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Abstract

Surface-enhanced Raman scattering (SERS) spectroscopy is an effective approach for trace-level detection of molecular sub-
stance. Plasmonic metallic nanostructures with high distribution densities and small gap widths are always expected for con-
structing SERS substrates. We report here a paper-based SERS substrate, where the three-dimensional (3D) network of paper
fibers was used as the platform for supporting the gold nanoparticle clusters. Such a 3D arrangement of plasmonic porous clusters
supplies high-density hotspots with large total volume and large surface area for the interaction with molecules. Comparison
between different papers found that the filter papers commonly available in labs are the best choice. An enhancement factor
higher than 10* has been achieved in the detection of R6G molecules. The preparation of such SERS substrates is very simple and
convenient, implying low-cost, disposable, and environment-friendly SERS techniques. Furthermore, the paper-based flexible
SERS substrates can be easily tailored into different shapes and sizes for fitting different applications.

Keywords Paper substrate - Flexibly tailorable SERS substrate - Paper fibers - Three-dimensional network - Gold nanoparticle
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Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is
widely applied in the detection of low concentration mole-
cules [1-6] and pesticides [6-9]. As an efficient method for
trace detection, SERS supplies selectively enhanced Raman
signals with high intensity. Plasmonic local fields, which are
generally identified as hotspots, enable strong interaction
between optical electric fields and environmental molecules.
Localized surface plasmon resonance (LSPR) spectrum of
Au, Ag, and Cu nanostructures may cover the whole visible
and near-infrared band [10-15], which is controllable
through designing the size [16, 17], the shape [18, 19], and
the combination of different materials of the structures [20,
21]. Therefore, nanostructured substrates with these metals
have been widely employed in SERS device design.
Although a large variety of SERS substrates have been dem-
onstrated using different metal nanostructures, there is still
large space to optimize the designs to satisfy the ever-
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increasing requirements on the performance and various ap-
plications of the SERS detection techniques. Conventionally,
SERS substrates are produced by metallic nanostructures on
glass substrates [22—24] or silicon wafers [25-28]. However,
three-dimensional (3D) structures are more advantageous in
SERS applications, which enlarge both the interaction vol-
umes and total interaction surface areas between the local-
ized field and the molecules to be detected. The complexity
of the fabrication procedures, relatively large thickness and
low-flexibility of the substrates, and high cost of fabrication
equipment and materials limit the practical application of
these SERS devices. Novel methods are always being devel-
oped for the fabrication of efficient SERS substrates, such as
electrostatic spinning, which provides a simple and
templateless method for the preparation of 3D SERS sub-
strates based on polymer fibers [29-31]. On this basis, vari-
ous 3D polymer nano-fiber-based metallic nanostructures
have been demonstrated for high-sensitivity sensors using
SERS effects [32-35].

In this work, we demonstrate an economical and simple
method for fabricating 3D SERS substrates, where the paper
fiber network is used as the frame for the plasmonic nano-
structures. Chemical synthesized gold nanoparticles coated
with tetraoctylammonium bromide are adsorbed to the paper
fibers, forming gold nanoparticle clusters and producing high-
density hotspots for SERS detection. An enhancement factor
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larger than 10* has been achieved. High simplicity, easy fab-
rication, low costs, thin, and flexible devices with easily
tailorable shapes and sizes are the apparent advantages of
the present SERS substrate over the conventional designs.

Preparation of the SERS Substrates

Gold nanoparticles (AuNPs) coated with tetraoctylammonium
bromide (TOABr) were first synthesized chemically with the
detailed preparation recipe included in the experimental section.
They are then suspended in acetone with excellent dispersity to
prepare the colloidal solution. A concentration of 50 mg/mL for
the colloidal solution was found to be an optimized value for
the SERS substrate preparation after a series of test experi-
ments. Three kinds of papers that are commonly available in
the laboratories or in daily life were employed in the preparation
of the SERS substrates, which include the filter papers, printing
papers, and envelope papers. These papers have different tex-
tures of paper fibers and different thickness of the fibers, so that
the sample solutions also wet these paper surfaces differently. A
30-uL colloidal solution was drop-cast onto the paper surface.
Then, the paper substrate was heated at 110°C on a hotplate for
2 min to evaporate the solvent and to finish the metallization
process. At such a temperature, the TOABr coating on the
AuNPs was not removed. Thus, after being metallized, the
papers exhibit different morphological performances. The
AuNPs coated on the paper fibers have different sizes and dif-
ferent density distributions.
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Fig. 1 (a—) Top view SEM images of the paper fibers measured on the
filter paper, printing paper, and envelope paper, respectively. (d—f) SEM
images of paper surfaces after being metalized by colloidal gold
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Figure la—c show the SEM images measured on the
surface of filter paper, printing paper, and envelope paper,
respectively, before they are coated with AuNPs. It needs
to be noted that the AuNPs here are all adsorbed with
TOABr. 3D textures are clearly observed for the papers,
where the paper fibers exhibit slightly different diameters
and different networks for different papers. Thus, large
surface area can be obtained using such 3D textures.
The widths of the paper fibers are slightly different for
different papers, which were measured to be in the range
of 7-20 pum.

Figure 1d—f show the SEM images of the metalized paper
surface, corresponding to their precursors in Figs. la—c, re-
spectively. The colloidal AuNPs are aggregated into large-
scale clusters consisting of a large amount of small gold nano-
particles, and they are attached to the paper fibers. As shown
in the insets of Fig. 1d—f, each cluster is a porous bulk consti-
tuted by closely packed gold nanoparticles with very small
sizes and very small gap widths, which supply high-density
hotspots with potentially significantly enhanced local field.
This is an ideal configuration for ideal SERS substrates.
When comparing Fig. 1d with Fig. 1e and f, we may find that
for a filter paper the clusters are larger than those for a printing
paper; however, they are less homogeneously distributed. If
looking at the insets of Fig. 1d—f, we find that the porous
structures of the clusters and size of the gold nanoparticles
are not much different between the three samples. Therefore,
these substrates should in principle supply similar SERS
performance.
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nanoparticles, corresponding to the paper substrates in (a—c),
respectively. Insets: enlarged views of local areas
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Fig. 2 (a—c) Cross-sectional view SEM images of the paper fibers for the filter paper, printing paper, and envelope paper, respectively. (d—f) Cross-
sectional view SEM images of metalized paper substrates in (a—c), respectively

For distinguishing these three types of papers by their mi-
crostructural performance, we measured the SEM images of
the cross-sectional profiles of them, as shown in Fig. 2a—c for
the filter, printing, and envelope papers, respectively. Clearly,
the filter paper is the thickest and the envelope paper is the
thinnest; moreover, the fibers are much more loosely inter-
laced in the texture structures of the filter paper than the other
two. Furthermore, the filter paper has a roughest surface, as
compared with the other two papers. Such a loose and rough-
surface configuration favors formation of the 3D distribution
of'the clusters of gold nanoparticles. This can be confirmed by
Fig. 2d for the filter paper, as compared with Fig. 2e and f for
the printing and envelope papers. Clearly, the gold nanoparti-
cle clusters are located in the space between the fibers for the
filter paper; however, they are mainly piled up on the surface
of the printing and envelope papers. Apparently, the SERS
substrate based on a piece of filter paper is more reliable and
stable, although the three designs exhibit nearly the same
SERS enhancement performance, as will be demonstrated in
Section 3.2.

For distinguishing these three types of papers, we measured
Raman spectra on all of the samples in Fig. 1 using an exci-
tation laser at 785 nm and present the results in the supporting
information. Figure 3a shows the Raman spectra measured on
the samples in Fig. 2a—c, which are plotted by black, red, and
green curves. Clearly, much larger background can be ob-
served with the printing and envelope papers than the filter
paper. Similarly, such background difference can also be ob-
served with the samples after being metalized with the gold
nanoparticles, as shown in Fig. 3b. The background of the

Raman spectrum is even higher for the printing paper than
the envelope paper and that for the filter paper becomes more
flat and smooth. Furthermore, some spectral features can be
observed with Raman spectra in Fig. 3, as highlighted by
downward triangles, which are located at 1106, 1130, and
1385 cm™ . These features resulted from the fluorescent
agents that are used for whitening the papers, which are stron-
ger for the printing and envelope papers. However, multiple
sharp peaks can be observed with the red curve in Fig. 3D,
which can be taken as noise signals. According to the com-
parison between the three types of papers, the filter paper is
the most suitable candidate for the preparation of SERS
substrates.

SERS Performance

Detection of R6G Molecules Using TOABr-Coated AuNPs
on Paper Fibers

For SERS measurements, a continuous-wave (CW) 785 nm
laser with a maximum power of 100 mW was used as the
excitation, which was focused into an excitation area of about
2.06 mm®. An integration time of 1 s was employed for all
measurements. R6G solutions in ethanol with different con-
centrations were employed, which were drop-cast onto the
surface of the paper-based SERS substrates by a volume of
30 pL. SERS measurements were carried out after ethanol
evaporates completely.

Figure 4a shows the SERS spectra measured on R6G
molecules on the AuNPs-metalized papers, where the black,
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Fig. 3 (a) Raman spectra measured on the filter paper, printing papers, and envelope paper, respectively. (b) Raman spectra measured on different paper

substrates as they are coated with AuNPs without molecules for detection

red, and green curves correspond to the measurements using
the filter, printing, and envelope papers, respectively. Some
typical peaks are enhanced at 1191, 1313, 1433, 1514, 1574,
and 1646 cm '. Locations of these spectral peaks are consis-
tent with the other reported data in literatures [36, 37].
Apparently, large SERS signal can be observed in Fig. 4a
for all paper substrates. In particular, the intensity of peak
at 1313 cm ™' is enhanced most obviously. The concentration
of the R6G solution in ethanol for preparation of the sample
was 10~ M. Comparing the measurement results using the

three different types of paper substrates, we may observe
nearly equal amplitude of the SERS signals; however, nearly
flat background can be observed with the filter paper-based
SERS substrate. To verify the enhancement effects by the 3D
plasmonic AuNPs on paper substrates, we present in Fig. 4b
the Raman spectra measured on the R6G molecules drop-
casted on pure papers without AuNPs, where we have
changed the concentration of the R6G/ethanol solution so
that the typical Raman peaks can be resolved from the back-
ground. As shown in Fig. 4b, the lowest resolvable
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Fig. 4 (a) SERS spectra measured on R6G molecules prepared by drop-
casting R6G/ethanol solutions with a concentration of 10* M onto

AuNP-coated filter (black), printing (red), and envelope (black) papers.
(b) Raman spectra measured on samples prepared by drop-casting R6G/
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ethanol solutions with different concentrations onto pure filter (black),
printing (red), and envelope (green) papers without AuNPs coating. (c)
SEM image of the AuNP-coated filter paper. (d) Fluorescence optical
microscope image measured in the same region as the SEM image in (c)
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concentration is 10" M for the envelope paper and 10> M
for the filter and printing papers. If we evaluate the enhance-
ment factor (EF) roughly by

EF_ISERSXCRS (1)

- )
Irs % Csgrs

where Igzrs and Ipg are the amplitudes of the SERS and
Raman signals, respectively, and the Crg and Cggpg are the
solution concentrations for the Raman and SERS measure-
ments, respectively, the values of EF can be calculated to be
in the range 0.3—1.68 x 10*. This verifies the excellent SERS
effects of AuNPs on the paper substrates. The correspon-
dence between the Raman peaks for evaluating the enhance-
ment factors is indicated by the downward triangles in
Fig. 4a and b. Figure 4c shows the SEM image of the
AuNPs prepared on the filter paper substrate before being
drop-cast with R6G/ethanol solution, whereas Fig. 4d shows
the fluorescence optical microscope images measured on the
same area as the SEM image after the drop-casting of R6G/
ethanol solution. The dashed circle and rectangle highlights
the correspondence between the two microscopic images.
The R6G molecules can be identified by the yellow-
greenish colors, which results from the emission from R6G
molecules after being excited by a UV light source.
According to Fig. 3d, the R6G molecules are more aggregat-
ed in the area around the AuNPs, favoring the enhancement
of the interaction between the local plasmonic fields and the
R6G molecules.

Enhancement Factor

Comparison with Raman Spectroscopy Based on Pure Paper
Substrate

To evaluate the SERS enhancement factor more precisely, we
performed a series of experiments using the substrate demon-
strated in Fig. 4b and c to measure the SERS spectra on dif-
ferent concentrations of the R6G/ethanol solutions. As shown
in Fig. 5, as the concentration of R6G/ethanol solution was
reduced from 10> M to 10 M, the absolute amplitude (S,
as defined in Fig. 5) of the SERS signal at 1313 cm ' was
reduced from 3285 to 140 counts. However, the signal is still
clearly seen with excellent signal-to-noise ratio, implying re-
liable detection at a concentration of 10°® M. For substrates
using pure filter papers without AuNPs coating, reliably re-
solvable Raman spectral peaks can be observed only when the
solution concentration was increased to 10~ M. In the inset of
Fig. 5, we compare this Raman spectrum for a concentration
of 102 M (black) with the SERS spectrum for a concentration
of 10°® M (blue). The correspondence between the Raman
peaks is highlighted by triangles with different colors. Using
the definition of the enhancement factor in Eq. (1) and the
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Fig. 5 SERS spectra measured on R6G molecules prepared by drop
casting R6G/ethanol solutions with different concentrations onto an
AuNP-coated filter paper substrate. Inset: comparison between the
Raman spectroscopic measurement on a pure filter paper for R6G/
ethanol solution with a concentration of 1072 M and the SERS perfor-
mance on an AuNP-coated filter paper for a R6G/ethanol solution con-
centration of 10 M

absolute signal amplitudes that can be determined by the inset
of Fig. 5, we can calculate the enhancement factor at
1313 cm ! to be about EF = 1.4 x 10°.

Comparison with Raman Spectroscopy Based on Pure
Glass Substrate

It is also useful to compare the AuNP-coated paper SERS
substrate with the pure glass substrate, where glass substrates
are commonly employed in Raman and SERS measurements.
We compare the measurement results in Fig. 6a, where the
black curve shows the SERS spectrum measured on the sam-
ple prepared by R6G/ethanol solution with a concentration of
10 M and the red was measured on the sample prepared
using a concentration of 10 > M on a glass substrate. Using
Eq. (1), we may calculate a SERS enhancement factor of EF =

4.6 x 10*. Thus, the 3D TOABr-coated AuNPs structures sup-
ported by fibers of the filter paper substrate render high en-
hancement factor, as compared with conventional glass sub-
strates. Furthermore, much larger background modulation can
be observed with the glass substrate than the filter paper, as
indicated by the upward arrow.

For better understanding on the mechanisms for the SERS
performance, we also need to consider the rough surface and
large total area supplied by the paper fiber network coated
with gold nanoparticles. As shown in Fig. 6b, the paper fibers
coated with AuNPs have a large spatial modulation in three
dimensions, implying enlarged interaction volumes. The mod-
ulation depth distributes in a broad range of 0—1180 nm, pro-
ducing an rms value of 295 nm. Such rough surfaces enable
enhanced interaction between localized surface plasmons and
the target molecules through intensified local field, densified
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Fig. 6 (a) SERS spectrum (black) measured on R6G molecules prepared
by drop casting R6G/ethanol solution with a concentration of 10® M
onto an AuNP-coated filter paper substrate and Raman spectrum (red)
measured on the sample prepared by drop-casting R6G/ethanol solution
with a concentration of 107> M onto the surface of a piece of glass. (b)
Atomic force microscopic (AFM) image measured on the SERS substrate
using filter papers

hotspots, and enlarged total interaction area with improved
contacts.

As has been investigated [38], the surface roughness not
only induces direct reflection or scattering, which may be
assigned as first-order processes for enhancing local fields,
but also produces secondary interactions. Wave vector conser-
vation rules have to be satisfied, where incident wave vector is
modified by K, = K, + g in the transmission and reflection
waves with K; and g defined as the wave vector of incidence
and the gth spatial Fourier component of the reciprocal lattice
wave vector, respectively. Detailed discussions and investiga-
tions can be found in [38]. The rough surfaces produced by the
combination between the AuNPs and paper fibers supplied
additional enhancement mechanisms for the SERS perfor-
mance. We report a paper-based SERS substrate, where
TOABr-coated gold nanoparticles are supported by a 3D net-
work of paper fibers. Three types of papers that are commonly
available are employed to prepare the substrates. However,
filter papers are found to be a best choice for the design of
the most stable 3D plasmonic structures, where SERS signals
with high enhancement factor and high signal-to-noise ratio
are achieved. Enhancement factors larger than 10* have been
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measured in the detection of R6G molecules by drop-casting
low concentration solutions onto the paper-based SERS sub-
strates. The presented method not only introduces a simple,
low-cost, and conveniently achievable approach for the SERS
detection but also demonstrates important mechanisms for
high-sensitivity sensing techniques. In particular, paper-
based substrate implies easily tailorable into expected shapes
and sizes of the SERS substrates. Furthermore, the flexible
paper-based SERS devices are apparently disposable and en-
vironment friendly.

Materials and Methods
Chemicals and Materials

Sodium borohydride (NaBH4, 99%), tetraoctylammonium
bromide (C3;,HggBrN, 99%), methanol, toluene (C;Hg,
99.9%), and tetrachloroauric acid (HAuCl,-4H,0) were pur-
chased from Aldrich Chemical. Deionized water purified by
Thermo scientific D50282 (17.8 M{2-cm) was employed for
all aqueous solutions.

Synthesis of Tetraoctylammonium Bromide (TOABr)
-Coated AuNPs

TOABr-coated AuNPs were synthesized by Brust method
without addition of thiol reagents. Tetraoctylammonium bro-
mide (1.5 g/2.74 mmol) is dissolved into 80 mL toluene in a
double-mouth round bottom flask; then, HAuCl;4H,O
(0.44 mmol) dissolved in 2 mL deionized water is added.
After 20 min of reaction, NaBH,4 (0.28 g) in 20 mL deionized
water was quickly poured into the reaction vessel. The reac-
tion mixture is rapidly stirred at room temperature for 5 min.
The organic phase is reserved and the solvent is removed
below 50°C on a rotary evaporator. The product was then
aggregated in methanol. After being dried in vacuum, the
TOABr-coated AuNPs were obtained. In the last stage, the
TOABr-coated AuNPs were suspended in acetone with differ-
ent concentrations for later use.

Preparation of the Paper Substrates

Porosity is necessary for the AuNPs to be adsorbed onto the
fibers of the papers. 3D arrangement of the paper fibers allows
the enlargement of the total surface area for better contacting
of the molecules with the gold nanoparticles. Filter papers,
printing papers, and envelope papers were cut into pieces with
the same square shape and an equal area of 100 mm?, which
were used as the substrates for further metallization.
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Fabrication of the Paper-Based SERS Substrates

A 30 uL TOABr-AuNPs in acetone with a concentration of
50 mg/mL were drop-cast onto the paper substrates. These
samples were then placed on a hotplate and heated at 110°C
for 90 s. After complete evaporation of acetone, TOABT-
AuNPs were firmly adsorbed onto the surface of papers.

Morphology Characterization

Scanning electron microscopic (SEM) images were acquired
by a JEOL JSM-6700F at a voltage of 15 kV and an electron
current of 92 pA. Fluorescence optical microscopic images
were obtained by an Olympus microscope BX51.

SERS Performance Characterization

A 785 nm laser with an output power of 100 mW and a
linewidth of 0.72 nm was used as the excitation light source.
A Raman spectrometer from Ocean Optics (QEP01609) has
an effective spectral range of 2098 cm ' and a resolution of
0.16 nm. All the Raman spectra were acquired with an inte-
gration time of 1 s.
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