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Abstract. Nanoparticle (NP)-loaded filter paper (FP)-based surface-enhanced Raman scattering (SERS) substrates have
been prepared using differently shaped gold (Au) NPs. The shape of Au NPs plays a significant role in the amplification of
SERS signal. Here, two differently shaped Au NPs were synthesized using two different techniques: (a) femtosecond (fs)
laser ablation in liquid and (b) chemical method. Spherical shaped Au NPs were obtained using fs ablation of a bulk Au
target in distilled water and Au nanostars (NSs) were achieved through chemical process utilizing N-vinyl-2-pyrrolidone
as a reducing/capping agent. The size and shapes of these synthesized NPs and NSs were investigated meticulously using
different characterization techniques such as transmission electron microscopy, field emission scanning electron microscopy
and X-ray diffraction. Both the NPs and NSs were subsequently loaded onto commercially available FP by simple drop
casting method. To achieve higher number of hot spots, the aggregated spherical NPs were obtained by addition of NaCl.
The non-aggregated spherical, aggregated spherical, and star Au NPs loaded on FP were used for the detection of a dye
(Nile blue) and an explosive molecule (Picric acid).
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1. Introduction
Surface-enhanced Raman scattering (SERS) is an efficacious
sensitive analytical tool and has displayed tremendous influence in the field of sensors because of its characteristic
feature of molecular fingerprinting ability combined with
high specificity [1,2]. In the SERS technique, the Raman
signals can be considerably enhanced through the localized surface plasmon resonance (LSPR), which primarily
depends on the size, shape and composition of the metal
nanoparticles (NPs) [3]. During the last two decades, gold
nanoparticle (Au NPs) of different morphologies have been
tested as SERS substrates because of their tuneable plasmonic capability in the visible to NIR range and stability
[4]. Moreover, strong LSPR can be generated at the sharp
edges, junctions and narrow gaps of metal NPs, which are
usually referred to as ‘hotspots’. More recently, a large number of techniques have been introduced to design various
SERS substrates with large number of hotspots [5,6]. Of late,
many researchers have directed their efforts towards the fabrication of an ideal SERS substrate (e.g., low-cost, highly
sensitive, extremely selective, exceptionally reproducible,
flexible and versatile). Among the solid-supported SERSbased substrates, paper-based SERS substrates are attractive
with several advantages and act as sensors for the detection of
explosives, pesticides and also in bio-diagnostic applications
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[7,8]. Most importantly, cellulose paper has promising features such as flexibility, simple use, biodegradability, renewability and inexpensiveness compared with conventional solid
(silicon/glass)-based substrates. Paper-based substrates have
a great potential in practical use due to their scaffold nature
and high adsorption capability of NPs due to their porous
surface [9–12].
In our previous study, we had demonstrated the ability of paper-based SERS substrates in explosive detection
after loading the aggregated Ag/Au NPs with different concentrations of NaCl [13]. Numerous techniques have been
developed to fabricate SERS substrates, like laser ablation in liquid (LAL), lithography, chemical approaches, etc.
[14,15]. Over the last few years, our group has been working on optimizing the LAL technique with femtosecond
(fs) and picosecond laser pulses for synthesizing different
metal/alloy NPs and studies involving their applications in
SERS. This technique permits the synthesis of NPs from
any material such as metals, alloys, ceramics and semiconductors and in any organic and ionic liquid, demonstrating its versatility. A chemical-free environment in the
LAL technique leads to the formation of ‘clean’ NP dispersions. Surfactant-free, ‘bare’ metal NP surfaces in the
absence of ligands or stabilizers are achieved. Depending on
the processing conditions the LAL technique is capable of
producing g h−1 yield, which indeed has been reported in a
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few cases of the NPs [16–18]. Further, LAL is capable of producing multi-component NPs using appropriate targets and
solvents. We have also demonstrated that in a single experiment one could achieve both NPs and nanostructures (NSs).
To synthesize differently shaped NPs, we recently adopted
chemical methods. In this work [19], different anisotropic
Au NPs were synthesized to vary tips size length etc. by
changing pH of the reaction medium (PVP, Au ions and solvents).
The present work demonstrates the utilization of common filter paper (FP)-based SERS substrates with large
number of hotspots achieved by following the two methods: (1) aggregated spherical shape Au NPs by the addition
of NaCl (50 mM) to pure Au NPs, which are prepared
by LAL and (2) gold nanostars (Au NSs) synthesized by
a chemical method that is a low-cost and straightforward
technique. The non-aggregated spherical Au NPs, aggregated spherical Au NPs and Au NSs were loaded onto
the FP and were utilized as SERS-active platforms. In all
the cases, 50 µl of NPs/NSs were drop-casted on plain
FP. The morphological studies of NP/NS-loaded FPs were
conducted by techniques of UV–visible spectroscopy, transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FESEM). The SERS performance of these FP substrates was assessed with probe
molecules of Nile blue (NB, a dye molecule) and Picric
acid (PA, an explosive molecule). The Raman data were
collected using a portable Raman spectrometer equipped
with diode laser (excitation wavelength of 785 nm)
and an integration time of 5 s, while the utilized laser power
was ∼10 mW.
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2.2 Synthesis of aggregated Au NPs: salt-induced
aggregation
In our previous study [13], aggregated NPs were achieved
by addition of different concentrations of NaCl (1, 10, 50,
100, 500 mM and 1 M) to Au NPs fabricated earlier by LAL
technique. Series of SERS measurements were performed by
soaking of FP in NaCl of different concentrations. The NaCl
concentration was optimized as 50 mM to get higher SERS
performance from the paper SERS substrates. Here, we utilized the aggregated NPs achieved by mixing of 50 mM NaCl
in equal volume of Au NPs.
2.3 Synthesis of Au NSs: chemical method
Heretofore, our group has successfully demonstrated the synthesis of anisotropic Au NPs with different core sizes, branch
numbers and lengths. In [19], we demonstrated the SERS
capability of chemically synthesized anisotropic Au NPs with
varying tip length. We followed the same procedure in preparation of Au NSs as that of our earlier study, where we
demonstrated that those NSs exhibited superior SERS performance. Briefly, 15 ml poly-N-vinyl-2-pyrrolidone (PVP—
5 mM) was dissolved in dimethylformamide (DMF) mixed
with sodium hydroxide (NaOH—1.5 mM) and hydrochloroauric acid (HAuCl4 ·3H2 O—0.27 mM). These NPs were centrifuged in ethanol to remove the excess PVP.

3. Characterization
3.1 UV–visible absorption spectra

2. Experimental
2.1 Synthesis of spherical Au NPs using LAL
Green and eco-friendly spherical Au NPs were synthesized
by ultrafast LAL technique. Before conducting the ablation
experiments, Au target was cleaned with acetone, ethanol
and deionized water in an ultrasonic cleaner for 10 min.
The cleaned Au surface was then ablated using a regenerative fs (Ti: sapphire) amplifier (∼50 fs, 800 nm, 1 kHz). The
incident laser energy was adjusted to be ∼500 µJ using a
Brewster polarizer and half-wave plate combination. The target was placed at the bottom of glass beaker and filled with
5 ml distilled water (DW). The incident laser pulses were
focused through a plano-convex lens of focal length 10 cm
onto the target surface. The beaker was mounted on a motorized computer-controlled translational stage to avoid repeated
ablation at a single spot on the target. The stages were translated at a speed of 100 µm s−1 along X and Y directions and
the typical ablation time for obtaining the ablated NPs was
∼40 min.

The optical absorption measurements were carried out in
the wavelength range of 300–1100 nm using a UV–visible
spectrometer (JASCO V-670 spectrometer). The analysis was
performed on both Au NPs/NSs in solution and Au-NPs/NSsloaded FP. Laser-ablated Au NPs show the absorption maxima
at ∼527 nm (figure 1a(i)), which corresponds to the plasmon resonance of spherical Au NPs [20]. Au NSs illustrated
an absorption peak in the broad spectral range of 600–900
nm, as shown in figure 1b(iii). Peaks in the near-IR region
with a broad width are characteristic of the NSs with sharp
branches. The absorption spectra of Au-NP/NS-loaded FP
exhibited similar absorption spectra with broadening in SPR
peak, shown in figure 1a(ii) and b(iv). The observed broadening of SPR peak can be attributed to the change in the NPs
surrounding dielectric medium (from liquid in quartz cuvette
to FP in air and also the paper) and even from the paperinduced aggregation of the NPs [21].
3.2 TEM studies
The shape of Au NPs/NSs was further confirmed from
the TEM measurements. Figure 2a shows the laser-ablated
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Figure 1. UV–visible absorption spectra of (a) spherical Au NPs obtained by LAL and (b) Au NSs obtained by chemical
methods. The curves (i) and (iii) represent colloidal Au NPs/NSs, while curves (ii) and (iv) represent FP loaded with Au
NPs/NSs, respectively.

Figure 2. TEM images of (a) laser-ablated Au NPs and (b) chemically synthesized Au NSs. Insets
illustrate the corresponding SAED patterns.

spherical Au NPs. In the present case, a high polydispersity and chain-like agglomeration of laser-synthesized
spherical Au NPs were observed, and this could be because
of laser fragmentation and laser melting of colloidal NPs
during laser interaction. The absorption of the laser fluence with the already formed NPs in the liquid leading to
the formation of smaller sized NPs and also, in contrast,
these melted smaller sizes NPs fuse together to form bigger sized NPs. The mechanism of each is equally complex
and it can be ascribed to the generation of high-pressure
and high-temperature plasma at the target–water interface
during the laser ablation, which can induce strong interactions between the ejected Au ions and the liquid present in
the vicinity. Earlier works reported/demonstrated the chainlike behaviour of NPs in LAL experiments [6,20,22,23]. He
et al [24] have reported the formation of Au nanochains

in water obtained using ns laser ablation. Byram et al [25]
reported Au chain elongated structures in Au NPs fabricated with increasing pulse energy in the picosecond laser.
Figure 2b shows the chemically synthesized Au NSs with
more than ∼6 tips. The difference in the size of the Au
NSs and the tips could be attributed to the nucleation of
anisotropic growth at multiple sites in the synthesis procedure.
Inset of figure 2 shows the selected area electron diffraction
(SAED) patterns of the corresponding spherical Au NPs/Au
NSs.
3.3 FESEM studies
The lower and higher magnification FESEM images of plain
FP, shown in figure 3a and b, depict the natural wrinkles
and fibril structures of cellulose. These structures of the FP
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Figure 3. Lower and higher magnification FESEM images of (a, b) plain filter paper, (c, d) FP with
spherical Au NPs, (e, f) FP with aggregated Au NPs with 50 mM NaCl and (g, h) FP with chemically
synthesized Au NSs.

provide a larger surface area for loaded NPs/NSs adsorption
compared with the flat surfaces such as silicon/glass/metal
[26,27]. Figure 3c, e and g illustrates the lower magnification
images of the non-aggregated, aggregated Au NPs and Au
NSs, respectively. These images depict the uniform distribution of NPs. The salt-induced aggregation effect is clearly
revealed in the higher magnification image presented in
figure 3f compared with non-aggregated NPs, whose data are

presented in figure 3d. The homogeneity and distribution of
star shape Au NPs are depicted in figure 3h.

3.4 X-ray diffraction studies
X-ray diffraction (XRD) patterns of bare FP and NP-loaded
FP are presented in figure 4. From the bare FP XRD data,
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4. Results and discussion
4.1 SERS: dye molecule (NB)

Figure 4. XRD patterns of (i) plain FP, (ii) FP loaded with spherical Au NPs and (iii) FP loaded with Au NSs. Insets illustrate the
expanded view of the low-intensity peaks (of gold) for each case.

shown in figure 4(i), it is possible to qualitatively evaluate that Whatman grade 1 FP has a typical semi-crystalline
cellulose structure, which is verified by the characteristic
diffraction peaks found at (2θ ) 14.9, 16.6 and 23.2◦ corresponding to the (100), (110) and (200) crystallographic
planes of monolithic cellulose type-I, respectively (JCPDS
PDF files: 00-056-1717, 00-056-1718 and 00-056-1719) [28].
Figures 4(ii) and (iii) illustrate the XRD data of FP loaded with
spherical and star Au NPs. To show the corresponding peaks
clearly, enlarged images (from 30 to 80◦ ) are shown as insets.
The peaks are located at 38.1, 44.0, 65.1 and 78.1◦ for spherical Au NPs and 38.7, 44.9, 65.1 and 78.2◦ for star Au NPs,
and correspond to the crystal planes of (111), (200), (220) and
(311), respectively (JCPDS file number Au: 04-0784).

In the recent years, substantial efforts from various research
groups have been focused on impregnating flexible paper
SERS substrates with metal NPs [27]. The three-dimensional
and porous structure of paper usually provides a greater surface area to localize the adsorption of analyte molecules in
the vicinity of the hotspots [11,29]. SERS performance of
FP loaded with non-aggregated, aggregated Au NPs, and
Au NSs was assessed with the NB dye molecule. NB is a
highly toxic and low-degradability dye molecule used widely
in industries. The NB over-usage can cause significant environmental issues. The detection of these aromatic dyes was
a great deal of concern to the environment as well as the
human health. SERS is a promising approach for screening
these type of molecules at lower concentrations because of its
superior fingerprint ability with high selectivity. Here, NPloaded FP substrates were utilized to detect the NB (5 nM)
and the data are shown in the figure 5a. The Raman spectra
of plain FP is shown in black colour in figure 5a(i) and a
prominent peak is observed at 1094 cm−1 (highlighted with
grey colour), corresponding to the C–O–C bending mode.
The Raman peaks of NB are observed at 590 and 662 cm−1
(highlighted with yellow colour), which are assigned to the
C–C–C and C–N–C deformation and in-plane C–C–C or
N–C–C deformation, respectively. Compared with the pure
NPs, superior SERS signals were observed for aggregated
NPs and the Au NSs, which could be ascribed to the generated higher number of hotspots. In aggregated metal NPs,
the enormous field at the junctions is due to their transition
dipole coupling [30]. Also, in Au NSs, the enhancement at
local fields can be greatly enhanced and concentrated near

Figure 5. (a) (i) The Raman spectra of plain FP and (ii)–(iv) the SERS spectra of NB (5 nM) from NP/NS-loaded FP
[(ii) laser-ablated Au NPs (spherical), (iii) salt-induced aggregated spherical NPs and (iv) chemically synthesized Au
NSs]. The highlighted grey coloured region shows the Raman peaks from the FP while the yellow coloured region shows
the Raman peaks exclusively from NB. (b) The corresponding bar chart of the estimated EFs for the most prominent
peak of NB (590 cm−1 ).
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Figure 6. (a) SERS spectra of PA (50 µM) on NP-loaded FP with (i) laser-ablated spherical Au NPs (non-aggregated),
(ii) salt-induced aggregated spherical Au NPs and (iii) chemically synthesized Au NSs. The highlighted grey coloured
region shows the Raman peaks from the FP while the yellow coloured region shows the Raman peaks exclusively from
PA. (b) Corresponding bar chart of the estimated EFs for the most prominent peak of PA (819 cm−1 ).

Figure 7. (a) SERS spectra of PA (5 µM) on NP-loaded FP with (i) non-aggregated spherical Au
NPs, (ii) aggregated spherical Au NPs and (iii) Au NSs. The highlighted grey coloured region shows
the Raman peaks from the FP while the yellow coloured region shows the Raman peaks exclusively
from PA. (b) Reproducibility data for the SERS intensity of PA (819 cm−1 ) recorded at 16 random
positions from the salt-induced aggregated spherical Au NPs.

the particle tips with sharp surface features, which leads to
the generation of more hotspots compared with spherical NPs
[31].
The analytical enhancement factor (AEF) was calculated
using the formula EF = (ISERS /IR )(CR /CSERS ) [13]. The
most prominent peak of NB at 590 cm−1 is opted to calculate signal enhancement, and the EF comparison plot is
shown in figure 5b. The EFs are 8 × 107 , 2.7 × 108 and
3.2 × 108 for non-aggregated spherical, aggregated spherical Au NPs and Au NSs, respectively. The morphological
features of the particles play a dominant role in the SERS
enhancements. We noticed 4 times stronger SERS signals
for Au NSs compared with the non-aggregated Au NPs and
1.2 times stronger signals than for aggregated spherical Au
NPs.

4.2 SERS studies: PA detection
Similarly, the SERS performance of all the FP-based substrates was investigated using an explosive molecule (PA). PA
is synthesized in a simple manner from freely available precursors and has been revived as an interesting probe molecule
in detection over the last few years [32]. SERS spectra of PA
(50 µM) recorded from FP substrates are depicted in figure 6a.
The most prominent peak of PA is found at 819 cm−1 (highlighted with yellow colour), which is assigned to NO2 scissor
along with FP peaks (grey colour). All the peaks coincide
well with those in our previous work [13]. The aggregated
Au NPs exhibited improved Raman signals than the nonaggregated Au NPs as well as the Au NSs. The limit of
detection was lower for the explosive molecule compared
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Summary of the earlier works on FP-based SERS.
SERS substrate

Method

Analyte molecule

Reference

Ag NPs on FP
Ag NPs on FP
(Ag NPs)-embedded nylon filter membrane
Ag triangular nanoplates on FP
Au NPs on FP
Au NPs on pseudo-paper film
Au NPs (spherical and star)

Dip-coating
Drop casting
Vacuum filtration
Drop casting
Dip-coating
In-situ synthesis
Drop casting

Melamine in diluted milk: 1 ppm
Rhodamine 6G, Crystal Violet
RH6G: 1 pmol, CV: 10 pmol, MG: 10 pmol
4-MBA
Bacteria
4-MBA: 10−11 M, Thiram: 10−10 M
Nile blue: 5 nM, Picric acid: 5 µM

[36]
[37]
[38]
[39]
[40]
[41]
Present work

with dye molecule, which could be attributed to the lower
Raman cross-section of PA than that of the NB at 785 nm
(excitation wavelength). Furthermore, the position and orientation of the analyte molecule on the SERS substrate will
affect the enhancement. The EFs are calculated by choosing
the 819 cm−1 mode; the obtained EFs are 4 × 103 , 1.8 × 104
and 1.6×104 for non-aggregated spherical, aggregated spherical Au NPs and Au NSs, respectively, and the data are shown
in figure 6b.
These FP substrates are further tested for detection of PA
at lower concentration (5 µM) and the data are depicted in
figure 7a. At lower concentrations, the Raman signals from
PA were not clearly identified with non-aggregated Au NPs.
Aggregated NPs/NSs are expected to demonstrate higher
SERS efficiency than individual NPs because of the greater
SERS enhancement at their points of contact. The obtained
EFs were 7.2×104 and 4×104 for the aggregated Au NPs and
Au NSs, respectively. A higher SERS signal (∼1.8 times EF)
was observed from the aggregated NPs compared with chemically synthesized Au NSs [33]. This could be attributed to (i)
the bare surface of laser-ablated NPs favouring the excitation
of surface plasmons and (ii) the presence of PVP in Au NSs
surface could possibly have created a ‘barrier’ effect while
attaching the explosive (PA) molecule. The enhancement of
the Raman signal depends on various parameters such as
(a) plasmonic nanomaterial, (b) size and shape of the NPs,
(c) inter-particle spacing (number of hotspots), (d) the Raman
cross-section, (e) orientation of the molecule, (f) excitation
wavelength, (g) adsorption efficiency of the analyte onto the
nano-metal and (h) the analyte-specific chemical enhancement as a result of molecule–substrate interactions [34,35].
Further studies are being taken up to completely understand
this behaviour. Besides the sensitivity and magnitude of EF,
reproducibility of a SERS substrate is also an important
parameter for practical applications. The Raman spectra of
PA (5 µM) were recorded from more than 15 random sites
from the FP loaded with aggregated Au NPs. The relative
standard deviation (RSD) is calculated for 819 cm−1 peak
and it is found to be 17.83%, which demonstrates the reasonable reproducibility of FP substrates and the data are
shown in figure 7b. Therefore, FP-loaded aggregated NPs/NSs
act as efficient SERS substrates. A summary of the previously reported FP SERS substrates loaded with different
metal NPs and their performance is provided in table 1. The

enhancements can be further improved by generating higher
number of hotspots using NSs having uniform sharp edges
and NPs with different sizes/spacings, which warrants further
detailed studies.

5. Conclusions
Spherical and star-shaped Au NPs were successfully prepared
by two different techniques of LAL and chemical approach.
The NP-based SERS substrates were prepared by simple drop
casting of NPs on FP. The NP-loaded FPs SERS activity was
evaluated with a dye (NB) and an explosive molecule (PA) at
low concentrations (equivalent weight of a few nanograms).
The FPs loaded with aggregated and Au NSs acted as promising SERS substrates compared with non-aggregated NPs in
detection of the analytes. Simple and low-cost plasmonic FPbased substrates that are readily integrated with a portable
Raman spectrometer can be utilized for onsite SERS-based
detection of any hazardous material.
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