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Correspondence should be addressed to Samuel P. Hernández-Rivera, samuel.hernandez3@upr.edu

Received 17 March 2012; Accepted 4 September 2012

Academic Editor: Keith Carron

Copyright © 2012 P. M. Fierro-Mercado and S. P. Hernández-Rivera. This is an open access article distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

We report on a novel and extremely low-cost surface-enhanced Raman spectroscopy (SERS) substrate fabricated depositing gold
nanoparticles on common lab filter paper using thermal inkjet technology. The paper-based substrate combines all advantages
of other plasmonic structures fabricated by more elaborate techniques with the dynamic flexibility given by the inherent nature
of the paper for an efficient sample collection, robustness, and stability. We describe the fabrication, characterization, and SERS
activity of our substrate using 2,4,6-trinitrotoluene, 2,4-dinitrotoluene, and 1,3,5-trinitrobenzene as analytes. The paper-based
SERS substrates presented a high sensitivity and excellent reproducibility for analytes employed, demonstrating a direct application
in forensic science and homeland security.

1. Introduction

In last decade, the potential exposure of civilian and military
populations to hazardous materials (chemical, biological,
and highly energetic) has attracted attention of authorities,
because it has become an increasingly likely scenario. The
rapid and accurate detection and identification of possi-
ble threats is crucial to neutralize potentially threatening
situations. In order to detect and identify these hazards,
the ideal technology should exhibit high sensitivity and
reproducibility in analyte detection, require little or no
sample preparation, and be robust, easy to use, and portable
for field operations [1].

A series of analytical methodologies, principally chro-
matographic and spectrometric techniques, are routinely
carried out in specialized laboratories using standard meth-
ods to assess chemical and biological hazards. These usually
require several steps including sampling, handling, prepa-
ration, and analysis, which make the entire process time-
consuming and difficult to apply in the field.

Raman spectroscopy is a well-suited technique for
the identification, characterization, and quantification of

unknown targets [2–5]. Raman spectroscopy is particu-
larly advantageous because the technique does not present
interferences from water (which is the universal solvent),
requires minor or no sample preparation, and produces
vibrational information useful as unique spectral signature
of the analyte of interest. In addition, the miniaturization of
Raman equipment has added robustness to the technique,
which has made possible its use in different environments
outside the laboratory confinement. However, development
of Raman spectroscopy as analytical technique for trace
detection of hazardous materials has not been possible,
mostly due to the extremely low Raman scattering cross
sections characteristic from these compounds.

Discovery of surface-enhanced Raman scattering (SERS)
in mid of 1970s and its application in spectroscopic analysis
has emerged as a tool that overcomes limitation of normal
Raman scattering by greatly enhancing Raman signals inten-
sities [6–13]. It is common to observe SERS enhancements
from 6 to 8 orders of magnitude, although under ideal
conditions it is possible to detect a single molecule [14, 15].
The mechanisms by which Raman enhancement in SERS is
possible even remain unclear, but the scientific community
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attributes the phenomenon to two main mechanisms: a
coupling of the electromagnetic field of the laser radiation
with plasmonic oscillations of electrons on the metal nanos-
tructured surfaces and the chemisorption of the analyte on
metal surfaces with exchange of electron density and bond
formation. Thus, SERS appears as a powerful technique for
trace level detection of chemical and biological species with a
great impact in life and environmental sciences and defense
and homeland security.

Intense efforts have been intended to translate the
capabilities of SERS to viable sensing systems that can be
utilized for routine analysis in the lab or in the field.
Metallic colloidal suspensions were the first and simplest
SERS substrates employed due to ease of preparation and
large Raman enhancements [16]. However, relatively high
instability, poor reproducibility, and the requirement of sam-
pling in the liquid state render these systems impractical for
many applications. Continued researches have allowed the
development of methodologies to produce substrates with
ordered and uniform nanostructures of different materials,
highly reproducible and with large SERS signals intensity
enhancements. These include nanolithography and metal
film over nanostructures (MFON) fabrications [17–21]. In
the first one, a surface (mostly polymeric) is nanostructured
using electron-beam lithography (EBL). Later a layer of metal
is deposited using chemical vapor deposition (CVD) gener-
ating a homogeneous surface with a variety of shapes, sizes,
and orientations. The MFON substrates can be fabricated by
depositing a layer of silica or polystyrene nanoparticles onto
a rigid plate and then these nanoparticles are overcoated with
a metal film, particularly silver or gold, creating substrate
architectures with improved stability. Despite the great be-
nefits of the above-mentioned techniques, fabrication pro-
cedure is time consuming, requiring large efforts and skills
of fabrication, and the overall process is not cost efficient,
resulting in substrates presenting poor sample collection
efficiencies due to rigid design restrictions.

In this paper, a new methodology is described for
preparing reproducible and highly sensitive SERS-active sub-
strates using commercial laboratory filter paper (Whatman
filter paper grade 1) as support for deposition of gold
nanoparticles by means of thermal inkjet technology (TIJ).
The novel SERS sensing platforms are extremely inexpensive,
highly practical, and efficient in collection of samples by
merely swabbing a contaminated surface or surfaces that are
believed to have been in contact with hazardous materials.
Actually, a swabbing method is the strategy employed for
passenger screening at airport portals using ion mobility
spectrometry as highly energetic materials (HEM) detection
technique. Our paper substrate demonstrates high sensitivity
and reproducibility in detection of HEM such as trinitro-
toluene (TNT) and some of its degradation products. A
few reports of SERS substrates prepared using metal-coated
paper have been published in the literature [22–24], but
to the best of our knowledge, the study presented here
represents the first SERS substrate over filter paper with clear
applicability in the detection of trace level of HEM, highly
flexible and efficient in sample collection from contaminated
surfaces.

Figure 1: Photograph of thermal inkjet system used for preparing
SERS substrates.

2. Experimental Section

2.1. Materials. Hydrogen tetrachloroaurate (HAuCl4·3.5H2O;
99.99%) from Strem Chemicals (Newburyport, MA) was
the metal precursor material for the colloidal gold. Reagent-
grade ethylene glycol, polyvinylpyrrolidone (PVP, K30, M
40,000), sodium bicarbonate, acetone, and isopropyl alcohol
were purchased from Fisher Scientific, Inc. (Chicago, IL).
HEM 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-
DNT), and 1,3,5-trinitrobenzene (TNB) were acquired as
GC/MS grade standards from ChemService, Inc. (West
Chester, PA). All chemicals were used as received.

2.2. Ink Preparation. The nanosized gold colloids used were
synthesized by chemical reduction using the modified polyol
method described by Lee et al. [25]. Briefly, a 50 mL two-neck
round bottom flask was charged with 75 mg of NaHCO3,
500 mg of PVP, and 18 mL of ethylene glycol. The mixture
was heated with reflux at 80◦C for 1 h under continuous
stirring. Then, 25 mg of HAuCl4·3.5H2O dissolved in 2.0 mL
of ethylene glycol was quickly added and the mixture was
left in reflux at 80◦C for 2 h. At the end of the reaction the
colloidal dispersion was cooled until room temperature and
the gold nanocrystals were separated from ethylene glycol
after the addition of a large amount of acetone followed
by centrifugation. Then, the precipitates were redispersed in
isopropyl alcohol for characterization studies and thermal
ink-jet depositions.

2.3. Printer Setup. The SERS-active substrates investigated in
this study were fabricated using an ImTech Imaging System
model I-Jet 312S (ImTech, OR, USA), computer-controlled,
designed as a prototype experimental model for printing on
solid surfaces (Figure 1).

The nanoparticles ink was ejected using an HP 51645A
print head supplied by General Technology Co., LTD
(Tokyo, Japan). Printout of the substrates was achieved
through a pattern designed using MS Paint software
(Microsoft, Redmond, WA) on laboratory filter paper
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(Whatman Grade 1; 11 µm) using a resolution of 600 × 600
dots per inch (dpi). The uniform ejection of the droplets was
performed by applying 12 V of print head voltage, 2.0 µs of
firing pulse at a maximum frequency of 12 KHz.

3. Measurements and Analysis

3.1. Characterization of SERS Substrates. Nanoparticle sizes
were obtained from images obtained by a model 922
Zeiss High Resolution Transmission Electron Microscopy
(HR-TEM; Carl Zeiss Microscopy, LLC, Thornwood, NY)
operated at 200 kV. The UV-Vis spectra of the nanoparticle
suspension were obtained using a UV-visible spectrome-
ter (Agilent, Cary 5000 UV-Vis-NIR Spectrophotometer).
Morphological images were taken using a JEOL model
5800LV scanning electron microscope (Peabody, MA) using
an accelerating voltage of 15 keV.

3.2. SERS Measurements. The SERS spectra were obtained
by using a portable Raman measurement system (Raman
Systems, R-3000QE Raman spectrometer, Agiltron, Inc.,
Woburn, MA) equipped with a laser at 785 nm excitation
wavelength and using a power of 19 mW. A 5 s integration
time was used for acquisition of the SERS spectra in the range
from 200 to 1800 cm−1. For SERS assays, 5.0 µL of a solution
of HEM in ethanol was transferred to the SERS substrates
using a micropipette, which immediately spread forming a
circle of ∼1.0 cm of diameter. The substrates were then left
in air to dry. SERS measurements were acquired in three
different substrates contaminated with the analytes and at
three different locations within each substrate, resulting in a
total of nine SERS measurements per analyte concentration.

4. Results and Discussion

An important concern about the fabrication of SERS-active
substrates is the possible overlap of analytical signal of
interest from the analyte due to substrate signals. In this
work, laboratory filter papers used in qualitative analytical
techniques to determine and identify materials were used as
substrates. These materials, which are essentially composed
of cellulose, presented little or no interferences with signal of
the analytes (HEM) studied.

Figure 2 shows the UV-Vis absorption spectra of the
synthesized gold nanoparticles (Au NP). The extinction
spectrum clearly shows one well-resolved maxima at 526 nm
attributed to the surface plasmon excitation of the essentially
spherical Au NP. The synthesized quasispherical shape
nanoparticles had an averaged diameter of 45 nm and
appeared quite monodispersed as it can be seen in TEM
image inset of the graph of Figure 2.

Figure 3 shows optical images of gold nanoparticles
before and after being printed on paper. The fibrous
morphology of the filter paper can be appreciated such that
the cellulose nanofibers are braided into microfibers with
variable diameters. Once the Au NP-loaded paper was dried,
small agglomerates of nanoparticles irreversibly absorbed on
the cellulose fibers could be observed. No noticeable changes
in the Au density as detected by unaided eyes were observed
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Figure 2: UV-Vis adsorption spectra of Au NP suspension. Inset:
TEM image of Au nanoparticles. Scale bar is 50 nm.

after intense rinsing of the Au NP loaded paper with water or
alcohol.

Scanning electron microscopy images reveal dense
adsorption of the Au NP on the surface of the paper showing
signs of aggregation (Figure 4(a)). High magnification SEM
images show clusters of gold nanoparticles decorating fibers
of the paper (Figure 4(b)). The surface density of the
gold nanoclusters shown in Figure 4 assures substrates with
high SERS activity. These clusters originate the localized
surface plasmon resonance that in turn generates large SERS
enhancement due to formation of hot spots.

This study is mainly concerned with the fabrication of
SERS-active substrates as sensing platforms for the trace
detection of HEM 2,4,6-trinitrotoluene (TNT) and some
of its degradation products such as 2,4-dinitrotoluene (2,4-
DNT) and 1,3,5-trinitrobenzene (TNB). TNT is one of the
most widely explosive used for both military and industrial
applications. Its insensitivity to shock and friction makes it
quite valuable and commonly is found in explosives blends
to reduce the risk of accidental detonation of more sensitive
high explosives [26].

It should be noted that the poor binding affinities of
these species (nitroaromatic HEM) with metallic nanos-
tructures, as well as the relative low Raman cross sections
of these molecules and the catalytic and photochemical
decomposition caused by intense laser exposure, make it
difficult to obtain high quality SERS spectra from this class
of compounds. For this reason, few studies related to these
issues are found in the literature. Most of them deal with
SERS studies of these species in aqueous solutions [27, 28].

Figure 5 shows normal Raman spectrum of solid TNT,
2,4-DNT, and 1,3,5-TNB obtained with the R-3000QE
Raman 785 nm spectrometer. Raman shifts and relative
intensities of Raman bands of TNT are in agreement with
previously reported Raman spectra [29, 30].

Characteristic Raman bands for TNT include a very
strong band at 1362 cm−1, and two bands at 1534 and
1617 cm−1 corresponding to symmetric and asymmetric
NO2 stretching vibration, and aromatic NO2 conjugation,
respectively. Similarly, bands at 1207 and 1085 cm−1 assigned
to the ring breathing and CH (ring) bending modes, and
the other peaks at 821 and 789 cm−1 corresponding to
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Figure 3: Optical images of (a) filter paper, and (b) inkjet-printed Ag NP on a Whatman grade 1 filter paper.

(a) (b)

Figure 4: Scanning electron micrograph of printed Au NP on a Whatman grade 1 filter paper.
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Figure 5: Normal Raman spectra of (a) 2,4-DNT, (b) TNT, and (c)
1,3,5-TNB.

scissoring NO2 mode and CH out-of-plane vibrations, can
be appreciated.

The Raman spectrum of TNT adsorbed on our SERS
substrate is a slightly different from that of bulk TNT
(Figure 6(a)). Representative band at 1362 cm−1 is slightly
shifted to lower wavenumbers, and an additional band

appears at 1275 cm−1. Moreover, only one of the two bands
(∼1540 cm−1) corresponding to asymmetric NO2 stretching
mode is surface enhanced. It is particularly interesting the
appearance of a new band at 717 cm−1 in the SERS spectrum
of TNT which is absent in its normal Raman spectrum.
This mode is associated to an asymmetric CCC in-plane
ring bending deformation [30]. Comparison of the intensity
of the other weak or nonsurface-enhanced Raman bands
with the new band indicates a very selective chemical SERS
enhancement as result of a very strong interaction of TNT
with gold nanoparticles. These observations suggest a change
in the molecular symmetry of TNT when it is adsorbed on
the substrate. The enhancement of the in-plane deformation
mode implies that TNT molecules lie perpendicular on the
gold nanoparticles surface [27].

Normal Raman spectrum of 2,4-DNT is characterized by
a very strong peak at 1352 cm−1 corresponding to NO2 sym-
metric stretching mode, two bands at 1544 and 1609 cm−1

assigned to asymmetric NO2 stretching and aromatic NO2

conjugation, respectively. The vibration mode assigned to the
H–C–C in plane bending movement appears at 1203 cm−1,
while the band at 1130 cm−1 is assigned to methyl H–C–H
asymmetric bend. The other bands at 821 and 789 cm−1
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Figure 6: SERS spectra of (a) TNT, (b) 2,4-DNT, and (c) 1,3,5-TNB at different concentrations. Insets: variation of SERS intensity of NO2

stretching vibration with concentration.

correspond to out-of-plane NO2 mode and methyl rock
vibrations, respectively.

SERS spectrum of 2,4-DNT shows bands correspond-
ing to NO2 symmetric stretching vibration shifted to
1333 cm−1, while asymmetric stretching vibration was not
SERS enhanced. All other bands appear to be SERS
enhanced in minor proportion, although a new band at
717 cm−1 becomes visible as it happened with TNT molecule
(Figure 6(b)).

The most significant modes of 1,3,5-TNB are those
assigned to symmetric (1364 and 1348 cm−1) and asymmet-
ric (1544 cm−1) NO2 vibrations, symmetric CN stretching
mode observed to 1187 cm−1, ring breathing mode at
1006 cm−1, and NO2 symmetric deformation mode observed
at 828 cm−1. It is possible to observe two different NO2 sym-
metric stretching vibrations for this compound, which has
been previously reported for disubstituted nitroaromatics
in solution [31, 32]. Epstein et al. [31] have suggested that
coupling of a vibrational mode of the NO2 group with a ring
vibration with CN contribution is responsible for the lower
wavenumber location band. The more electron-donating the
second substituent on the ring, the smaller the frequency
difference between the two NO2 vibrations.

SERS spectrum of TNB shows that most bands are
surface enhanced except those near 1540 and 1650 cm−1

(Figure 6(c)). Spectroscopic differences between normal
Raman and SERS spectra of TNB are the observation of
just one NO2 symmetric stretching vibration at 1340 cm−1

rather than two, and the appearance of a new mode near
704 cm−1, as observed for SERS spectra of TNT and 2,4-DNT
molecules.

The inset in Figure 6 shows the relationship between
analyte concentration and the intensity of the SERS signals
of the NO2 symmetric stretching vibration (in the range of
1330–1340 cm−1) for each analyte. Five microliters of analyte
solution in ethanol were transferred to the substrates, and the
solvent was allowed to evaporate at room temperature. Then,
the SERS spectra were collected as soon as the analyte solu-
tion was dried. It is shown that the peak intensity increases in
a nonlinear fashion with the concentration of each species,
probably due to full coverage of explosives molecules onto
high enhancement sites (hot spot). However, these nonlinear
relationships become linear when a reciprocal style plot
(1/[I] versus 1/[C]) of the SERS signal at 1330–1340 cm−1

was represented (Figure 7).
Considering that the laser spot has a diameter off about

of 100 µm, the estimated low limit of detection (LOD)
under the area illuminated by laser was 94 pg of TNT,
7.8 pg of 2,4-DNT, and 0.89 pg of TNB. This clearly suggests
that our flexible SERS-active substrate based in paper filter
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Figure 7: Plot of reciprocal of the 1330 cm−1 band intensity versus concentration for (a) TNT, (b) 2,4-DNT, and (c) 1,3,5-TNB.

Au-coated can be used to detect nitroaromatic HEM down
to a subnanogram regime.

5. Conclusion

SERS experiments were performed on highly energetic
materials molecules using a sensing platform fabricated
by depositing gold nanoparticles on common lab filter
paper (Whatman Grade 1) using thermal inkjet technology.
The choice of paper as substrate for depositing plasmonic
structures useful as possible SERS sensor brings numerous
advantages such as flexibility, high specific surface area for
an efficient uptake and transport of analyte to boundaries
of metal nanostructures, extremely low cost, and simplicity
of fabrication. The methodology presented an excellent
performance, comparable to more elaborate techniques
such as nanolithography or MFON. All these traits make
the paper-based SERS substrates robust and friendly for
numerous applications in routine lab uses or in situ to detect
and identify several target analytes. The process described
here can be easily scale up for batch fabrication.
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