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a b s t r a c t
A bio-inspired ﬂexible surface enhanced Raman spectroscopy (SERS) sensor for malachite green (MG)
detection has been fabricated by coating Ag on a structured surface of polydimethylsiloxane (PDMS) substrate using textured nano/microstructured Taro leaf as template. The Ag-coated microcavity structured
PDMS exhibits high adhesion, hydrophobic behavior (water contact angle ∼128 ± 1◦ ) and serves as a
concentrator for the analyte/probe molecule responsible for enhanced SERS intensity. The SERS activity
of the fabricated Ag/PDMS ﬂexible sensor having MG as probe molecules shows an enhancement factor
of ∼2.06 × 105 over bulk MG molecules. The fabricated SERS sensor is showed the high sensitivity and
good signal reproducibility. Sensitivity for very low MG concentration (∼10−11 M) is reported which is
attributed to the presence of high local ﬁeld produced by Ag granular ﬁlm and nanovoids onto PDMS
surface. AFM and Raman characterizations have revealed the formation of nanovoids on Ag/PDMS structures to create plasmonic hotspots that results in enhanced SERS activity and high sensitivity. Further,
the SERS signal under bending strain (tested between 180◦ and 100◦ bending), is also detectable for very
low concentration of MG (as low as 10−7 M) even at substrate bending angles of 100◦ that establishes the
proposed SERS sensor system as an exceptional candidate for ﬂexible MG SERS sensor applications.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Malachite green (MG) commonly used in textile and paper
industries as a dye, antifungal, antiparasitic agent, biocide in
seafood, is highly toxic when consumed by human beings. Meanwhile, MG is readily absorbed and metabolizes to the colorless
leucomalachite green (LMG) which is mutagenic, genotoxic and
carcinogenic in nature that poses serious health risks [1,2]. Due to
such harmful effects, the use of MG in consumable aquatic products
is either prohibited by law in many countries or the presence of MG
is set to a safe level of 1–2 g kg−1 with in the minimum required
performance limit (MRPL) [3,4].
For managing the global health risks and restrictions for use of
MG at very low concentration, there is high demand for a sensitive
and selective method for the trace detection and monitoring of MG
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in aquaculture products [3]. In literature, variety of methods for the
detection of MG have been reported, such as spectrophotometry
[5], high performance liquid chromatography (HPLC) [6,7], liquid
chromatography–mass spectrometry (LC–MS) [8], ﬂow injection
analysis (FIA) [9], enzyme-linked immune sorbent assay (ELISA)
[10], capillary electrophoresis-Raman spectroscopy (CE-RS) [11],
surface-enhanced Raman scattering (SERS), etc. [2]. However, most
of these techniques are tedious, time-consuming and expensive,
due to the involvement of aqueous or organic solvent extractions
along with several cleaning up steps including solid phase extractions. A further advantage for SERS-based detection is that the
Raman scattering signal is enhanced by several orders of magnitude
by the use of metallic nanostructures, where the light-induced phenomena of plasmonic resonance results in intense electromagnetic
ﬁelds (hot spots). In SERS sensors, the plasmonic nanostructures or
the SERS hot spots play an important role for coupling of near ﬁeld
plasmons with vibrational mode of analyte molecules; the coupling
results in enhancement of the SERS signal by several orders of magnitude for the analyte molecules [12,13]. The SERS has emerged as
a promising method for detection of chemicals and biomolecules
due to its molecular level sensitivity and selectivity by giving characteristic Raman signature of the analyte. Owing to such abilities,
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Fig. 1. Schematic for the fabrication of Ag decorated micro-cavity array PDMS SERS substrate using Taro leaf as a template.

SERS has been accepted in a broad range of sensor applications
in analytical chemistry, physics, pharmaceuticals, environmental
science and in real world applications such as for safety, forensics and terrorist threats [14–17]. However, a major limitation for
implementation of SERS sensors for their wider applications is the
unavailability of large-area SERS-active substrates with densely
decorated periodic and homogeneous nanostructures for obtaining the so-called plasmonic hotspots [13,18]. The cost, complexity
of fabrication, reproducibility, and ﬂexibility of substrate for conformal adaptability are other practical considerations to be met for
such applications.
In the past, to fabricate the nanostructured SERS active substrates numerous sophisticated techniques have been reported:
(i) electron beam lithography (EBL), focused ion-beam lithography (FIB) [19,20], and nanoindentation (NI), etc. approaches
offer high precision, control over the shape and size to meet
the periodic and homogeneous requirement for nanostructures,
though are complex, expensive and have low-throughput. (ii)
Soft nanoimprint nanolithography (NIL) [13], conversely is a costeffective procedure allowing the replication of nanostructures
by pressing an elastomeric stamp onto a plastic template surface, but obtaining dense and intense hot spots for SERS within
the gaps between metal features is challenging. (iii) Nanosphere
Lithography (NSL) [21], Langmuir–Blodgett, etc. [22–25] based selfassembly methods provide high homogeneity but have limited
spatial range [26], (iv) Biomimicked structured surfaces to obtain
the nano/microstructures on a variety of functional surfaces for
SERS sensor applications owing to the unique surface characteristics of certain natural life species. Natural plant leaves such as
lotus [27], Taro [28], rice [29], etc., and wings of insects such as of
cicada [30], butterﬂy [31], etc., are known to be comprised of highly
homogeneous micro/nanostructures over a large area that are also

hydrophobic [32,33]. Whereas, such micro/nano-structures in rose
petals [34], peanut leaves [35], and gecko animal’s feet [36], show
hydrophobicity as well as high adhesion. Various biomimicking
studies of SERS sensors have been reported to obtain the desirable homogeneous nanostructures at large scale that are beneﬁcial
to obtain high sensor performance. Speciﬁcally, due to the intrinsic hydrophobicity and adhesion characteristic of the biomimicked
nanostructures of SERS sensor, the probe-analyte concentrate over
the nanostructures, results in relatively higher enhancement of
SERS sensitivity. Chou et al. [37] have demonstrated such a concentrating effect for probe-analyte on rose petal as SERS substrate
having hydrophobicity and adhesion; these properties are also
commonly referred in the literature as ‘rose-petal effect’. Mo et al.
[38] have fabricated bioinspired cicada wings like SERS substrate
with switchable adhesion. In other bioinspired SERS sensor studies, Zhang et al. [39] electrochemically fabricated a SERS substrate
with micro/nanostructured tetragonal array consisting of Cu and
Ag, whereas Tan et al. [40] replicated the 3D sub-micrometer structures of wing scales of butterﬂy species by photo-reduction process
of Ag to generate practical SERS substrates.
Besides above surface structural considerations, the ﬂexibility aspect of SERS sensor has also found attention. Flexibility or
bendability offers an easy integration of SERS sensor onto different non-planar shape and size surfaces. Polydimethylsiloxane
(PDMS) elastomer that is known to be chemically stable, nontoxic
and mechanically ﬂexible in nature besides being inexpensive has
been extensively explored for bendable SERS sensor applications
[26,41,56].
Furthermore, Kumar et al. [42] fabricated buckled PDMS silver
nanorods array as active 3D SERS sensor for detection of bacteria and Singh et al. [43] demonstrated a ﬂexible and disposable
strain resistance SERS substrate. For fabrication of large area ﬂexi-
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Fig. 2. (a) AFM 2D topography (90 m × 90 m) image of Taro leaf surface, (b) the line proﬁle measurement on the AFM image and (c) 3D AFM image (90 m × 90 m).

ble PDMS based SERS active substrate, Zhan et al. [44] used transfer
printing techniques, while Chung et al. [26] used a shadow mask
approach. Similarly, Lee et al. [45] reported ﬂexible ﬁlter paper scaffolding as SERS substrates. However, the methods listed in above
reports of ﬂexible SERS substrates are expensive, time-consuming
due to their multi-step process and are subject to consequences of
inconsistent and paradoxical SERS signal.
Given the above status of SERS sensor research, there appears
considerable scope for developing a simple, inexpensive but high
performance SERS sensor, speciﬁcally in the present context for
detection of very low concentration of MG. With above objective,
in the present work, we choose PDMS as a substrate material for
creating desirable and suitable microstructure for SERS sensor and
fresh Taro leaf as a template. The Taro plant leaf surface is known
to possess a highly homogeneous and hierarchical nano/microscale
protrusions or bumps that provide very high water contact angle
or hydrophobicity [28]. By casting PDMS mold over the leaf surface a negative pattern of nano/micro scale bumped hierarchical
surface structure of Taro leaf is obtained. A homogeneous and hierarchical nano/microcavity natured surface for the PDMS molded
SERS sensor is obtained by a simple single step of elastomer molding over a large surface area. Subsequently, for the SERS effect,
the Ag metal ﬁlm has been deposited over the microcavity structured PDMS for obtaining the plasmonic nanostructures (hot spots).
Here for the replication, Taro surface microcavities are preferred
structure rather than the bumped one. Because, in the literature
[49,50] have been reported that the high enhancement factor for
the 3D Ag microcavity/nanovoids was due to the coupling of cavity
mode with surface plasmon resonance mode. The surface structure
characterizations carried out by Atomic Force Microscope (AFM)
and Field Emission Scanning Electron Microscope (FESEM) has evidenced that such microcavity/nanovoid structures for the Ag/PDMS
SERS sensor applications indeed could be obtained. As described
and discussed at the appropriate place in this article, high enhancement factors of the Raman signals for the MG as probe molecule
have been obtained. Interestingly, the water contact angle measurements for the prepared Ag/PDMS SERS structure has shown
rose-petal effect – the hydrophobicity and adhesion, that may have
contributed to enhancement in Raman signal by concentrating MG
probe molecules to a small area.
In the present work, the SERS sensor platform fabricated from
the above strategy using Taro leaf as template has demonstrated a
simple, inexpensive, highly sensitive and ﬂexible PDMS based SERS
sensor for detection of very low concentration of MG molecules.

2. Materials and method
2.1. Materials
Elastomer cast for the structured SERS sensor was prepared
using commercially available Sylgard-184, PDMS kit, from Dow
Corning (USA). Highly pure malachite green dye as SERS probe
molecule was purchased from Sigma–Aldrich. The de-ionized (DI)
water ∼18 M cm−1 (Elga PURELAB Classic UV water puriﬁcation
system) was used for dye solution preparation.
2.2. Fabrication method
The Taro leaves collected from cultivated Taro ﬁeld were dissected into small pieces (5 cm × 5 cm) and ﬁxed with an ultra thin
transparent double sided tape in a petri dish (diameter ∼60 mm,
depth: ∼15 mm). The PDMS elastomer was prepared from Sylgard184 (two-parts, in a weight ratio of 10:1 for parts A and B,
respectively) by the addition of part B crosslinking agent to part A in
an appropriate ratio. The above elastomer mixture was vigorously
hand mixed in a beaker for about 15 min followed by ultrasonication in a water bath for 5 min. The bubbles formed during mixing
were removed by desiccating the mixture for 15 min in a vacuum.
Thereafter, the PDMS mold was casted on Taro leaf ﬁxed inside the
petridish.
The casted PDMS mold in a petri dish was again degassed
for 1 h in order to remove air bubbles, particularly at the Taro
leaf/transparent tape/petri dish interface, followed by a soft thermal curing at 35 ◦ C for 24 h to ensure the cross-linking of PDMS
chains. Thereafter, to prevent the deformation of the PDMS mold
surface structure (a negative of Taro leaf) a hard curing was
obtained by subjecting a thermal treatment for 2 h at 90 ◦ C. Subsequently, the structured PDMS mold (∼2 mm thick) was carefully
peeled from the Taro leaf surface as shown in Fig. 1. Further, the
structured PDMS molds were cut into ∼2 cm × 2 cm dimension as
a specimen for surface characterization and for further processing
step of Ag metal ﬁlm deposition. Over one set of the structured
PDMS specimen, the Ag thin ﬁlms (∼35 nm) are deposited by thermal evaporator under ultimate pressure of ∼5 × 10−6 Torr, using
the Ag metal wire of length 1 cm and diameter 1.5 mm.
2.3. Characterization and SERS measurement
The surface topography of the Taro leaf and Ag/PDMS having
micro-cavity array on its surface was investigated by atomic force

480

P. Kumar et al. / Sensors and Actuators B 246 (2017) 477–486

Fig. 3. AFM Images of structured PDMS specimen; (a)–(c) prior to Ag deposition, (d) and (e) post-Ag deposition. (a) 2D (90 m × 90 m) image of surface topography of
structured PDMS; (b) the line proﬁle measurement on the AFM image in (a); (c) 3D (90 m × 90 m) AFM image showing the micro-cavity array of the structured PDMS
specimen,; (d) AFM image of 2D (10 m × 10 m) topography; (e) line proﬁle measurement on the AFM image in (d); (f) the 3D (10 m × 10 m) AFM micrograph of Ag-coated
structured Ag/PDMS specimen.

microscopy (AFM; Dimension Icon from Bruker) in tapping mode
with a scan rate of 0.5 Hz. The high aspect ratio TESPA-HAR, AFM
probe with resonant frequency 320–369 kHz and spring constant
k = 20–80 N/m was used for AFM measurement. The contact angle
measurements of the DI water on the Taro leaf and structured
Ag/PDMS surface were performed with Phoenix 300 system from
SEO, Korea. The ∼14 L water droplet was employed to measure the
static contact angle. Raman spectra were collected by WiTec CRM200 confocal Raman system with a 100× objective lens (NA = 0.95)
under backscattering conﬁguration. Argon (Ar) ion laser with excitation wavelength ( = 514.5 nm) was used as the excitation source.
The power of the incident laser was maintained at ∼6.63 mW
on sample throughout the experiments, keeping acquisition time
of 60 s for each measurement. MG stock solution of concentration 27 mM had been used for further dilution from 1 × 10−3 to
1 × 10−11 M, using DI water, to serve as molecular probe for the
SERS experiments. The MG probe solutions were drop casted on the

microstructured Ag/PDMS specimen and dried before SERS measurement.

3. Results and discussion
The AFM topography images (area, 90 m × 90 m) of the natural Taro leaf surface for 2D and 3D morphology obtained in tapping
mode using tip of high aspect ratio (5:1), are shown in Fig. 2(a)
and (c), respectively. These images evidently show that the natural Taro leaf surface consists of an ordered array of microstructure
(indicated by circles both in Fig. 2(a) and (c) with bumps or protrusions with average diameter and height of ∼11 and ∼7.48 m,
respectively). The peak-to-trough dimension of the line proﬁle
micrograph in Fig. 2(b) corroborates to the above-observed height
of the microstructure bumps. The root mean square (R.M.S.) roughness of Taro leaf surface measured by AFM data (Fig. 2(c)) is
∼2367 nm.
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Fig. 4. (a) FESEM image of Ag-coated structured Ag/PDMS specimen (b) a higher magniﬁcation FESEM image in (a), (c) AFM image (2 m × 2 m) of Ag ﬁlm deposited on
non-structured smooth PDMS surface and (d) is the line proﬁle measurement on the AFM image.

Fig. 5. Contact angle and adhesion measurement at different tilted angle (a) 0◦ , (b) 90◦ , (c) 65◦ , (d) 180◦ on the surface of microcavity structure Ag/PDMS substrate, (e) Raman
spectra of bulk MG on Si substrate as probe molecule with concentration of 27 mM and (f) SERS spectra of MG on Ag/PDMS substrate for various concentration of MG.

As perceive from the AFM micrographs that Taro leaf surface consists of the various micro/nano-scale roughness structures,
which offers an potentially opportunity for biomimicking for artiﬁcial micro/nano-structures for virous applications.
Results of AFM imaging, performed on the structured PDMS
specimen are shown in Fig. 3; Fig. 3(a)–(c) depict surface prior
to Ag deposition and Fig. 3(d)–(e) are post-Ag deposition images.
The 2D and 3D (90 m × 90 m) AFM images in Fig. 3(a) and (c)

show an array of uniformly arranged microcavities of dimensions
∼11 m in diameter and ∼7.14 m in depth on PDMS specimen
surface. The line proﬁle of these specimen surfaces in Fig. 3(b) corroborates these dimensions for the microcavities. The microcavity
nature of structuring on the PDMS is just as expected, being complementary to the bumped structure of the Taro leaf template. These
microcavity dimensions match extremely well with Taro leaf bump
dimensions measured from AFM images in Fig. 2. The PDMS elas-
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Table 1
Assignment for Raman and SERS peaks of MG molecules.
Raman peak position (cm−1 )

SERS peak position (cm−1 )

Assignment

Reference

533
803
922.8
1188
1223
1299
1383
1485
1608

528
803
910
1180
1221
1292
1399
s-1450, s-1485
1592
1617

Phenyl-C-phenyl out-of-plane bending
Ring C H out-of-plane bending (␥(C H)ring )
C H out-of-plane bending, Ring skeletal vibration
In-plane vibrations of ring C H (␦(C H)ring )
C H rocking (␦(C H)ring )
(C C)ring
N-phenyl stretching, ␦(C H)ring and ((C C)ring )
(C C)ring and ␦(CH3 )
C C stretching ((C C)ring )
Ring C C stretching ((C C)ring )

[47]
[47,48]
[47]
[13]
[4]
[48]
[4]
[47,48]
[47,48]
[2]

tomer mold envelops the Taro leaf bumps and ﬂows in the recess
and reliefs between the bumps resulting to the observed microcavities. This observation is signiﬁcant and shows the efﬁcacy of
the simple PDMS casting method followed in the present work for
fabrication of structured SERS sensors.
Fig. 3(d) and (f) show 2D and 3D AFM images for relatively
smaller area [10 m × 10 m] of Ag deposited structured PDMS
specimen. Fig. 3(d) shows that the Ag/PDMS has a nanoscale roughened surface having R.M.S. roughness of ∼152 nm. The ﬁgure also
depicts the presence of nanovoid or nanocavity as marked by the
arrows and circles in Fig. 3(f), which afﬁrms this observation. Also,
the corresponding line proﬁle of the above AFM images shown in
Fig. 3(e) determines the depth of one of the nonvoid as indicated
by A (Fig. 3(d)) is found to be ∼99 nm. In summary, the AFM images
in Fig. 3(a)–(c) for PDMS specimen prior to Ag deposition and in
Fig. 3(d) and (e) for the post-Ag deposition demonstrates the presence of microcavities and nanovoids on the surface of fabricated
PDMS specimen meant for the SERS sensing being the object for
present work.
In order to understand the distribution of microcavity and
nanovoid on PDMS specimen surface more clearly, FESEM characterization has been performed. Fig. 4(a) shows the FESEM
micrograph of Ag-coated PDMS microcavity array with microcavity
diameter size of ∼10.4 m, which is close to the earlier determined
dimension by the AFM measurements. A higher magniﬁcation
FESEM image in Fig. 4(b) reveals the rough surface morphology
of Ag/PDMS arising due to the nanogaps (nanovoids) between the
metallic coating on the bare structured PDMS surface (as indicated by red arrow and circles) and this again supports the AFM
results. Furthermore, the morphology of Ag ﬁlm deposited on
smooth PDMS substrate under similar deposition conditions has
been investigated separately by AFM imaging as shown in Fig. 4(c).
The AFM (2 m × 2 m) scan in the Fig. 4(c) shows that the Ag
ﬁlms are composed of granular Ag nanoparticles, which is further
conﬁrmed by the line proﬁle measurement shown in Fig. 4(d).
The wetting property of the Taro leaf and the prepared Agcoated rough microcavity Ag/PDMS substrate has been investigated
by water contact angle measurements. The static contact angle
of the fresh Taro leaf and Ag ﬁlm coated microcavity structure
Ag/PDMS substrate is measured as 152 ± 1◦ (Fig. S1) and 128 ± 1◦
(Fig. 5(a)) respectively. The contact angle of the Ag/PDMS substrate is less than Taro leaf (Fig. S1), but it is still greater than 90◦
which shows the microcavity structure Ag/PDMS substrate exhibits
hydrophobic behavior.
The adhesion properties of the Ag/PDMS substrate have been
studied by tilting the substrate with water droplet at different
angles (Fig. 5(a)–(d)). The water droplet is found to stay pinned
and not rolling off from the surface when the sample is tilted at
different angles 0◦ , 90◦ , 65◦ and 180◦ as shown in Fig. 5(a)–(d),
respectively. Thus, the fabricated Ag decorated Ag/PDMS specimen
shows hydrophobicity as well as adhesion or the rose-petal type
effect. This phenomenon is interesting and appears to have served

well for concentrating analyte molecules on SERS substrate which
add to the enhancement of SERS signal as well as in improving the
sensitivity for detecting very low concentrations. Although, here,
it is interesting to note that the microcavity structure replicated
onto PDMS surface are a negative morphology of the bumped hierarchical nano/micro structures of the Taro leaf. Whereas, the Taro
leaf is known for its superhydrophobicity due to the water contact
angle >150◦ and the rolling-off or sliding-off the water droplet from
the leaf surface at a very small tilt angle of <10◦ [28]. The present
Ag-coated microcavity structures of PDMS as a negative replica of
the Taro leaf surface has shown exceptionally higher adhesion, that
made the water droplets to completely immobilized.
Fig. 5(e) shows the plots of Raman spectra obtained for MG solution on Si surface at a molar concentration of 27 mM in range of
500–2500 cm−1 . All the Raman peaks are matched with MG signature reported in the literature (column1, Table 1).
Furthermore, the bulk SERS spectra for MG ranging from 500 to
2500 cm−1 in Fig. 5(f), shows that the various characteristic bands
are clearly observed and collerating with the literature. The relatively strong SERS peak at 1617 cm−1 , assigned to the in-plane
vibrations of ring C C is still distinguishable for very low concentrations (10−9 and 10−11 M) of MG. The other peaks of MG at 1399 and
1180 cm−1 in the SERS spectrum were caused by N-phenyl stretching and in-plane modes of C H bending, respectively [46]. The
medium bands at 1399, 1221, 910 cm−1 are attributed to N-phenyl
stretching, C H rocking, and C H out-of-plane bending [47]. The
assignments for remaining low-intensity Raman peaks at 528, 803,
1292, 1550, 1485 and 1592 cm−1 in the MG Raman and SERS spectra are given in Table 1. The SERS spectra, for low MG concentration
of 10−9 M, is slightly different in shape from the others as shown
in Fig. 5(f). This uneven behavior can be explained on the basis of
the different orientation of the MG molecules (benzene ring) on
the plasmonic substrate, as the orientation of molecules relative
plasmonic surface gives rise to slightly distinct SERS signatures [49].
For the quantitative analysis of SERS intensity for various concentrations of MG molecule, the C C stretching SERS peak at
1617 cm−1 in Fig. 5(f) has been chosen to depict the relationship
between MG concentration and the observed SERS intensity. As
shown in Fig. 6(a), with the concentration of MG molecules from
10−11 to 10−3 M, the SERS intensity increases monotonously. Signiﬁcantly, the detection limit for MG, even for a very low 10−11 M
concentration has been observed, revealing the high sensitivity of
fabricated SERS sensor. The high sensitivity of SERS sensor for MG
up to 10−11 M can be explained by the nanovoids/nanogap formation (Fig. 4(b)) on the surface of Ag/PDMS and granular morphology
of the Ag ﬁlm (Fig. 4(c)), that results in plasmonic hotspots. The
formation of these nanoscopic hot spots results in enhancement
of the local ﬁeld (ELoc ) and consequently enhance the resultant
SERS intensity. Also, the hydrophobic and adhesive behavior of
the Ag/PDMS surface, similar to rose-petal effect, further contributes to the enhancement of SERS signal by concentrating the
MG molecule over a smaller area during the drying process of MG
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Fig. 6. (a) SERS intensity of Ag/PDMS system for 1617 cm−1 peak with variation in MG concentration, and (b) SERS spectra of 10−7 M, MG measured at four randomly selected
locations on Ag/PDMS substrate, (c) The SERS spectra of the 10−7 M, MG concentration with different bending angle (strain) (d) schematic representation of the SERS substrate
bending and the measurement of the SERS spectra.

solution [38,50]. This enhanced SERS signal observed in the fabricated Ag/PDMS is due to the concentrating effect. Similar SERS
signal enhancement is reported by Chou et al. [37] for rose petal
type surface structure having hydrophobic and adhesive properties.
To quantify the extent of the observed SERS enhancements, SERS
signal is compared with the Raman signal of the bulk MG. In general,
the enhanced intensity for SERS signal compared to normal Raman
scattering is due to a very high local electric ﬁeld (ELoc ) in the vicinity
of the plasmonic rough surface of SERS substrate. For determining
the SERS enhancement effect of Ag/PDMS microcavity array SERS
substrate, the SERS enhancement factor (EF) is calculated as follows
[51,52]:
EF =

ISERS NBulk
IRaman NSurface

(1)

where ISERS is the intensity of a vibrational mode in the surfaceenhanced spectrum of a given mode, IRaman is the intensity of
the same mode in Raman spectrum, NBulk is the number of bulk
molecules probed for a bulk sample, and NSurface is the number of
molecules adsorbed on the SERS active substrate.
The Raman spectrum of aqueous MG (1 mM/L) has been
used for calculations of enhancement factor. The value of NBulk
and NSurface has been calculated by considering monolayerabsorption mode, assuming the molecules are uniformly distributed in the MG ﬁlms. The number density of the molecules
on ﬁlms is (1 × 10−3 mol/L × 5 L × NA )/2.5 mm2 = ∼1.2 × 1015 ,
where the surface area of the substrate is 2.5 mm2 , NA is
the Avogadro’s number. The laser spot having a diameter

of 2 m has its surface area ∼3.14 × 10−6 mm2 , hence, the
value of NSurface is (1.2 × 1015 × 3.14 × 10−6 ), i.e. ∼3.7 × 109 .
During Raman measurements laser spot (of diameter 2 m)
has a depth of 2 m and considering the size of one MG
molecule ∼1.3 nm, the number of layers of MG molecules in
2 M depth is calculated as: 2 m/(1.3 × 10−3 ) = 1.5 × 103 layers. So, the number of bulk molecules probed in the present
measurements for a bulk sample Nbulk = Nsurface × number of layers = 3.7 × 109 × 1.5 × 103 × 27 = 14.9 × 1013 (here, the bulk MG
solution has 27 mM concentration). The values of IRaman and ISERS
are ∼593 and ∼9366 cm−1 respectively, calculated by subtracting the spectrum baseline in origin software. However, for more
precise calculations of EF the values of IRaman and ISERS are taken
as 205,089.65 and 39,533.7, respectively, calculated by ﬁtting the
spectra with multiple Lorentzian functions and ﬁnding the areaunder-the-curve for the mode at 1617 cm−1 . Using Eq. (1), the
enhancement factor (EF) calculated for the SERS substrate for 1 mM
concentration of MG is ∼2.06 × 105 . The parameters used for above
calculations have been summarized in Table S1.
Additionally, the uniformity and reproducibility of SERS measurements, which are essential parameters for quantitative SERS
detection, have been estimated by randomly selecting four different locations on SERS substrate and recording their corresponding
SERS spectra for 10−7 M concentration of MG. It is observed that for
922 and 1592 cm−1 peaks, the measured intensity for four spots on
the fabricated SERS substrates shows only a slight variation (4–6%)
in intensities, from 900 a.u. (variation, 6%) and from 2500 a.u. (variation,4%), respectively as shown in Fig. 6(b). Since, the SERS spectra
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Table 2
Different SERS substrate used for MG detection with their detection range, enhancement factor, and substrate properties.
SERS substrate

Linear detection range

Enhancement factor (EF)

Substrate properties

Reference

Graphene oxide
(GO)/Au nanoparticles
(NPs) hybrids
Ag/TiO2 nanorods
scaffold
Colloidal AuNPs
Au NWs
Starch-coated Ag NPs
Au nanospheres
Ag/Au NPs coated
nanostructured PDMS
Ag NPs on PET
Ag nanoclusters on
ZnO nanodome
Ag/Taro leaf negative
PDMS substrate

2.5–100 mol/L

3.8 × 103

GO/AuNPs hybrids silicon
substrate

[53]

10−7 to 10−12 M

4.36 × 105

Non ﬂexible

[13]

0.5–35.0 mg L−1 (M)
10 −3 to 10−6 M
0.500–35.0 mg L−1 (M)
1–10 ng g−1 (nM)
2.7 × 10−7 M

1.52 × 106
–
5.11 × 105
–
3 × 107

[4]
[54]
[46]
[47]
[44]

1 × 10−10 M
10−5 to 10−17 M

–
∼106

NPs need separation
Non-ﬂexible
Powder
Non-ﬂexible
Flexible (self assembled PS
mono layer)
Flexible
Rigid non-ﬂexible

10−3 to 10−11 M

2.06 × 1 05

Flexible, hydrophobic,with
rose-petal effect

Present study

changes with the orientation of benzene ring [49], as a consequence
may contribute to the observed negligible variation (4–6%) in SERS
intensity of MG at different locations on the prepared Ag/PDMS
SERS substrate.
Table 2 shows comparative results of detection and enhancements for various SERS substrates reported in the literature for MG
detection. From Table 2, it is revealed that the fabricated ﬂexible
Ag/PDMS SERS substrate for MG detection has higher detection
limit (upto 10−11 M) as compared to earlier reported ﬂexible SERS
substrates. Although, the enhancement factor of certain reported
rigid substrates [13] is slightly higher (of order 106 ) than the
present Ag/PDMS (2.06 × 105 ) but they lack the ﬂexibility of SERS
substrates precluding their use in ﬂexible applications. Also, a high
enhancement factor (3 × 107 ) reported for the ﬂexible substrate
[44] has low spatial surface area due to the used self-assembly
based method. In comparison, the presently fabricated ﬂexible
Ag-coated PDMS micro-cavity array SERS substrates have shown
higher sensitivity as well as high enhancement factor for MG
detection due to its concentrating effect (hydrophobic/adhesive,
rose-petal effect) and is a large area SERS substrate.
Finally, the effect of substrate bending on SERS intensity (using
MG concentration of 10−7 M) is investigated by applying bending
strain on SERS substrate at different bending angles and recording
the corresponding SERS spectra as shown in Fig. 6(c) and (d). Even
though, the SERS intensity was found to decrease with the variation in bending angle of substrate from 180◦ (no bending strain) to
100◦ , but still the SERS intensity is higher (248 a.u.) compared to
the reference value (110 a.u.) and SERS signal for the 10−7 M concentration of MG is detectable. The decrease in SERS intensity with
bending angle of the substrate from 180◦ to 100◦ , is likely due to
the increase in nanogap of the nanovoid/cavity on the rough metal
surface available on PDMS surface by the application of the bending
stress.

4. Conclusion
In summary, a large area ﬂexible ultrasensitive SERS sensor
based on Ag-coated structured PDMS substrate for malachite green
(MG) detection have been fabricated. The fabrication method
includes simple casting of elastomer PDMS on a natural Taro leaf
used as a template for creating micro cavity structure over which Ag
is deposited by straight forward thin ﬁlm metal deposition method.
The structures on casted PDMS are large area uniform array of micro
cavities with diameter ∼11 m and depth ∼7 m. Ag ﬁlm deposited
on the top of the casted PDMS substrate shows a granular nature
with nanovoids. The Ag/PDMS surface has shown interesting wet-

[55]
[13]

ting properties of hydrophobicity (water contact angle ∼128 ± 1◦ )
as well as exceptionally higher adhesion, signifying a rose-petal
effect, which concentrates the probe molecules on SERS substrate
and offers high sensing performance. The fabricated SERS sensor
showed remarkable high enhancement factor of ∼2.06 × 105 and
high sensitivity with a linear range of the detection from 10−11 to
10−3 M for detection of MG molecules. The reproducibility and uniformity of SERS signal is well within 4–6% variations. The fabricated
SERS Ag/PDMS sensor showed the SERS signal in detectable range
for the tested MG molecule even on bending (straining) the substrate up to 100◦ bending strain. The efﬁcacy of the proposed SERS
sensors meets several requirements for an inexpensive, simple to
fabricate, ﬂexible yet with high enhancement factor as well as high
sensitivity and therefore may have the potential for other chemical
and biological SERS detection applications.
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