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ABSTRACT One of the important but often overlooked considerations in the design of surface-enhanced Raman scattering (SERS)
substrates for trace detection is the efficiency of sample collection. Conventional designs based on rigid substrates such as silicon,
alumina, and glass resist conformal contact with the surface under investigation, making the sample collection inefficient. We
demonstrate a novel SERS substrate based on common filter paper adsorbed with gold nanorods, which allows conformal contact
with real-world surfaces, thus dramatically enhancing the sample collection efficiency compared to conventional rigid substrates. We
demonstrate the detection of trace amounts of analyte (140 pg spread over 4 cm2) by simply swabbing the surface under investigation
with the novel SERS substrate. The hierarchical fibrous structure of paper serves as a 3D vasculature for easy uptake and transport of
the analytes to the electromagnetic hot spots in the paper. Simple yet highly efficient and cost-effective SERS substrate demonstrated
here brings SERS-based trace detection closer to real-world applications.

KEYWORDS: surface-enhanced Raman scattering • paper substrates • trace detection • gold nanorods • SERS swab • paper
plasmonics

Surface-enhanced Raman scattering (SERS) is emerging
as a powerful technique for the trace level detection
of various biological and chemical species and is

believed to make a huge impact in life sciences, environ-
mental monitoring, and homeland security (1-7). Numer-
ous SERS substrates from roughened noble metal surfaces
to e-beam patterned metal nanostructures with enhance-
ment factors ranging from 1 × 104 to 1 × 1010 have been
demonstrated over the last two decades (6, 8-11). Very high
enhancement factors (>109) have been reported for SERS
substrates fabricated from top-down and bottom-up ap-
proaches such as e-beam lithography, colloidal lithography,
on-wire lithography, and self- and directed-assembly, which
enable precise control over the size, shape, and organization
of the metal nanostructures (12-16). On the other hand, 3D
SERS substrates such as photonic crystal fibers and porous
alumina membranes decorated with nanoparticles and pe-
riodic nanohole arrays also offer large SERS enhancements
(1 × 106 to 1 × 109) owing to the large surface area within
the source laser footprint and efficient light-matter interac-
tion compared to the 2D counterparts (17-20).

Although most of these studies clearly demonstrate that
SERS substrates hosting closely separated metal nanostruc-
tures and/or sharp tips result in large enhancements, an
important practical consideration apart from the cost, which
is often overlooked, is the ease and efficiency of the sample
collection. In real-world applications such as explosive de-
tection, the efficiency of sample collection becomes a deci-
sive factor. For example, in the case of explosives such as

trinitrotoluene (TNT), which inherently have low vapor pres-
sure (∼10 ppbv at room temperature), intentional packaging
further lowers the actual vapor concentration by more than
an order of magnitude (21). For detection of such explosives,
it is extremely important to collect particulates (few µg), that
are invariably present on the surface of objects exposed to
the explosive. Physical swabbing, puffer systems (aerody-
namic), and direct vapor sniffing are recognized as efficient
methods to collect trace amounts of analytes. In particular,
swabbing the surface under investigation with a soft and
flexible substrate (swab) is a highly practical and efficient
method to maximize the sample collection from a real-world
surface. In fact, this strategy is being extensively employed
for passenger screening at airports using ion mobility spec-
troscopy (22). On the contrary, conventional SERS substrates
based on silicon, glass, and porous alumina, which are
conceived for homeland security applications, are not com-
patible with such an efficient sample collection process
because of their nonconformal, rigid, and brittle nature.

Herein, we demonstrate the fabrication of a simple yet
highly efficient paper-based SERS substrate by loading gold
nanorods (AuNR) in a commercially available laboratory
filter paper. The SERS substrate demonstrated here can be
used by simply swabbing the surface of an object suspected
of exposure to a hazardous material. We demonstrate the
detection of less than 140 pg of 1,4-benzenedithiol (1,4-BDT)
residue spread over 4 cm2 surface by swabbing the AuNR-
loaded paper on the surface. Previous attempts employing
filter paper exhibited limited sensitivity, possibly because of
the thin metal films (thermally evaporated or sputtered) or
poor control over the size and shape of the metal nanostruc-
tures employed in these designs (23, 24). Apart from the
large enhancement, the uniform decoration of the nanorods
demonstrated here preserves the favorable attributes such
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as flexibility, conformal nature, and capillarity of the paper.
To the best of our knowledge, this study presents the first
SERS swab for rapid and efficient sample collection from
real-world surfaces with unprecedented sensitivity.

Gold nanorods were synthesized using a previously re-
ported seed-mediated approach using cetyltrimethylammo-
nium bromide (CTAB) as a capping agent (see Experimental
Section) (25, 26). The nanorods were found to be ∼80 nm
long and ∼20 nm in diameter, making the aspect ratio
nearly four. Exposing the filter paper to CTAB-capped gold
nanorod solution resulted in uniform adsorption of the
nanorods on the surface of the paper and a color change
from white to purple (Figure 1A). A significant decrease in
the intensity of the purple color of the AuNR solution was
observed after removing the paper from the solution (see
Figure 1A), which corresponded to a nearly 50% decrease
in extinction intensity. This significant change in the inten-
sity of the color of the solution following the filter paper
exposure is in accordance with the high density of nanorods
on the surface of the paper and deep purple color of the
paper. UV-vis extinction spectra of the AuNR solution
showed the two characteristic peaks at ∼530 and 650 nm
corresponding to the transverse and longitudinal plasmon
resonances of the nanorods, respectively (see Figure 1B)
(27). AuNR-loaded paper exhibited a similar extinction
spectrum with both transverse and longitudinal plasmon
slightly blue-shifted compared to the solution. The observed
blue shift can be attributed to the change in the dielectric

ambient (from water to air + substrate) with an effective
decrease in the refractive index. The blue shift of the
longitudinal plasmon peak (34 nm) was found to be slightly
higher compared to the transverse band (12 nm), which can
be attributed to the higher sensitivity of the longitudinal
plasmon resonance to the change in the dielectric ambient
compared to the transverse band (28).

Cellulose is biodegradable, renewable, and abundant in
nature thus cellulose (or paper) based products can be
inexpensively produced and recycled (29). Because of nu-
merous advantages such as significant reduction in cost, high
specific surface area, excellent wicking property, and com-
patibility with conventional printing approaches (enabling
multiplexed detection and easy disposability), paper is gain-
ing increased attention as a substrate in diagnostic and tissue
engineering applications (30-34). Figure 2A shows the
hierarchical fibrous morphology of the filter paper with
cellulose nanofibers braided into microfibers (average di-
ameter of ∼0.4 µm). The RMS surface roughness of the
paper was found to be 72 nm over 5 × 5 µm2 area, which
indicates large surface area of the paper substrates. Raman
spectra obtained from six different areas of the pristine filter
paper with 1 in. diameter exhibited excellent compositional
(spectral) homogeneity, which is extremely important for its
application as a SERS substrate (see the Supporting Informa-
tion, Figure S1). It is well-known that uniform and high
density adsorption of CTAB (cationic surfactant)-capped
AuNR to polymer surfaces is a significant challenge (35, 36).
We observed that once the AuNR-loaded paper was dried,
even under vigorous rinsing with water or alcohol, no
noticeable change in the AuNR density was observed, sug-
gesting the stability of the substrate for deployment in liquid
environments. Cellulose has a large number of hydroxyl
groups, which are accessible for attaching positively charged
species (29, 37). The uniform, irreversible, and high-density
adsorption of the AuNR is possibly due to the electrostatic
interaction between the positive charged nanorods and the
filter paper.

AFM images revealed a uniform and dense adsorption of
nanorods on the surface of the paper without any signs of
large scale aggregation of the nanorods (Figure 2B). Higher-
magnification AFM images show the nanorods decorating
the fibers of the paper and a partial local alignment of the
nanorods along the nanofibers (Figure 2C,D). From numer-
ous AFM images collected at different areas of the substrate,
the number density of the nanorods was found to be 98 (
22/µm2. High-magnification SEM image shows the uniformly
adsorbed gold nanorods on the paper (Figure 2E). Energy-
dispersive X-ray spectra (EDX) confirmed the presence of
gold on the surface apart from the carbon- and oxygen-rich
cellulose fibers (inset of Figure 2E).

1,4-Benzenedithiol (1,4-BDT) is widely employed as a
model analyte for SERS because of its ability to readily
adsorb on gold or silver particles and its distinct Raman
fingerprint. The Raman spectrum of 1,4-BDT in neat solid
state exhibits strong bands at 740, 1058, 1093, 1186, and
1573 cm-1. Three prominent bands: 1058 cm-1 due to the

FIGURE 1. (A) Photographs of the AuNR solutions and the filter paper
before and after exposure showing the strong color change, (B)
UV-vis extinction spectra of the AuNR solution and the AuNR-
loaded paper showing the transverse and longitudinal plasmon
absorption of the AuNR.
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combination of the phenyl ring breathing mode, CH in-plane
bending, and CS stretching; 1181 cm-1 due to CH bending;
and 1562 cm-1 due to phenyl ring stretching are commonly
employed as characteristic peaks for evaluating the perfor-
mance of SERS substrates (38-40). We utilized the 1058
cm-1 band to test the performance of our SERS substrate in
detecting trace amounts of 1,4-BDT in ethanol. The pristine
SERS substrate (AuNR-loaded paper) does not show any
peak in this region (see the Supporting Information, Figure
S2).

As a planar rigid substrate for comparison, we employed
a highly dense (number density: 220( 14 /µm2) layer of gold

nanorods bound to silicon substrate modified with poly(2-
vinyl pyridine) (Figure 3). Figure 4A shows the Raman
spectra obtained from the planar AuNR control sample and
AuNR loaded paper both exposed to 1 mM of 1,4-BDT,
followed by rinsing with ethanol. While the Raman spectra
obtained from the AuNRs on silicon substrate exhibits weak
Raman bands of 1,4-BDT, the AuNR-loaded paper exhibited
much stronger (∼250 times) Raman bands. These Raman
spectra obtained from the SERS substrates exhibited small
shifts in frequency of the vibrational bands compared to the
bulk 1,4-BDT (i.e., 1185 cm-1 for bulk BDT, and 1180 cm-1

FIGURE 2. AFM images of (A) bare filter paper, (B) paper with gold nanorods, (C) higher-magnification image showing the nanorods uniformly
decorating the fibers of the paper, (D) 3D AFM image showing the partial local alignment of the nanorods along the fibers, (E) SEM showing
the large scale uniformity of the gold nanorods adsorbed on the surface of the paper (inset shows the EDX confirming the presence of the
gold on the surface of the paper).

FIGURE 3. AFM images of (A) uniform and high density array of nanorods on silicon surface modified with poly(2-vinyl pyridine) and (B)
higher-magnification image showing the gold nanorods shown in A.
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for SERS substrate), possibly because of the orientation
change of 1,4-BDT molecules adsorbed on to the AuNR (41).

To investigate the trace detection ability of the paper
based SERS substrate, Raman spectra were collected from
substrates exposed to 1,4-BDT down to concentrations of
0.1 nM. All the characteristic bands of the 1,4-BDT exhibited
a monotonous decrease in intensity with decreasing con-
centration (Figure 4B). Figure 4C shows the higher resolution
spectra of the smoothed 1058 cm-1 band, which is clearly
distinguishable (signal-to-noise ratio of 3) down to a con-
centration of 0.1 nM (17 ppt) (the Supporting Information,
Figure S3, shows higher-resolution spectra). Semilog plot of
the concentration vs 1058 cm-1 peak intensity shows a
monotonic increase in the Raman intensity with increasing
concentration of the analyte (Figure 4D). Data from Figure
4D can be plotted as the inverse of the fractional coverage
(taken as a ratio of intensity, Imax/I) with respect to the
inverse of the concentration (1/c), which exhibits a linear
relationship, reflecting the expected Langmuir adsorption
isotherm of 1,4-BDT to gold nanorods (inset of Figure 4D)
(42).

The following expression was used to calculate the en-
hancement factor (EF) of SERS substrate at 1058 cm-1 band

where ISERS (NSERS) and Ibulk (Nbulk) are the intensities (the
number of 1,4-BDT molecules probed) for the SERS and bulk
spectra, respectively (41). NSERS was estimated by assuming
a complete monolayer of 1,4-BDT on the nanorods for SERS
substrates exposed to 1 mM concentration, which ensures
that the enhancement factor is not overestimated. On the
basis of numerous AFM images, the areal coverage of the
AuNR was estimated to be ∼23% and NSERS was calculated
to be 4.9 × 105 molecules. Ibulk and Nbulk were determined
from the Raman spectra of a 0.1 M of 1,4-BDT in 12 M
NaOH(aq) (see Experimental Section for details). Using the
SERS intensity of the 1058 cm-1 band, the enhancement
factor was calculated to be ∼5 × 106. The enhancement
factor observed here is high considering the absence of any
resonance contribution, the use of gold nanostructures as
opposed to silver nanostructures, which result in higher
enhancement at the expense of poor long-term stability, the
absence of any intentionally formed hot spots (dimers or
controlled aggregates), and the simplicity of the fabrication
approach (43).

One of the distinct advantages of the paper-based SERS
substrate is the ability to collect trace amount of analytes
from real-world surfaces by swabbing across the surface. We

FIGURE 4. (A) Raman spectra collected from AuNR-loaded paper and 2D assembly of AuNR, both exposed to 1 mM 1,4-BDT; Raman bands
indicated with asterisk (*) correspond to silicon substrate (B) SERS spectra from AuNR loaded paper exposed to different concentrations of
1,4-BDT (C) higher-resolution spectra (smoothed) showing 1058 cm-1 band, (D) concentration vs SERS intensity plot showing a monotonous
increase in SERS intensity with increasing 1,4-BDT concentration (inset shows the plot of the inverse of the fractional coverage vs inverse
concentration).

EF ) ISERS × Nbulk/Ibulk × NSERS (1)
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demonstrate this unique ability of the paper substrate by
swabbing a slightly wetted (in ethanol) paper on surface of
a glass with trace quantities of analyte deposited on the
surface (see Figure 5A). Figure 5B shows the Raman spectra
(averaged over 6 different spots) obtained by swabbing the
paper across the surface with different amounts of analyte.
Again, we used the strongest Raman band at 1058 cm-1 to
evaluate the efficiency of the SERS swab. It can be seen that
the Raman bands of 1,4-BDT can be clearly distinguished
down to 140 pg on the surface (Figure 5C). Considering that
the swabbing of the surface results in only a fraction of the
analyte being absorbed into the paper, a detection limit on
the order of few tens of picograms on the surface is truly
remarkable.

Envisioned and designed as an end-user level SERS
substrate, proper handling of paper SERS substrate becomes
an important issue as they contain metal nanostructures,
which could be potentially harmful to humans and the
environment. Toxicity of gold nanoparticles is still debated,
even though many reports indicate that gold nanoparticles
are essentially nontoxic. In a recent perspective, Alkilany et
al. suggested that the toxicity and cell uptake of gold nano-
rods can be controlled to a point that they would not pose a
serious harm by functionalizing the surface of gold nanorods
with biocompatible ligands (44, 45). A similar approach, i.e.,
tailoring the surface chemistry of the metal nanostructures,
can be employed to make the paper SERS substrates
biofriendly.

In conclusion, we have demonstrated highly efficient
SERS substrate based on common filter paper filled with
gold nanorods, which exhibited more than 2 orders of
magnitude higher SERS enhancement compared to the
silicon-based SERS substrate. Numerous favorable traits
of the paper such as flexibility, conformability, efficient
uptake, and transport of the analytes from liquid and solid
media to the surface of metal nanostructures due to
hierarchical vasculature and high specific surface area
make the paper-based SERS substrates demonstrated here
an excellent candidate for trace chemical and biological
detection. The paper-based SERS substrate also offer cost-
effective platform for SERS detection and open up a new
venue for other biological and chemical detection. The
process demonstrated here can be easily scaled up for
batch fabrication of SERS swabs. Furthermore, the paper-
based SERS substrate introduces a novel platform for
integrating conventional chromatography, microfluidics
and biological assays (e.g., Western blot analysis) with
SERS, imparting chemical specificity to these techniques.
Similar to microfluidic devices, paper SERS-based multi-
plexed detection of analytes from a complex real-world
sample can be a very powerful approach, which is a
subject of our future investigation (46). We also see
electrospinning of polymer fibers as a potential method for
realizing flexible SERS substrates. Electrospun polymer mats
possess a hierarchical fibrous structure similar to that of
paper, and the use of different types of polymers in electro-
spinning can bring better control (fiber diameter, alignment,
surface chemistry) and multifunctionality to the SERS design
and applications.

EXPERIMENTAL SECTION
Gold nanorods had been synthesized using a seed-mediated

approach (26, 27). Seed solution was prepared by adding 1 mL
of an ice-cold solution of 10 mM sodium borohydride into 10
mL of magnetically stirred 0.1 M cetyltrimethylammonium
bromide (CTAB) and 2.5 × 10-4 M HAuCl4(aq) solution at room
temperature. The color of the seed solution changed from
yellow to brown. Growth solution was prepared by mixing 95
mL of 0.1 M CTAB, 1 mL of 10 mM silver nitrate, 5 mL of 10
mM HAuCl4, and 0.55 mL of 0.1 M ascorbic acid in the same
order. The solution was homogenized by gentle stirring. To the
resulting colorless solution was added 0.12 mL of freshly
prepared seed solution and this was set aside in dark for 14 h.
The solution turned from colorless to violet brown, with most

FIGURE 5. (A) Photograph showing the SERS substrate being swabbed
on the glass surface to collect trace amounts of analyte, (B) SERS
spectra from AuNR loaded paper swabbed on a glass surface with
different amounts of 1,4-BDT, (C) higher-resolution spectra showing
the 1058 cm-1 band.
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of the color change happening in the first hour. Prior to use,
the gold nanorod solution was centrifuged at 13 000 rpm for
10 min to remove excess CTAB and redispersed in nanopure
water (18.2 MΩ cm). The procedure was repeated twice. AuNRs
were loaded in a laboratory filter paper (Whatman No. 1 grade)
by immersing a 1 cm2 paper in 2.5 mL of AuNR solution for 2
days. Upon being removed from the solution, the paper was
gently rinsed with nanopure water and then blow-dried under
a stream of dry nitrogen. Planar silicon substrates for compari-
son were fabricated by modifying the silicon substrate with
poly(2-vinyl pyridine) (P2VP) by exposing the piranha cleaned
silicon surface to 4% P2VP solution in ethanol. After rinsing the
silicon substrate with ethanol, it was exposed to gold nanorod
solution to enable adsorption of the gold nanorods. Finally, the
substrate was rinsed with water to remove the loosely bound
nanorods, leaving a highly dense layer of nanorods on the
surface.

For the dipping test, we evaluated the performance of detect-
ing a trace amount of 1,4-BDT by dipping the SERS substrate
in various concentrations of 1,4-BDT in ethanol for 20 min,
followed by light rinsing with ethanol and drying with com-
pressed nitrogen gas before the Raman measurements. Six
Raman scans were performed for each substrate with each scan
representing a different spot within the same substrate. The
Raman data were averaged and normalized against the 1058
cm-1 band.

For the swabbing test, 100 µL of 1 µM to 1 nM 1,4-BDT
(corresponding to ∼14 µg to 14 pg) in ethanol was pipetted on
the surface of a glass slide, which immediately spread over 4
cm2 area. Evaporation of ethanol left residue of 1,4-BDT. We
placed a drop of ethanol on a 0.5 × 1 cm SERS substrate to wet,
and then swabbed the surface of the glass slide to pick up the
residue of 1,4-BDT. We collected Raman spectra of the swabbed
SERS substrate on six different spots. The Raman spectra were
averaged and normalized against the 1058 cm-1 band.

Raman spectra were measured using a Renishaw inVia
confocal Raman spectrometer mounted on a Leica microscope
with 20× objective (NA ) 0.40) in the range of 100 - 3200
cm-1 with one accumulation and 10 s exposure time. A 785
nm wavelength diode laser (0.5 mW) coupled to a holographic
notch filter with a grating of 1200 lines mm-1 was used to excite
the sample. The following expression was used to approximate
the laser spot size (1.2 µm in diameter) (40)

where w0 is the minimum waist diameter for a laser beam of
wavelength λ focused by a objective with a numerical aperture
NA. The focal volume (τ) was approximated from the following
expressions (47, 48)

where z0 is the focal depth.
SEM images were obtained using a FEI Nova 2300 field

emission SEM at an accelerating voltage of 10 kV. AFM images
were obtained using Dimension 3000 (Digital instruments) AFM
in light tapping mode. UV-vis spectra were measured using a
CRAIC microspectrophotometer (QDI 302) coupled to a Leica

optical microscope (DM 4000M) and a Shimadzu UV-1800
UV-vis spectrophotometer.
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