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ABSTRACT: We report a new paper-based surface enhanced
Raman scattering (SERS) substrate platform contributed by a
poly(L-lactic acid) (PLLA) nanofibrous paper adsorbed with
plasmonic nanostructures, which can circumvent many
challenges of the existing SERS substrates. This PLLA
nanofibrous paper has three-dimensional porous structure,
extremely clean surface with good hydrophobicity (contact
angle is as high as 133.4°), and negligible background
interference under Raman laser excitation. Due to the strong
electrostatic interaction between PLLA nanofiber and
cetyltrimethylammonium bromide (CTAB) molecules, the
CTAB-coated gold nanorods (GNRs) are efficiently immobi-
lized onto the fibers. Such a hydrophobic paper substrate with locally hydrophilic SERS-active area can confine analyte molecules
and prevent the random spreading of molecules. The confinement leads to focusing effect and the GNRs-PLLA SERS substrate is
found to be highly sensitive (0.1 nM Rhodamine 6G and malachite green) and exhibit excellent reproducibility (∼8% relative
standard deviation (RSD)) and long-term stability. Furthermore, it is also cost-efficient, with simple fabrication methodology,
and demonstrates high sample collection efficiency. All of these benefits ensure that this GNRs-PLLA substrate is a really perfect
choice for a variety of SERS applications.
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1. INTRODUCTION

Surface enhanced Raman scattering (SERS) has been regarded
as one of the most powerful spectroscopic techniques for label-
free detection of various chemical and biological species
because of its capability to provide a spectroscopic fingerprint
of each molecule.1,2 Ultrasensitive analysis can be achieved with
SERS owing to the electromagnetic and chemical enhancement
mechanism of noble metal nanostructures,3,4 whereas the
application of SERS in molecule analysis is largely hindered by
problems mainly associated with the reproducibility and
complexity in substrate preparations.5 So far, many different
techniques, such as physical vapor deposition,6,7 electron beam
lithography,8−10 colloidal lithography,11,12 nanosphere lithog-
raphy13,14 and other strategies,15,16 are currently available for
the fabrication of well-ordered periodic silver or gold
nanoparticle arrays, which enable precise control over the
shape, size, and organization of the metal nanostructures.17

SERS substrates obtained by these techniques show a large

Raman enhancement ability and good SERS reproducibility,
which enables SERS as a single-molecule detection technique to
identify analytes at trace levels.18 These substrates exhibit
excellent SERS performances for various ultrasensitive analyses
in laboratory.
On the other hand, much recent attention has been paid

toward the paper-based SERS substrates for on-site analytical
applications in the real world.19−29 Because paper is
inexpensive, flexible, and lightweight and can wick the samples
by capillary forces, the paper-based SERS substrates showed
advantages in SERS performance, cost, reproducibility, and
instrument independence and they could be fabricated
immediately before sample analysis.30 A great deal of researches
have been carried out to impregnate plasmonic nanoparticles
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into various papers such as filter paper,22−25 photocopy
paper,27,28 and cellulose paper,29 etc. For instance, Singamaneni
et al. reported the filter-paper-based substrates by dip-coating
gold nanorods (GNRs) into filter paper.24 Liz-Marzań et al.
developed a pen-on-paper approach to fabricate SERS
substrates with A4 photocopy paper.27 However, these papers
are generally not clean enough, which produces high back-
ground interference in the SERS detection. Furthermore, their
hydrophilic surface property may led to the spread of the
sample over the paper by capillarity, which made it difficult to
concentrate the analyte molecules at a SERS-active area for a
higher efficiency.31,32 Another example in this area is the work
by Yu et al., who reported the preparation of arrays of SERS
active sites on hydrophobized cellulose paper by printing silver
nanoparticles using an inkjet printer.29 The hydrophobic
surface of this paper enabled the concentration of analyte to
the SERS sensing pattern. However, specific instrumentation is
indispensable in this process.
Poly(L-lactic acid) (PLLA), as one of the most prominent

biodegradable and biocompatible polymers, has attracted much
attention from the academic viewpoint as well as the practical
applications.33,34 PLLA is derived from 100% renewable
resources such as corn starch, chips, or sugar cane and could
be eventually degraded into CO2 and H2O under natural
conditions.35 As an excellent environmentally friendly material,
PLLA is now widely used in commodity applications, tissue
engineering, and regenerative medicine. In particular, PLLA
nanofibrous papers prepared by electrospinning technique with
a high porosity and a large surface area have been proven to be
ideal for applications in tissue engineering and regenerative
medicine.36 Apart from the excellent biodegradability and
biocompatibility, electrospinning PLLA papers with three-
dimensional (3D) nanofibrous structure, relatively simple and
stable chain conformation, and strong hydrophobicity can be
expected to be an ideal SERS substrate.
Herein, we present the fabrication of a new paper-based

SERS substrate contributed by a hydrophobic nanofibrous
PLLA paper synthesized by electrospinning. Due to the strong
electrostatic interaction between PLLA nanofiber and cetyl-
trimethylammonium bromide (CTAB) molecules, the CTAB-
coated GNRs can be efficiently immobilized onto the
hydrophobic PLLA nanofibrous paper, resulting in locally
hydrophilic hot-spot areas. The obtained GNRs-PLLA paper
demonstrates a hydrophobic−hydrophilic focusing effect and
can serve as a SERS substrate with negligible background
interference, high sensitivity, good reproducibility, and excellent
long-term stability.

2. MATERIALS AND METHODS
2.1. Materials and Reagents. Chemicals used in GNRs synthesis

such as HAuCl4·3H2O, NaBH4, and CTAB were obtained from Sigma-
Aldrich (St. Louis, MO). Silver nitrate (AgNO3) and ascorbic acid
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). PLLA with an inherent viscosity of 1.46 dL/g
was purchased from DaiGang Biomaterial Co. Ltd. (Shandong,
China). N,N-Dimethylformamide (DMF) and dichloromethane
(DCM) were obtained from Beijing Chemical Co. (Beijing, China).
Deionized water was obtained with a Milli-Q water filter system from
Millipore Corporation (France). All reagents were used directly
without further purification.
2.2. Synthesis of GNRs. The GNRs were synthesized in an

aqueous solution via a seed-mediated growth method by using CTAB
as the surfactant, and the detailed procedures have been reported
previously.37 In brief, the 3−4 nm gold seed particles were prepared by

mixing 5 mL of 0.5 mM HAuCl4 with 5 mL of 0.2 M CTAB. The
solution was stirred vigorously followed by dropwise addition of 600
μL of freshly prepared ice-cold 10 mM of NaBH4. The reaction was
then left undisturbed for more than 2 h to ensure complete Au3+

reduction. In the GNRs synthesis, 18 mL of 5 mM HAuCl4 and 225
μL of 0.1 M AgNO3 were added to 90 mL of 0.2 M CTAB and then
200 μL of 1.2 M HCl and 10.5 mL of 10 mM ascorbic acid were added
and gently swirled to change the color from dark orange to colorless.
Afterward, 120 μL of the CTAB-stabilized gold seed solution was
rapidly injected. The obtained solution was gently mixed for 10 s and
left undisturbed overnight. Finally, the GNRs solution was centrifuged
at 10000 rpm for 10 min to stop the reaction. The supernatant was
removed, and the precipitate was resuspended in ultrapure water. The
GNR concentration was estimated to be about 0.65 nM according to
the extinction coefficient at longitudinal surface plasmon resonance
(LSPR) wavelength.38

2.3. Preparation of PLLA Nanofibrous Paper-Based SERS
Substrates. PLLA nanofibrous papers were fabricated by electro-
spinning according to the procedures reported by Chen et al.39 In
brief, a 10% (w/v) homogeneous polymer solution was prepared by
dissolving PLLA in a 4:1 mixture of DCM and DMF by gentle rocking
at room temperature for 12 h. The polymer solution was placed into a
syringe with a stainless steel needle (inner diameter of 0.6 mm) and
pumped continuously at a rate of 1 mL/h. The distance between the
needle tip and the surface of the collecting drum (covered with
aluminum foil) was 15 cm. During electrospinning, a high voltage
power supply was used to apply a 20 kV potential difference between
the tip and the grounded collector. After electrospinning for 1 h, the
obtained PLLA nanofibrous paper was then placed in a vacuum
desiccator overnight to remove residual solvent. Finally, the GNRs
aforementioned were dropped onto the PLLA nanofibrous paper by a
glass spotting capillary tube (inner diameter of 0.3 mm) to prepare
SERS substrates.

2.4. Characterizations. Transmission electron microscopy
(TEM) images were acquired on a JEOL JEM-2010 transmission
electron microscope operating at an accelerating voltage of 200 kV.
Absorption spectra were taken on a TU-1810 UV−vis spectropho-
tometer (Purkinje General Instrument Co. Ltd. Beijing, China). The
morphology of PLLA nanofibrous paper and SERS substrates based on
it were observed by scanning electron microscopy (NOVA NANO-
SEM430, FEI, The Netherlands) at 5−10 kV after gold coating for 120
s with a sputter coater (EM-SCD500, Leica, Germany). The
hydrophilicity/hydrophobicity of samples was evaluated by employing
static contact angle measurements with the sessile drop method using
an OCA20LHT-TEC700-HTFC1500 (Dataphysics, Germany) con-
tact angle goniometer. The ζ potential was determined by the
Zetasizer Nano ZS (Malvern Instruments Ltd., UK) at 25 °C. Raman
scattering was performed on a Horiba Jobin-Yvon LabRam HR VIS
high-resolution confocal Raman microscope equipped with a 633 nm
laser as the excitation source at room temperature.

3. RESULTS AND DISCUSSION
A three-dimensional PLLA nanofibrous paper was employed as
the paper scaffold to load with the plasmonic nanostructures for
enabling SERS. The PLLA nanofibrous paper was synthesized
by using electrospinning technology, which was a well-known
facile electrohydrodynamic method to fabricate various solid
nanofibers with high purity and high yield.40 In this work, the
synthesized PLLA nanofibrous paper has a smooth and uniform
surface and their size can be as large as 13 × 30 cm2 (see Figure
1a). Furthermore, the PLLA nanofibrous paper can be free-
standing with good flexibility (see inset in Figure 1a). To
evaluate its hydrophilicity/hydrophobicity, the contact angle of
a water droplet on the PLLA nanofibrous paper was measured
by using the sessile drop method (see Figure 1b). The water
contact angle was as high as 133.4°, demonstrating the good
hydrophobicity of the PLLA nanofibrous paper, which was
mainly owing to the possible surface segregation of hydro-
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phobic methyl groups and the porous surface morphology with
nanofibrous architecture.41 The surface topography of PLLA
nanofibrous paper was determined by SEM, and the images are
shown in Figure 1c,d. It was clear that a three-dimensional
uniform PLLA nanofibrous network with high porosity was
formed and the diameter of the fibers was varied from 500 to
800 nm.
The GNRs were used as the typical plasmonic nanostructures

for SERS applications owing to the facile tunability of
longitudinal SPR (to fit to the source laser) and sharp corners
(to obtain efficient electromagnetic hot spots).42−49 Figure 2a
reveals that the average diameter and length of the GNRs are
13 ± 2 and 43 ± 3 nm, respectively. As shown in Figure 2b,

there were two characteristic peaks at ∼518 and ∼766 nm in
the extinction spectra of the GNRs solution corresponding to
the transverse SPR band and longitudinal SPR band of the
GNRs, respectively.22 It should be emphasized that the GNRs
were synthesized by using a well-known seed-mediated growth
method with CTAB as the capping agent, and the GNRs could
be stabilized in CTAB solution for long-term preservation.37

Interestingly, it was found that the GNRs solution could be
used to tailor the hydrophilicity of the PLLA nanofibrous paper.
As shown in Figure 2c, when the GNRs solution was dropped
onto the PLLA nanofibrous paper, the contact angle of the
paper decreased from 133.4° to 0° with the increase of CTAB
concentration. The results suggested that the hydrophilic spots
could be obtained in such hydrophobic paper just by dropping
the GNRs solution onto their surface.
A schematic illustration is shown in Figure 3 to demonstrate

the possible interaction between CTAB and PLLA nanofiber.

For the GNRs, the capping CTAB molecules form a partially
interdigitated bilayer on the surface of GNRs. The GNR surface
was considered to be negatively charged due to the adsorption
of chloride or bromide ions, while the ammonium head groups
in CTAB carry positive charges. Through electrostatic
interaction, the ammonium head groups in CTAB bond tightly
to the GNR surface to form the inner layer. Another layer of
CTAB molecules was assembled because the hydrophobic
carbon-chain tail of CTAB could interact with the inner layer
and the ammonium groups point outside.50 The CTAB bilayer
made the GNRs positively charged51 with the ζ potential of
about 38.7 ± 2.02 mV. For the PLLA nanofibrous paper, the
surface of PLLA nanofibers was believed to be negatively
charged owing to the −COOR groups of PLLA.52 Correspond-
ingly, the ζ potential of the PLLA nanofibrous paper was about
−32.1 ± 1.36 mV, and the strong electrostatic interaction
between CTAB and PLLA nanofiber enabled the efficient
binding of GNRs onto the PLLA nanofibrous paper.
The aforementioned results demonstrated a strategy to

prepare the GNRs-PLLA paper substrate with hydrophilic
plasmonic hot-spot (SERS active area) on the hydrophobic
PLLA nanofibrous paper. To minimize the area of the hot-spot,
only 0.1 μL of the GNRs-CTAB solution was dropped onto the
PLLA nanofibrous paper by using a glass spotting capillary tube
with an inner diameter about 0.3 mm. As shown in Figure 4a,

Figure 1. (a) Photographs, (b) contact angle measurement, and (c)
low-magnification and (d) high-magnification SEM images of PLLA
nanofibrous paper prepared via electrospinning.

Figure 2. (a) TEM image and (b) absorption spectra of GNRs. (c)
Contact angle measurements of PLLA nanofibrous paper after
dropping GNRs-CTAB solution with increased CTAB concentration.

Figure 3. Schematic illustration of the interaction mechanism between
CTAB and PLLA nanofiber.
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the achieved hot-spot was in ring-like shape due to the known
“coffee-ring effect”53 with a diameter of only 700 μm. Figure 4b
revealed the detailed SEM images of the SERS active area. It
could be observed that the GNRs were tightly bound onto the
PLLA nanofibers instead of being deposited on the paper
surface. Furthermore, compared to the two-dimensional planar
substrates, such three-dimensional nanofibrous paper substrates
with hierarchical structure provided the increased surface area
and enhanced absorption capacity for easy access of analytes.54

Just by dropping the GNRs-CTAB solution one by one, a SERS
array with 3 × 3 hot-spots on a piece of 1 × 1 cm2 PLLA
nanofibrous paper could be easily fabricated (see Figure 4c).
Figure 4d,e demonstrated the stability of the GNRs-PLLA
paper substrate, which was indicated by the invariance of the
patterns after dipping in water and subsequent drying. In fact,
only 0.8% amount of the GNRs was detached from the
substrates with a 15 min dipping process by testing the
absorption spectra of the cleaning water before and after
substrate dipping (data not shown). The good stability of the
GNRs-PLLA paper substrate in water was ascribed to the
strong electrostatic interactions between PLLA and CTAB
molecules.
The background interference of the substrate could hinder

the SERS performance, but generally it was neglected. Here in
this study, the background interference of the GNRs-PLLA
paper under Raman laser excitation was examined and
compared to the GNRs-filter-paper (see Figure 5). It was
well-recognized that the filter paper was mainly composed of α-
cellulose55 (98% cotton fiber), of which the background
interference was very small. However, when the GNRs was
dropped onto the filter paper, strong Raman signals could be
observed in such GNRs-filter-paper even after the baseline
correction. In contrast, the GNRs-PLLA paper exhibited very
faint Raman signals, for which the baseline correction was even
needless. This was probably due to the relatively simple
chemical structure and stable chain conformation of PLLA as
well as its defined composition, which induce almost no Raman

signals of the pure PLLA paper (see Supporting Information,
Figure S1). It demonstrated the excellent cleanliness of the
GNRs-PLLA paper substrate, which could be especially suitable
for the detection of trace amount of analyte with faint SERS
signal.
The focusing effect of the GNRs-PLLA paper substrate with

hydrophobic−hydrophilic partition was investigated by using
Rhodamine 6G (R6G) as the typical probe molecules due to its
visible color. As shown in Figure 6a−d, when 2 μL of R6G

aqueous solution was dropped onto the substrate, they were
gradually concentrated onto the SERS-active area (covered by
the GNRs) during the evaporation process. Figure 6e illustrated
the side view of this evaporation process. It was obvious that
the contact area (red line) between the R6G droplet and the
paper surface was substantially unchanged, which demonstrated
the highly efficient concentration of R6G onto the hot-spot in
the paper. The patterned substrates with hydrophobic−
hydrophilic partition could readily control the transport of
liquid, during which the analyte molecules were selectively
adhered onto the hydrophilic part.56,57 Here, only the
plasmonic hot-spot area was hydrophilic in such a hydrophobic
substrate, thus inducing the hydrophobic−hydrophilic focusing
effect that could concentrate the analyte at the small plasmonic
hot-spot rather than spreading.
The SERS performance of the GNRs-PLLA paper substrates

was further investigated in this study. When 2 μL R6G droplets

Figure 4. (a,b) SEM images of one typical plasmonic hot-spot (a) and
its detailed structures (b). Inset graph in (b) is a higher magnification
SEM image. (c−e) Photographs of a GNRs-PLLA array (c) which was
dipped into water for 15 min (d) and then extracted and dried (e).

Figure 5. Comparison of background interference between PLLA
paper and filter paper coated with GNRs.

Figure 6. (a−d) Photographs of hydrophobic condensation effect for 2
μL of R6G aqueous solution positioned in the locally hydrophilic hot-
spot on the hydrophobic PLLA surface. (e) The side view of this
condensation process during evaporation.
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at different concentrations were introduced onto the substrate
separately, they were concentrated in the hot-spot area due to
the aforementioned hydrophobic−hydrophilic focusing effect.
After the paper drying, SERS measurements were performed by
employing a commercial Raman spectrometer with 633 nm
excitation. The experimental process was in a single collection
with the exposure time of 10 s. Figure 6a displayed the SERS
spectra of R6G with different concentrations varying from 1 ×
10−10 to 1 × 10−6 M. From the spectra, the characteristic peaks
of R6G at 612, 1360, 1510, and 1650 cm−1 could be easily
found, which corresponded to one C−C−C ring bending
vibration and three aromatic C−C stretching modes,
respectively.58 As illustrated, even at R6G concentrations
down to 0.1 nM, the signals could be clearly identified,
indicating the excellent SERS enhancement of the GNRs-PLLA
paper substrates.
To further demonstrate the SERS performance of GNRs-

PLLA paper substrate, the GNRs-filter-paper substrate was
selected for comparison (see Figure 7b). Particularly, the SERS
signals of R6G in concentration of 1 × 10−6 M could be clearly
observed on the GNRs-PLLA paper substrate, whereas very
weak signals of R6G in a concentration of 1 × 10−5 M was
detected on the GNRs-filter-paper substrate, accompanied by

strong background interference from the filter paper. It was
believed that the focusing effect contributed greatly to the
vastly different SERS performance of these two kinds of papers.
For the hydrophilic filter paper, a water droplet of the analyte
tended to diffuse over a large area on the paper by capillarity. In
terms of the PLLA nanofibrous paper, the hydrophilic SERS-
active area served as a concentrator to converge the analyte
onto it, thus a greatly improved SERS performance was
achieved.
It was known that the Raman enhancement effect in SERS

could be expressed by a value about the enhancement of the
Raman signal per molecule adsorbed on an active SERS
substrate with respect to the normal Raman signal per
molecule.59 The average enhancement factor (EF) value
could be calculated according to the following formula: EF =
(ISERS/NSERS)/(INor/NNor), where ISERS and INor are the SERS
intensity and normal Raman intensity of the same band of R6G,
and NSERS and NNor represented the corresponding number of
molecules probed in the focused incident laser spot. Here in
this study, the 612 cm−1 band giving the highest peak intensity
was selected for such a calculation. On the basis of the
calculation method mentioned above, the intensity of the
Raman band at 612 cm−1 was enhanced by a factor of about
1.08 × 107 (for details, please see the Supporting Information).
This Raman enhancement was comparable to the excellent
results obtained from the substrates fabricated by advanced
nanoengineering processes.60−62

We note that the LSPR band of the GNRs influence the
Raman enhancement of the substrate. So we chose the short
GNRs whose longitudinal SPR band is peaked at 766 nm when
they were dispersed in water solution. Furthermore, it is known
that the GNR-loaded paper generally exhibits a blue-shifted
LSPR band compared to the solution,24 which can be attributed
to the change in the dielectric ambient (from water to air +
substrate) with an effective decrease in the refractive index.
Here, such a blue-shift can lead to more effective coupling with
the 633 nm excitation laser. Although precise measurement of
the LSPR band of our substrate is difficult, it is believed that
more accurate regulation of the aspect ratio of the original
GNRs would further improve the Raman enhancement.
In the next step, the uniformity and reproducibility of GNRs-

PLLA substrates was determined. As shown in the SEM image
of a typical plasmonic area in Figure 8a, the GNRs on the rim
of the area was obviously denser than those in the inner,
forming a ring-like shape due to the known “coffee-ring
effect”.53 To study the uniformity of the SERS substrate, we
registered SERS signals from 13 spots (see Figure 8a) on a
single SERS-active area and the data were depicted in Figure
8b,c. It was observed that the SERS signals from the rim spots
were higher than those from the inner ones, while the rim spots
showed relatively consistent signal intensities for each
characteristic band of R6G (Figure 8b). For the strongest
peak at 612 cm−1, the relative standard deviation (RSD) of
SERS intensities from seven different rim spots on the same
substrate was calculated to be about 8% (Figure 8c). In
addition, we also tested the intensity variations among different
SERS-active areas within an array (Figure 8d). It was obvious
that all the SERS-active areas showed relatively consistent signal
intensities for each characteristic band of R6G (Figure 8e); the
corresponding RSD of SERS intensities at 612 cm−1 was about
5% (Figure 8f), indicating a high reproducibility of the GNRs-
PLLA paper substrates.

Figure 7. (a) SERS spectra (λex = 633 nm) of different concentrations
(1 × 10−6 to 1 × 10−10 M) of R6G on GNRs-PLLA paper substrate.
(b) SERS spectra comparison of R6G on GNRs-PLLA paper substrate
and GNRs-filter-paper substrate.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508881k
ACS Appl. Mater. Interfaces 2015, 7, 5391−5399

5395

http://dx.doi.org/10.1021/am508881k


An ideal substrate should be stable for long-term
preservation. In this respect, the stability of the substrate was
also studied by comparing the SERS signals from a freshly
prepared GNRs-PLLA paper substrate and the substrate after
storage in atmospheric conditions for 3 weeks (Figure 9). The
results demonstrated that both paper substrates were almost
the same in R6G signal intensity, illustrating the long-term
stability of GNRs-PLLA paper.
Finally, the applicability of the GNRs-PLLA paper substrates

was further investigated by using malachite green as a typical
analyte. Malachite green is a kind of shiny metal green crystal
belonging to the cationic triphenylmethane dyes, which has
been widely used in aquaculture industry and freshwater

aquaria as a fungicide and preservative. However, due to the
genotoxic and carcinogenic effects, malachite green was banned
in several countries and classed under category C.III by FAO/
WHO.63 Hence, it is meaningful to detect trace amounts of MG
in water by using a cheap, fast, and sensitive analysis method.64

In this regard, we employed our SERS substrate in malachite
green determination. Figure 10 illustrated the SERS spectra of
malachite green in different concentrations varying from 1 ×
10−6 to 1 × 10−10 M. Due to the efficient SERS activity, the
spectra clearly showed the characteristic Raman peaks of
malachite green: ring C−C stretching (1618 cm−1), N-phenyl
stretching (1397 cm−1), ring C−H in-plane bending (1172

Figure 8. (a) SEM image of a typical SERS-active area. (b,c) SERS spectra of R6G acquired from 13 different spots within a single SERS-active area
(b) and the corresponding histogram (c) for the peak intensity at 612 cm−1. (d) Photograph of a SERS array containing 16 SERS-active areas before
(left) and after (right) introduction of 2 μL of R6G. (e,f) SERS spectra of R6G acquired from 16 different SERS-active areas within a SERS array (e)
and the corresponding histogram (f) for the peak intensity at 612 cm−1.

Figure 9. SERS spectra (λex = 633 nm) of R6G (1 × 10−6 M) acquired
from freshly prepared GNRs-PLLA SERS substrate and from a
substrate prepared 3 weeks before. Excitation wavelength was 633 nm.

Figure 10. SERS spectra of different concentrations (1 × 10−6 to 1 ×
10−10 M) of malachite green on GNRs-PLLA substrate (the spectra
obtained at 1 × 10−9 and 1 × 10−10 M were amplified 2-fold for
clarity).
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cm−1), C−H out-of-plane bending (917 and 798 cm−1), and
phenyl−C−phenyl out-of-plane bending (438 cm−1).65 As-
cribed from the weak background interference of PLLA paper,
SERS signals could be identified clearly even at malachite green
concentrations down to 0.1 nM, which indicated that the limit
of detection (LOD) was much lower than the method
performance limit (2 μg/L) required by the European
Commission and the U.S. Food and Drug Administration.66

It was demonstrated that our SERS substrates could be
applicable to the on-site detection of malachite green in
practical applications. Moreover, the proposed method made it
easily accessible to end-users without complicated fabrication
steps.

4. CONCLUSIONS
In summary, we have presented a new paper-based plasmonic
SERS substrate with focusing effect by loading GNRs onto
PLLA nanofibrous paper. In comparison with the conventional
paper substrate, PLLA nanofibrous paper is advanced with
extremely clean surface, good hydrophobicity, and negligible
background interference under Raman laser excitation. The
immobilization of GNRs onto PLLA nanofibrous paper results
in a hydrophobic paper substrate with locally hydrophilic SERS-
active area, which can confine analyte molecules within it and
prevent the random spreading of molecules. With such a
focusing effect, the GNRs-PLLA SERS substrate has been
found to be highly sensitive in the detection of R6G and
malachite green in extremely low concentration (0.1 nM), with
excellent reproducibility (∼8% RSD) and long-term stability. It
is also cost-efficient and does not require tedious fabrication
steps. All of these benefits make the obtained PLLA nanofibous
paper substrate a really perfect choice for a variety of SERS
applications. Furthermore, our results provide an efficient route
to enhance the SERS sensitivity by tailoring the hydrophilicity/
hydrophobicity of SERS substrate.
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