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Gold nanoparticle nanofibres as SERS substrate for detection
of methylene blue and a chemical warfare simulant (methyl
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Abstract. Flexible polymer (polyvinyl alcohol, PVA) nanofibres achieved with electrospinning and loaded with
picosecond laser-ablated gold nanoparticles (Au NPs) were utilized as surface-enhanced Raman scattering (SERS) substrates. The fabricated polymer nanofibres and Au NPs were characterized by UV–Visible absorption, field emission
scanning electron microscope, transmission electron microscopy and X-ray diffraction techniques. The PVA–Au NPs
SERS substrates were used to detect the dye methylene blue (MB 5 lM) and a chemical warfare agent simulant (methyl
salicylate) using a portable Raman spectrometer. The flexible PVA–Au NPs nanofibre exhibited a good sensitivity with
enhancement factors of [104 and a high reproducibility (RSD *10%). These flexible substrates could be extended for
SERS studies of various explosive and other hazardous molecules.
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Introduction

Recently, flexible substrates such as cellulose paper, polymer, textile films, etc. have gained tremendous research
interest due to their inexpensive, easy-to-use nature for
onsite detection of a wide range of analyte molecules.
Electrospinning is recognized as one of the most efficient
methods to produce continuous nanofibres with low cost
from a wide range of materials such as polymers, composites, ceramics, etc. [1]. In recent years, nanofibres have
attained significant interest in numerous fields, including
drug delivery, filter media, protective clothing, tissue
engineering, antibacterial materials and surface-enhanced
Raman scattering (SERS) studies [2,3]. Although there are
many versatile methods [4,5] of producing SERS substrates,
nanofibre substrates have grasped serious attention recently
from the SERS community because they offer several
benefits [6] such as (i) extremely large specific surface areas
due to high aspect ratio of the nanofibres, (ii) possibility of
loading them with high concentration of plasmonic
nanoparticles (or decorating them with a large number of
nanoparticles of different sizes), (iii) flexibility in sample
collection (it is possible in this case to collect the analyte/
sample directly from any surface (e.g., suitcase, bag,
table surface, etc.) on to the substrate by simple swabbing/
swiping), (iv) large-area substrate preparation combined

with low-fabrication cost. The SERS performance of
nanofibre depends on the properties of (i) nanofibres
(polymer nature, fibre diameter, morphology of the
nanofibres, spinning time, etc.) and (ii) nanoparticles [7]
(material type, size, shape, composition and density of
nanoparticles (NPs)) etc., (iii) decoration of nanoparticles
on the fibre [6,8] (within the fibre, surface of the fibre, etc.)
He et al [9] have recently studied the two key factors of the
SERS response (4-MBA, 10-6 M), i.e., (1) degree of
aggregation of Ag NPs (isolated, dimer and chainlike) and
(2) the electrospinning time (10–180 min). The polyvinyl
alcohol (PVA) nanofibre with short chain-like structures of
Ag NP aggregates demonstrated better EF than the others.
With an increase in the electrospinning time from 10 to 30
min, the thickness of the mat and the amount of Ag NPs per
unit area increased, which led to higher EFs and later they
have noticed the saturated situation. Chamuah et al [10]
studied the effect of gold film thickness (10, 30 and 60 nm)
on PVA nanofibre on SERS intensity (MG, 10-5 M), and
observed 30 nm thick gold film as superior.
The conversion of polymer nanofibres into SERS active
plasmonic fibres is possible in the presence of metal NPs.
Various strategies are involved in the fabrication of plasmonic nanofibres, which include direct addition of already
prepared NPs into the pre-electrospinning polymer solutions, vapor deposition/addition of NPs on post-spinning
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processes of nanofibres, in situ reduction method of metal
salts into the polymer solution, photo-reduction and electrodeposition [10,11]. Shi et al [12] have fabricated polyacrylonitrile nanofibres loaded with Ag NPs using silver
mirror reaction, i.e., soaking small pieces of (2.5 cm2)
nanofibres membrane in 2 and 5 wt% AgNO3 solution in a
dark container for 1 day and subsequently freeze-dried for
another day. Zhang et al [7] synthesized Ag–PVP nanofibres by adding Ag NPs to the PVA solution before electrospinning and used to detect 10-8 M 4-mercaptophenol
(4-MPh) molecules. Zhang and co-workers [13] reported
the detection of 10-4 M DTTCI (3,30 -diethylthi-atricarbocyanine iodide) using Au NRs/PVA nanofibre mat. During
the past few years, PVA-based polymers are widely used in
various applications, such as adhesives, emulsificants,
enzyme immobilizer, etc., where the PVA can be tailored
for improving the mechanical, thermal, and chemical stability of the applied matrix.
In this study, we report the fabrication of Au–PVA
nanofibres via the electrospinning technique for designing
flexible SERS platforms and are utilized as sensors for the
detection of methylene blue (MB) and methyl salicylate
(MS). Initially, smooth continuous PVA nanofibres were
fabricated by optimizing the PVA concentration. Pure Au
NPs were fabricated using picosecond (30 ps, 1064 nm,
10 Hz) laser ablation technique. Later, these synthesized Au
NPs were centrifuged and added to the PVA solution before
the electrospinning process. The plasmonic nanofibres were
characterized by field emission scanning electron microscope (FESEM), transmission electron microscopy (TEM)
and X-ray diffraction (XRD) techniques.

2.
2.1

Experimental
PVA nanofibre preparation

Figure 1a illustrates the schematic of the electrospinning
process, while figure1b and c depict the photographs of the
ESPIN-NANO electrospinning technique unit. Figure 1d
illustrates the prepared large-area flexible nanofibre mat.
Firstly, the electrospinning conditions were optimized by
investigating the polymer solution concentrations, which is
a crucial factor affecting the output. Three different concentrations of PVA solutions such as 5, 10 and 30 wt% were
prepared in deionized water. For the deposition of PVA
nanofibres, a 5 ml syringe at a flow rate of 0.5 ml h-1 at a
voltage of 16 kV was applied. The rotating disk collector at
a speed of 1500 rpm was employed to collect the sample.
The separation between the tip of the syringe needle and the
collector was adjusted to 15 cm. All three concentrations of
PVA nanofibres are fabricated by operating the electrospinning apparatus at the same conditions. The best electrospinning condition was filtrated from the analysis of the
FESEM (Ultra 55 from Carl ZEISS field emission scanning
electron microscope (FESEM) operated with 30 kV is
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utilized) data of the obtained nanofibres. Because of the
nonconductive nature of this material, a thin conductive
layer of gold was sputtered on the polymer nanofibre to
facilitate the capturing of lower magnification images.

2.2

Gold NPs preparation

The synthesis of NPs using laser ablation in liquid technique has several advantages compared to other lithographic or chemical methods. It is a versatile technique to
synthesize the various NPs [14], providing the following
advantages
• Pure colloidal NPs are obtained without any chemical
precursors and stabilizing agents.
• Stable NPs (12–15 weeks at least) due to the
formation of an electrical double layer.
• Simple one-step procedure and does not require any
centrifugation/purification methods. The only technique where both NPs (as colloids) and nanostructures (on solid substrates) can be prepared in one
experiment/exposure.
• High productivity—permits the synthesis of NPs in
several grams per hour with picosecond laser pulses.
• Possibility to synthesize a variety of nanomaterials
(semiconductors, metals, ceramics, etc. including
binary, ternary alloys, etc.)
Au NPs in the present case were achieved through a laser
ablation technique using an amplifier system that delivers
pulses of *30 picosecond (ps) pulse duration at 335/532/
1064 nm wavelengths operating at a 10 Hz repetition rate.
Here, the ps laser delivered *30 ps pulses at 1064 nm,
while *20 mJ input pulse energy was utilized to ablate the
Au target. The Au sample was placed at the bottom of the
glass beaker containing *5 ml distilled water (DW), and it
was mounted on a computer-controlled X–Y stage. The ps
pulses were focused onto the sample surface using a planoconvex lens with a focal length of 100 mm. The sample was
raster scanned to avoid the single-point ablation on the Au
surface. The sample was scanned with the help of motorized
stages along X and Y directions at a speed of 0.1 mm s-1.
The detailed fabrication procedure and mechanism for Au
NPs formation by laser ablation was reported in our previous study [15,16].

2.3

PVA–Au NP preparation

The optimized concentration of PVA solution and the prior
synthesized Au NPs were mixed by dissolving 1 g PVA in 9
ml deionized water at 80 C (cooling off to room temperature). The prepared Au NPs were centrifuged and dispersed in 1 ml of distilled water. These Au NPs were
subsequently added to the PVA solution gradually to disperse uniformly through the solution using a magnetic
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Figure 1. (a) Schematic of the electrospinning process, (b) and (c) photographs of the ESPIN-NANO
electrospinning technique and (d) prepared flexible nanofibre mat.

stirrer and noticed the colour change from transparent to
dark pink. The Au NPs-loaded PVA solution was placed in
a 5 ml syringe for electrospinning to prepare the PVA–Au
NPs nanofibre.

3.
3.1

Results and discussions
Characterization

Initially, the laser fabricated Au NPs were characterized by
UV–Visible absorption (Perkin Elmer Lambda-750) and
TEM (Tecnai G2 S-Twin TEM instrument at 200 kV)
studies. Figure 2a presents the UV–Visible absorption
spectra of the synthesized Au NPs; the surface plasmon
resonance was observed at *519 nm. TEM investigations
were performed to determine the shape and size of synthesized Au NPs, and the typical TEM image (figure 2b)
depicts spherical Au NPs. The estimated size distribution
with an average size of *15 nm is shown as an inset of
figure 2b. HRTEM image of the Au NP (figure 2c) and its
auto-correlated lattice fringe image (figure 2d) acquired

from the selected area (dotted yellow box) revealed a lattice
spacing of the Au (111) planes as 0.23 nm.
SEM images of the concentrations 5, 10 and 30 wt% are
illustrated in figure 3a–f (a, c, e are low-resolution images
while b, d, f are high-resolution images), respectively. At
5 wt% of PVA, nanofibres with microbeads were observed.
At higher concentrations of PVA, i.e., at 10 and 30 wt%, an
electrospun mat containing only fibre without beads was
noticed. At 10 wt% PVA concentration and above, the
polymer solution had a sufficient number of polymer chains
for expanding their conformation and aligning themselves
through lateral and crossed inter-molecular hydrogenbonding interaction without the formation of beads. At
5 wt% PVA concentration and lower, we suspect the presence of both intra and intermolecular hydrogen bonding
interactions among the polymer chains, wherein the beads
represent the compact and aggregated conformation of the
polymer chains stabilized through complex intra and intermolecular hydrogen-bonding interactions among the polymer chains. The thickness of the fibre increased from *250
to *430 nm, with increasing concentration from 10 to 30
wt%.
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Figure 2. (a) UV–visible absorption spectra. (b) TEM, (c) HRTEM and (d) auto-correlated lattice fringe image of
the Au NPs obtained by laser ablation.

The lower and higher magnification FESEM images of
PVA nanofibres without and with Au NPs and their size
distribution images are shown in figure 4a and b. It is evident that long microbeads-free electrospun nanofibres were
deposited under these experimental conditions. The
obtained data provided the average diameter of nanofibres
without and with NPs as 274 ± 32 and 95 ± 19 nm,
respectively. The fibre diameter was identified to be
decreased in embedded Au NPs–PVA in comparison with
pure PVA nanofibres. The nanofibres with NPs were formed
because of the presence of metal and increase of surface
charge along the PVA backbone, thereby increasing the
conductivity of the PVA solution. The PVA solution with
higher conductivity provided a higher elongation force on
the released polymer jets under an equal applied electric
field, which resulted in improving the electrospinning
conditions. In the SEM images of Au NPs–PVA nanofibre,
the embedded NPs on fibre are not visible because of a low
resolution. The presence and distribution of NPs in the PVA
nanofibre were examined with TEM studies. The typical
TEM micrograph is shown in figure 4c, depicting that the
Au NPs were indeed attached to PVA nanofibre. The

presence of Au NPs on the nanofibres was also confirmed
from XRD studies. Figure 4d illustrates the XRD patterns of
PVA nanofibres with and without the loading of Au NPs. In
the case of PVA nanofibres, no XRD peak was identified
because of the amorphous nature of PVA. In the case of Au
NPs-loaded PVA nanofibres, the diffraction peaks 38.6,
44.9, 65.2 and 78.3 were observed, which correspond to
Au, and those were found to be in good agreement with
standard JCPDS data card [Au: 04-0784] [17].

3.2

SERS studies

Rigid and planar substrates are proven to be efficient SERS
sensors in terms of sensitivity and reproducibility. However,
these are usually realized by complex/multi-step fabrication
procedures, which can sometimes limit the application in
point-of-care diagnostic applications. Furthermore, the
analyte molecules need to be taken to the substrate, which is
difficult in some cases (for example, if one wishes to detect
trace molecules say from a post-blast scenario and with
limited analyte available, then swab kind of substrates are
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Figure 3. FESEM images of PVA nanofibres obtained for (a) 5 wt%, lower magnification; (b) 5
wt%, higher magnification; (c) 10 wt%, lower magnification; (d) 10 wt%, higher magnification; (e) 30
wt%, lower magnification and (f) 30 wt%, higher magnification.

more useful). Recently flexible SERS substrates have been
widely adapted/accepted as SERS sensors because of its
economical fabrication cost. Furthermore, the great advantage being that it can directly collect the analyte/sample
without any preparation [18]. Additionally, flexible substrates such as filter paper, nanofibre, and fabrics have huge
porosity; thereby will be able to take in more NPs and/or
analyte molecules. Further, they have sample storage
capability, are lightweight, disposable, handy and additionally the flexibility serves as benefit to the substrate for
different applications. Therefore, our interest was to
develop flexible substrates to overcome the disadvantages
of rigid substrate. Rigid substrates have higher Raman
enhancement factors and will work in cases where we can
transfer the analyte to the substrate easily and particularly in
cases where large Raman enhancements are required. In our
previous work we had considered filter paper as a base for
loading Ag/Au NPs [19]. In this study, we investigated the

polymer nanofibres as a base to loaded Au NPs, The
polymer nanofibre mat with NPs can be called as 3D SERS
substrates [13] with the mentioned advantages.
The combination of flexible substrates and
portable spectrometer has gained tremendous interest due to
their simple, inexpensive, ease in handling nature for realtime onsite detection of probe/analyte molecules. Here,
SERS studies on the nanofibres of PVA–Au NPs were
performed with a dye molecule (MB) and chemical warfare
agent simulant (MS) using a portable Raman spectrometer
(i-Raman plus, B&W Tek) with 785 nm excitation. The
obtained SERS spectra of MB-5 lM and MS-1M are
illustrated in figure 5a (the Raman spectrum of Au NPs ?
PVA fibre without analyte molecule is also provided in
figure 5aii, while the Raman spectra of MB using PVA
nanofibre without Au NPs is illustrated in figure 5ai). No
SERS signal was observed without metal NPs in PVA
nanofibre. Therefore, we believe that signal enhancement
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Figure 4. Electrospun PVA nanofibres SEM images: (a) without Au NPs and (b) with Au NPs respectively. Insets
represent corresponding fibre diameter distribution. (c) TEM image of electrospun PVA nanofibres with Au NPs and
(d) XRD patterns of pure PVA nanofibre and PVA loaded with AuNPs.

could be because of electromagnetic mechanism due to the
presence of plasmonic NPs. The presented results demonstrate that the proposed Au NPs-loaded PVA nanofibre
SERS substrate strongly enhancing the Raman signals. We
believe the interconnecting porous structure loaded with Au
NPs generating the plasmonic nature led to the enhancements in the Raman signal of the analyte molecule. All the
Raman bands were assigned and are matched well with the
previous reports [20,21]. The details of all the EF calculations are discussed in previous works [22]. The achieved EF
was *4 9 104 for 1620 cm-1 mode in the case of MB. The
detection of MS is important since it is an inert physical
stimulant for the chemical warfare agents [23] sulfur mustard and soman. Li et al [21] detected 10-4 M MS using the
SERS technique with molecule/assistant/metal (MS/4, 40 (hexafluoroisopropylidene) bis (benzoic acid)/Ag NPs)
system. The efficacy and sensitivity of the fabricated PVA
nanofibre mat loaded with Au NPs substrate was evaluated
as a function of varying concentration of the MS from 1 M
to 10 mM. Figure 5b presents the corresponding SERS
spectra, while figure 5c depicts the contour plot of the most

prominent peak (808 cm-1) intensity obtained from 10
random locations on the as-prepared Au–PVA nanofibre
substrate. Figure 5d illustrates the histogram plots depicting
the signal variation of the 808 cm–1 mode with RSD value
of *10.1%. This clearly demonstrates that there was a
near-homogeneous distribution of the Raman hotspots as
well as analyte adsorption in a large number of nanoscale
gaps on the porous surface of PVA nanofibres loaded with
Au NPs.
In the past few decades, there have been lot of research
reports addressing the hot-spot engineering to increase the
sensitivity of the substrates. Recently hybrid SERS substrates (for example, the combination of laser textured silicon with metal NPs, laser patterned silver with graphene
oxide and laser microstructures with Ag-Au alloy NPs
[24–26]) have gained attention due to their capability of
detecting explosive molecules at the trace levels. Rani et al
[27] fabricated the hybrid SERS substrate of laser-etched
MoS2 layer with Au NPs, wherein they demonstrated that it
led to the generation of localized hotspots along the artificial edges. Each of these substrates have few unique
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Figure 5. (a) SERS spectra of MB-5 lM, MS-1 M, PVA–Au NPs without analyte and PVA without NPs and with
MB. (b) Concentration-dependent SERS spectra of MS (i) 1 M, (ii) 100 mM, (iii) 50 mM and (iv) 10 mM. (c and
d) SERS spectra contour plot and histogram plot of SERS intensity of the most prominent peak of MS-808 cm-1
using Au NPs-loaded PVA nanofibres, respectively.

advantages and need to be investigated thoroughly for
finding niche applications in various fields, including
detection of trace hazardous materials.
In future, this study will be sustained to explore the
possibility of detecting all common explosives and the
sensitivity could be improved by modifying the polymer
morphology (hollow metal tubes, core-shell fibres) and also
by loading various sized/shaped alloy/anisotropic NPs.
Further, we will focus our efforts towards loading higher
number of NPs into these nanofibres for achieving higher
enhancement factors.

4.

Conclusions

A fast and easy approach is demonstrated to prepare flexible
plasmonic-active SERS substrates by electrospinning technique. Picosecond laser ablation technique was utilized to
prepare the Au NPs used in this study. Further, Au NPsloaded PVA nanofibre mat was achieved by electron spinning of both Au NPs and PVA solution. The fabricated Au
NPs are characterized by absorption and TEM studies. The
morphology of polymer nanofibres was studied by FESEM.
Subsequently, Au–PVA nanofibre mat was utilized as a
SERS sensor to detect MB (5 lM) and MS (10 mM) with a

good reproducibility, and more importantly, using a simple,
portable Raman spectrometer.
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