman scattering (SERS) has emerged 

as a promising technique for chemical and biological sensing.
5–8

 

There are many good works reported in the past several years for 

the bacteria measurement by SERS.
9-11

  SERS is a giant 

enhancement of Raman signal of a material in the vicinity of a 

rough metal surface.
12,13

 Special metallic protrusions and nanogaps 

serve as ‘hot-spots’ and can enhance the SERS signal by the 

electromagnetic coupling between the neighbouring nanoparticles. 

Rusciano et al. have used Raman spectroscopy to reveal bacteria in 

the sputa of patients with cystic fibrosis.
14

 Culture free diagnostic 

method based on SERS of pyocynin, a major biomarker of P. 

aeruginosa has been reported.
15

 However identifying appropriate 

biomarker with high detection limit is a difficult task because of the 

limited literature on SERS detection of bacterial biomarkers.  

 

SERS substrates have been fabricated ranging from rough metal 

surfaces to fractals, nanowires and well-ordered substrates.
16–18

 

There are also few reports on the literatures on PDMS based SERS 

substrates.
19-21

 Although, SERS has emerged as a potential 

technique for chemical and biological sensing but it has few 

limitations like all the others techniques. One of the limitation of 

these SERS substrates lies in a fact that they are mostly two-

dimensional (2D) planar systems. In 2D ordered substrates the 

number of hotspots is limited to only one Cartesian x-y plane. 

Whereas, three-dimensional (3D) cage-like structures can supply 

more hot spots which provide giant enhancement in Raman signal 

as compared to their 2D counterpart. 3D SERS active substrates 

have been fabricated by researchers using various methods such as 

e-beam lithography, reactive ion etching, template metal 

deposition and direct chemical methods.
22–25

  Recently, hierarchical 

3D SERS substrate have been fabricated by integrating 3D 

photolithography microstructures and self-assembly of silver 

nanoparticles.
26,27

 However, the fabrication methods implied were 

complex, expensive and also technologically demanding for the 

large scale production. 

 

We report a facile method to fabricate highly sensitive flexible Ag 

nanorod (AgNR) arrays based SERS substrates on buckled 

poly(dimethylsiloxane) (PDMS) for the detection of P. aeruginosa. 

The AgNRs were deposited on 30% pre-stretched PDMS using 

oblique angle deposition.
28-30

 Bacterial suspension (3 µL, 108 cells 

/mL) was pipetted directly onto the AgNRs grown on stretched 

PDMS substrate. After performing SERS measurements on 

stretched AgNR-PDMS SERS substrate, the stress was released and 

SERS measurements were repeated. This AgNR-PDMS buckled 

system increases the number of hotspots and also provides the 

better entrapment of the bacteria P. aeruginosa onto the AgNRs 

giving rise to enhancement in the Raman signal. The buckled AgNR-

PDMS arrays substrates exhibit about eleven-fold Raman signal 

enhancement compared to the pre-stretched AgNR-PDMS film. This 

excellent SERS enhancement may be attributed to the formation of 
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high density hot spots among the AgNRs and increase in the area 

for better interaction of bacteria with the metal surface which is 

supported by finite difference time domain (FDTD) simulations. 

These substrates can be a promising candidates for chemical and 

biological sensing applications. 

 

The route followed for the fabrication of dual-scale roughened 

surface is schematically shown in Scheme 1. The average nanorod 

length and average inter-rod separation were found to be 1 µm and 

130 nm, respectively. Without stretching, the primary surface 

consisting of nanoscale roughness due to AgNRs showed an 

isotropic and uniform density of AgNRs without any buckles or 

wrinkles. Whereas, for AgNRs deposited over pre-stretched 

elastomeric PDMS films subjected to initial mechanical strain (ε), 

upon releasing the strain, periodic wrinkles were formed to 

minimize the strain energy (Fig. S1, ESI†). 

 

The SERS enhancement of an analyte mainly depends upon two 

factors (i) the proximity of the analyte group to the nanoscale 

metallic surface, and (ii) the density of the hot spots.
13

 The 

magnitude of SERS intensity decreases with increasing distance of 

the analyte from the active surface. The limited adhesion of the 

bacteria to the metallic surface/ hot spots limits the full potential of 

SERS for the diagnostic purposes. Due to the distance dependence 

the vibrational bands observed in the SERS enhancement 

mechanism of bacterial cells is dominated by the contributions from 

the cell wall components such as, lipids, lipopolysaccharides, or 

membrane protein of the outer cell layers.
31

 Figure 1 presents the 

Raman spectrum of P. aeruginosa measured on pre-stretched 

AgNR-PDMS   substrate and after releasing the strain. The complex 

composition of the bacteria results into a complex Raman spectra. 

The detected main characteristic peaks of P. aeruginosa were at 

730 cm
-1

, 1010 cm
-1

, 1323 cm
-1

, and 1536 cm
-1

.
32

 The Raman spectra 

of P. aeruginosa exhibited peaks from nucleic acids at 674 cm
-1

, 730 

cm
-1

, and 1576 cm
-1

; from C-O-C at 1071 cm
-1

; from lipids at 1052  

cm
-1

 and 1302 cm
-1

; and from proteins (amide III) between 1200- 

 

 

Scheme 1.  A schematic illustration of the fabrication of AgNRs-PDMS substrate. 

(a) The PDMS film was mounted on a custom-designed strain stage, (b) PDMS was 

stretched to a designated initial strain value (ε, defined as the ratio of increase in 

the film length (Δl) over its original length, l)., (c) growth of Ag nanorods over pre-

stretched PDMS film, (d) Loading P. aeruginosa onto the substrate and (e) 

releasing strain of the sample resulted into the formation of grooves as shown in 

magnified image. 

Figure 1. Raman spectra of P. aeruginosa on prestretched and relaxed AgNR-

PDMS substrate. Readers may refer to ESI table T1 for Raman band assignments 

of P. aeruginosa. The shaded part corresponds to the peak due to PDMS, (Fig. S2, 

ESI†).  

 

1400 cm
-1

. The peaks at 1238- 1242 cm
-1

, 1266- 1292 cm
-1

 and 

1340- 1390 cm
-1 

are characteristic amino peaks.
33–39

 

 

Fig. 1 clearly shows a large enhancement in the SERS signal of the P. 

aeruginosa after releasing the stress. The baseline-corrected peak 

height of the SERS of P. aeruginosa located at about 1323 cm
-1

 was 

used to quantify the overall SERS response and was chosen to 

calculate the increment in the SERS signal, f as: 

   (1) 

 

 

where Ireleased and Istretched are the Raman intensities of 1323 cm
-1 

peak on relaxed and pre-stretched AgNR-PDMS substrates, Ibackground 

is the background intensity of the spectra. The Raman spectra of P. 

aeruginosa on stretched AgNR-PDMS substrate was used as 

reference.  

Interestingly, it can be noticed that the AgNRs-PDMS substrate 

offers an almost eleven times higher Raman signal compared to 

pre-stretched AgNR-PDMS substrate. The increase in Raman signal 

after releasing the strain may be attributed to two factors. One is 

the better attachment and second is the increased number of 

hotspots. The buckled AgNR-PDMS substrate provides cage like 

structure to capture P. aeruginosa by AgNRs from the bottom 

surface as well as from sides. The AgNRs deposited over stretched 

elastomeric PDMS films were subjected to initial mechanical strain 

(ε), upon releasing the strain periodic wrinkles were formed to 

minimize the strain energy. The periodicity (λ) and the amplitude 

(A) of these wrinkles were simply tuned by varying the strain values 

(ε) and has been studied in detail elsewhere.
40

 The periodicity (λ) 

for the wrinkled Ag nanorods arrays on PDMS is found to be about 

3.5 µm for 30% strain value. The magnified view of the 

corresponding wrinkled AgNRs arrays on PDMS are shown in Figure 

S1(c), ESI. Deposition of AgNRs film on a pre-stretched PDMS 

substrate provides a big difference in elastic moduli at the interface 

of the film and results into the formation of wrinkles on releasing 

-

-

I I
released background

f
I I
stretched background

=
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Figure 2. (a) Wrinkled AgNR-PDMS after releasing strain. (b) Aligned P. aeruginosa 

along the grooves of wrinkled AgNR-PDMS. 

the strain. These wrinkled AgNR-PDMS substrate provides a cage 

like structure to capture P. aeruginosa. When bacteria is on a pre-

stretched AgNR-PDMS substrate only the nanorods under the 

bacteria are in contact with it. After the strain is released, the 

periodic grooves form and P. aeruginosa bacteria become aligned 

parallel to the groove axis as seen in figure 2. The formation of 

grooves increases the total contact area of the nanorods to the 

bacteria and hence, increases the number of active SERS spots 

resulting into a comparatively higher Raman Signal (Scheme 2).   

Another factor that may contribute to the enhanced Raman signal is 

the number of hotspots. The Average number density of AgNR 

increases slightly from 8.5 ×10
8
 NR/cm

2
 to 11.2 ×10

8
 NR/cm

2
 after 

releasing the strain. The increase in the number of nanorods is 

small around 30% that may have a slight contribution. For cyclic 

measurements the stress-release cycle was repeatedly applied (Fig. 

S3, ESI†). The pre-stretched AgNR-PDMS substrate was cycled back 

and forth between stretched and relaxed position and SERS spectra 

was acquired after each stretching and relaxed state. The Raman 

intensity decreases for second and third cycle with respect to the 

first cycle. The decrease in the increment factor f after first cycle 

may be attributed to the damage in the AgNR-PDMS substrate on 

successive release and stretching of the substrate. The increment 

factor f after each cycle was calculated by taking the intensity ratio 

of the 1323 cm
-1 

peak before and after each cycle. It may also 

decrease because the SERS intensity observed in stretched position, 

after second stretch cycle was always higher than that on 

 

Scheme 2. Schematic showing P. aeruginosa on (a) prestretched and (b) wrinkled 

AgNR-PDMS substrate (c) SEM of P. aeruginosa on prestretched and wrinkled 

AgNR-PDMS substrate 

 

 

Figure 3. Geometries used in FDTD simulation with the variation of electric field 

on and above the silver nanorods. (  Is the local field enhancement) (a) 

Simulation geometry for flat substrate. (b) Simulation geometry for buckled 

substrate modeled as a curved surface. (c) X-Z slice of field on the nanorods for 

flat geometry. (d) X-Z slice of field on the nanorods for curved geometry. (e) Y-Z 

slice of field on and above the nanorods for flat geometry. (f) Y-Z slice of field on 

and above the nanorods for curved geometry. 

 

the pristine pre-stretched AgNRs-PDMS substrate and hence, the 

Raman signal  decreases but still it is higher than the pre-stretched 

AgNR-PDMS substrate. Another reason may be that during the 

stretching and releasing, the shape of the bacteria may change, and 

some parts of the bacteria may be attached to the AgNRs. In this 

process, due to nanocarpet effect, nanorods may be bundled by the 

capillary force to form clusters.
41

 This effect alters the structural 

formation and morphology of the nanorod arrays which may be one 

of the reason behind the decrease in Raman Intensity. The 

detection limit obtained was approximately 1 × 10
4
 CFU/ml. 

 

In order to investigate the local field enhancement on the flat and 

buckled PDMS Substrates, the finite difference time domain (FDTD) 

numerical simulations were carried out. Fig. (3) (a) and (b) are 

showing the modeled geometries for flat and buckled substrates 

respectively, see the Supporting Information S1 for details. The 

incident laser beam of wave length 514 nm was used as external 

excitation. Fig. (c) and (d) are showing cross sectional view of local 

field enhancement on the surface of nanorods for flat and curved 

substrates. It has been shown that the local field enhancement on 

the nanorods surfaces of flat and curved substrates are not so much 

of difference. But in case of curved geometry as seen in figure (f) 

there is a formation of central spot with higher electric field value, 

this is the place where bacteria’s are caged in the buckled 

geometry. This spot is not forming in case of flat geometry fig. (e). 

In case of buckled substrate the number of nanorods which are 

touching the bacteria’s surface are large because of caging and 

higher density of nanorods.  

To show the degree of reproducibility of the preparation and 

spectroscopic measurements the spectra of two different samples 

of P. aeruginosa (prepared and measured at different dates), Fig. 

S4, ESI. We see that the differences between the two spectra 

appear to be rather small, though one cannot entirely rule out that 
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some secondary differences are present. Although the spectra in 

Fig. S4, ESI are similar and the reproducibility is good, there are 

some differences in the major bands in the region 1300-1500 cm
-1

. 

This region can be expected to involve the groups that have the 

strongest interaction with the silver surface. It is likely that slight 

variations in the parameters such as the concentration of bacteria, 

and the time of adsorption affect this interaction and alter the 

spectrum. To demonstrate the potential application of the buckled 

AgNRs-PDMS as a SERS substrate Bacillus and E.coli were also 

studied under similar set of conditions. The details can be found in 

the Fig. S6, ESI. The SERS signals of these two bacteria were also 

found to increase around ten times on releasing the strain. 

In conclusion, we have successfully demonstrated a simple and 

facile method to increase the SERS enhancement of bacteria due to 

the formation of high density hot spots among the AgNRs and the 

increase in the area for better interaction of bacteria to the metal 

surface. This AgNRs-PDMS buckled system provides the better 

entrapment and increased contact area of the P. aeruginosa onto 

the AgNRs giving rise to enhancement in the Raman signal. 
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