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Flexible, transparent and highly sensitive SERS
substrates with cross-nanoporous structures for
fast on-site detection†

Yingcheng Wang,a,b Yuanhao Jin,a,b Xiaoyang Xiao,a,b Tianfu Zhang,a,b

Haitao Yang,a,b Yudan Zhao,a,b Jiaping Wang,a,b Kaili Jiang,a,b Shoushan Fana,b and
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A flexible and transparent film assembled from the cross-nanoporous structures of Au on PET (CNS of

Au@PET) is developed as a versatile and effective SERS substrate for rapid, on-site trace analysis with high

sensitivity. The fabrication of the CNS of Au can be achieved on a large scale at low cost by employing an

etching process with super-aligned carbon nanotubes as a mask, followed by metal deposition. A strongly

enhanced Raman signal with good uniformity can be obtained, which is attributed to the excitation of

“hot spots” around the metal nanogaps and sharp edges. Using the CNS of Au@PET film as a SERS plat-

form, real-time and on-site SERS detection of the food contaminant crystal violet (CV) is achieved, with a

detection limit of CV solution on a tomato skin of 10−7 M. Owing to its ability to efficiently extract trace

analytes, the resulting substrate also achieves detection of 4-ATP contaminants and thiram pesticides by

swabbing the skin of an apple. A SERS detection signal for 4-ATP has a relative standard deviation of less

than 10%, revealing the excellent reproducibility of the substrate. The flexible, transparent and highly sen-

sitive substrates fabricated using this simple and cost-effective strategy are promising for practical appli-

cation in rapid, on-site SERS-based detection.

Introduction

Surface-enhanced Raman Scattering (SERS),1,2 one of the most
powerful sensing techniques for identifying molecule
vibrational spectra with high sensitivity and selectivity, has
attracted worldwide research interest in recent years.3–5 Owing
to its high performance and nondestructive characteristics,6,7

SERS technology provides a robust method for the trace level
detection of analytes,8,9 and is extensively applied in the fields
of environmental monitoring,10 explosives detection,11 home-
land security,12 and biomedical science.13,14

The main mechanisms of SERS activity are attributed to the
large local electromagnetic (EM) field enhancement and chemi-
cal enhancement.2,15,16 The EM mechanism can make a domi-
nant contribution by a factor of 104–1010 to the Raman signal
enhancement.8,17,18 It is widely believed that the large EM field
enhancement is supported by the optical excitation of localized
surface plasmon resonance (LSPR), termed field “hot spots”, in
the vicinity of metallic nanostructures, especially around the
narrow nanogaps and sharp edges.19,20 As a result, considerable
effort in the development of SERS-active substrates, has been
aimed at designing and optimizing the geometry, dimensions
and arrangement of metallic nanostructures, to generate a high
density of “hot spots”.18,21,22 Two approaches are primarily used
for the fabrication of SERS substrates: top-down and bottom-
up.23 The former is based on standard lithography such as elec-
tron-beam lithography (EBL) and nanoimprint lithogra-
phy.20,24,25 Despite the pronounced and stable SERS signals that
can be obtained from the plasmonic nanostructures prepared
using these methods,26 simplicity, low cost and high through-
put are compromised. The latter involves colloidal self-assembly
and electrochemical reduction of noble metal salts, which inevi-
tably results in limited reproducibility.27,28 In addition, these
supporting substrates are often based on rigid templates (such
as silicon and quartz), which limits their utility in real-world
applications owing to their brittle nature.29

†Electronic supplementary information (ESI) available: Preparation and charac-
terization of pure SACNT films, morphology characterization and finite differ-
ence time domain (FDTD) simulation of 10 nm Au@PET, cross-nanoporous
model and results of FDTD simulations, effect of mechanical bending on the
SERS performance of flexible substrates, vibrational assignments of Raman
bands in SERS spectra for different analytes, SERS detection of thiram pesticides
using the flexible SERS substrate with a swabbing technique, and the intensity
distribution of several vibrational bands of 4-ATP with a corresponding calcu-
lated RSD.
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In contrast, flexible SERS substrates are a promising
alternative for routine application because of their flexibility
and transparency, in combination with high sensitivity.30 In
particular, they can collect trace amounts of sample from irre-
gular surfaces such as cloth and curved glass by easy and
efficient physical swabbing,30–32 compared with conventional
hard SERS substrates. More importantly, it has been demon-
strated that transparent and flexible SERS substrates are suit-
able for real-time, fast, in situ SERS detection of analytes;29,33

such as on-site measurement of residual contaminants on fish
skin,27 or real-time molecule analysis via a flexible SERS sub-
strate floating on a liquid surface.34 In addition, compatibility
with flexible photonic and electronic devices, and the ability to
be used cooperatively with portable Raman spectrometers, are
also regarded as advantages of flexible SERS substrates for
real-world application.29,35 To date, significant attention has
been paid to the fabrication of flexible SERS-active substrates
using tapes,36 thermoplastic materials,37 and polymer
films38,39 as support materials. However, as a consumable
product for molecule detection in practical applications, the
ideal flexible SERS-active substrate should demonstrate high
sensitivity, excellent adaptability, and good uniformity as well
as being cost-effective. The tradeoff between these features
results in some challenges when developing SERS-active
substrates.

In this work, we present and demonstrate a simple and low
cost fabrication strategy, using etching and metal evaporation,
for the manufacture of versatile plasmonic SERS substrates,
based on cross stacking super-aligned carbon nanotube
(SACNT) films. Cross-nanoporous structures of Au, with large
numbers of nanogaps and sharp edges, which can serve as
“hot spots” during SERS detection, are fabricated on polyethyl-
ene terephthalate (PET) supports. Thus, the resultant SERS
substrates with nanostructured SACNT features are flexible
and transparent, while still possessing high activity. This
makes them appropriate for real-time and on-site SERS detec-
tion of biological and chemical molecules on irregular objects.

The food contaminant crystal violet (CV) was detected at
different concentrations on the surface of tomatoes and the
SERS detection of 4-aminothiophenol (4-ATP) and thiram
using the flexible SERS substrate with a swabbing technique
was also systematically investigated. Furthermore, a low rela-
tive standard deviation (RSD) of less than 10% of the 4-ATP
SERS signals was achieved, which reveals the high reproduci-
bility of the flexible SERS substrate. The flexible SERS substrate
with cross-nanoporous structures could be easily produced on
a large scale using the reported approach. This cost-effective
fabrication method will make the resulting flexible substrate
an outstanding platform for fast, on-site SERS detection in
routine applications.

Results and discussion

The steps for the fabrication of the flexible, transparent SERS
substrate are outlined in Fig. 1. It has been the aim of our
group to gain an understanding of the characteristics of nano-
structured arrays of SACNT networks, and some applications
have been explored.40 In previous work, we established highly
sensitive SERS substrates on silicon supports with good repro-
ducibility, using a similar fabrication approach. These sub-
strates were then applied to the detection of residues of the
pesticide phosmet, with ultralow concentrations.41 Here we
expand this method to flexible substrates such as plastic PET.
Specifically, SiO2 with a thickness of 500 nm was preferentially
grown on PET by low temperature plasma-enhanced chemical
vapor deposition (PECVD). The pure SACNT films were con-
tinuously drawn from super-aligned carbon nanotube arrays
and easily cross-stacked on a metal frame by suspension (see
details in ESI Fig. S1†),42,43 forming SACNT networks with
nanoporous structures. The resulting SACNT networks were
then transferred onto a ready-made SiO2/PET substrate with
the assistance of alcohol, as described in the Experimental
section. This method is applicable to other substrates with low

Fig. 1 Schematic of the fabrication of a flexible and transparent SERS substrate based on cross stacking SACNT films via etching and metal
deposition.
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surface roughness. Subsequently, cross-nanoporous structures
(CNS) of SiO2 were fabricated using SACNT networks as
etching masks. According to our previous simulations and
analysis,42 to obtain significant Raman enhancement, CNS of
SiO2 with an optimal depth of 200–250 nm should be pursued,
which can be attained by adjusting the parameters of the reac-
tive ion etching (RIE) process. The SACNT networks were com-
pletely removed using acetone under ultrasonication for
several minutes. Finally, gold nanoparticles, with a critical
thickness of 10 nm, were formed as the SERS-active layer on
the cross-nanoporous surface by e-beam evaporation. This gen-
erated abundant “hot spots”, which significantly enhanced the
plasmonic electromagnetic field and accounted for the large
SERS enhancement in the presence of analytes discussed
below.

SACNT networks with crossed arrangements can be pre-
pared in large quantities owing to the possibility of batch
growth of SACNT arrays.43 A representative SEM view of
crossed stacked SACNT networks is shown in Fig. S1,† demon-
strating a quasi-periodic pattern in both the x and y directions
with innumerable nanopores. Thus, mass production of flex-
ible SERS substrates using the above procedures is cost-
effective. However, the naked SACNT networks are not
sufficiently durable when used as masks during the etching
process. As a result, prior to the transfer process, a more
robust aluminum oxide layer, with a thickness of 30 nm was
deposited on the suspended SACNT films by e-beam evapor-
ation, which can clearly strengthen their endurance. According
to our previous study,41,42 the carbon nanotubes in cross-stack-
ing SACNT films show complete Al2O3 coverage, meaning that
the composite system could play an effective role as an etching

mask in the subsequent reactive ion etching of the SiO2

located underneath. In this way, it would be possible to repli-
cate the key features of nanostructured SACNT films in a
variety of systems, by choosing an appropriate metal oxide
coating and tuning the etching parameters. Further appli-
cations of these SACNT films will be explored based on this
fabrication process.

In the above procedure, it is crucial to transfer the sus-
pended SACNT networks onto the intended substrate, while
maintaining their nanoporous structures. Fig. 2(a) shows the
detailed morphology of the SACNT networks coated with a
30 nm Al2O3 layer, which was placed on a ready-made SiO2/
PET substrate. It can be seen that the CNTs in the SACNT
films are unidirectional, aligned in a parallel manner, and
form a robust CNT grid when two layers are cross-stacked, so
as to ensure the adequate utilization of the nanoporous struc-
tures of the as-prepared SACNT frameworks during the follow-
ing RIE process. The inset shows the image with higher magni-
fication. After RIE processing and removal of residual SACNTs,
the most pronounced features of the quasi-periodic SACNT
films were fully transferred to the surface of the 500 nm thick
SiO2 layer deposited on the PET. This resulted in CNS of SiO2,
as the optical microscopy image in Fig. 2(b) shows. Given that
the final electromagnetic SERS enhancement factor has a
strong correlation with the aspect ratio of the nanostructured
array,7 we carefully tuned the etching conditions of the carbon
tetrafluoride (CF4) plasma, including radio-frequency (RF)
power and etching time. The SiO2 etching conditions were 40
sccm (standard-state cubic centimeters per minute), a CF4
pressure of 4 Pa and a RF power of 50 W. The operating time
was optimized to 6 minutes to obtain a nanostructured depth

Fig. 2 (a) SEM image of the deposited SACNT networks on PET coated with a 500 nm layer of SiO2. The inset is the image with higher magnifi-
cation. (b) Optical microscopy image of the cross-nanoporous structures of SiO2 on PET. (c) Representative SEM image of the cross-nanoporous
structures of gold with distinctive features of the SACNT grid. The inset shows a high-resolution image of the sample. (d) AFM image of the flexible
SERS-active substrate, showing the presence of gold nanoparticles on the nanostructure array.
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range of approximately 200–250 nm. These parameters
ensured a relatively high etching rate and greater roughness of
the SiO2 grid, which is beneficial for the generation of nano-
gaps and sharp edges in the subsequent metal deposition.

Fig. 2(c) shows an SEM image of cross-nanoporous arrays
after the deposition of a 10 nm Au layer, making it an active
SERS substrate with the distinctive features of a SACNT grid,
which we termed CNS of Au@PET. A Au layer thickness of
10 nm was chosen because it could lead to the formation of
gold nanoparticles around the surface of the cross-nanoporous
SiO2, which helped to sustain sufficient SERS signal enhance-
ment introduced by the generation of “hot” sites, while main-
taining good flexibility and transparency. We can see that the
CNS of Au are uniform over a large area and capable of ensur-
ing good reproducibility of SERS signal enhancement. As the
AFM image in Fig. 2(d) and a high resolution image of the
sample shown in the inset in Fig. 2(c) demonstrate, large
numbers of gold nanoparticles were created on or in the SiO2

grid with nanogaps and sharp edges, and the overall mor-
phology was consistent with that of SACNT networks, wherein
the localized surface plasmon (LSP) and strong field enhance-
ment would be excited by an incident electromagnetic (EM)
field. For better comparison, AFM and SEM images of 10 nm
unpatterned gold on the PET film are also characterized, as
shown in Fig. S2(b) and (c).† Furthermore, this scheme leads
to complex nanosystems, particularly the “Au NPs@SiO2 nano-

wire” multidimensional structure and “Au NPs–Au NPs” adja-
cent cells, which may further enhance the localized EM field
by efficient coupling of various LSPs.

The proposed method has exhibited some distinct advan-
tages of the production of flexible and transparent SERS-active
substrates. CNS of SiO2 grids surrounded by Au nanoparticles
could be readily fabricated by the combination of SiO2 etching
and Au layer deposition because of the introduction of quasi-
periodic SACNT networks as etching masks. As a result, the
most pronounced features of the nano-scale networks were
acquired with good uniformity, resulting in high reproducibil-
ity of the SERS substrate. A large number of nanogaps and
sharp edges were created on the surface or side walls of the
crossed SiO2 nanowires, which could greatly improve the detec-
tion sensitivity by the excitation of dense “hot spots”. This
occurred primarily because the streaks and verticality of struc-
tures were largely affected by the detailed shape and etching
selectivity of the Al2O3-coated SACNT mask, and the choice of
the Au layer critical thickness. A relatively high transparency
flexible SERS substrate would be obtained using the above fab-
rication process and parameters, as shown in the photograph
in Fig. 3(a). For comparison, the photograph of a pure PET
film is also shown in Fig. 3(b). In addition, the as-fabricated
CNS of Au@PET could be produced with a large area using
this method owing to the availability of large-scale SACNT net-
works. Fig. 3(a) shows a representative flexible SERS-active sub-

Fig. 3 Photograph of (a) the as-fabricated flexible SERS substrate with good transparency at a scale of 60 × 60 mm, (b) the pure PET film, placed on
paper printed with the letters THU (Tsinghua University). (c) Typical Raman spectra of 10−6 M crystal violet (CV) obtained from the flexible SERS-
active substrate and the unpatterned gold film on PET (reference), with an exposure time of 5 s. The red asterisks and black cubes in (c) correspond
to the Raman vibration modes of CV and PET, respectively.
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strate that is 36 cm2. As SACNT arrays have been produced
using batch growth, a flexible SERS substrate with an even
larger area could be conveniently put into mass production in
a reproducible and cost-effective manner.

As an evaluation of the sensitivity of the flexible substrates,
fabricated using the method described, in SERS detection
applications, CV, a common food contaminant used for food
coloring and as a food additive, was selected as the probe
analyte. Food is an essential element for human life, and
human health would be under threat if significant food
sources were polluted. Widespread attention has therefore
been paid to the detection and identification of food contami-
nants in daily life. SERS is regarded as a reliable potential tool
owing to its sensitivity in trace analysis of chemical and bio-
logical molecules. In this experiment, ten microliters of CV in
ethanol with a concentration of 10−6 M were dropped onto the
CNS of Au@PET films (detailed methods are described in the
Experimental section). The SERS spectrum of CV was
measured in the range 300–2000 cm−1, after the evaporation of
ethanol, with an exposure time of 5 s. For comparison, the
Raman spectrum of CV molecules on PET coated with a 10 nm
unpatterned gold film was also obtained as the reference,
using the same settings. As shown in Fig. 3(c), high intensity
Raman scattering signals of CV molecules can be clearly
observed from the as-fabricated flexible SERS substrate, and
the peaks are all consistent with the “fingerprint” spectrum of
CV as a whole. Some characteristic vibrational modes of CV are
labeled with a red asterisk. In contrast, few Raman peaks
attributed to CV are observed in the reference spectrum.
Instead, the pure Au-deposited PET film gave rise to several
dominant Raman peaks of PET, labeled in Fig. 3(c) with black
cubes. More details of the positions and assignments of the
characteristic Raman bands of CV and PET are listed in
Table S1 of the ESI.† It should be noted that high SERS signal
enhancement can be primarily attributed to the generation of
“hot spots” on the metallic nanostructures, where localized
surface plasmon resonances are excited by incident light,
which has been reported in numerous studies.7,19 The experi-
mental results demonstrated that greatly enhanced electro-
magnetic fields were induced for our flexible SERS-active sub-
strate, verifying the formation of a large number of metal
nanogaps and sharp edges around the cross-nanoporous SiO2.
This was also demonstrated by the finite difference time
domain (FDTD) simulations of the CNS of Au with a simplified
ideal model in front-side mode, which is shown in Fig. S3(a)
and (b) of the ESI.† The spatial intensity distribution of the
local electromagnetic field near the nanostructures shows a
high density of “hot spots” from nanogaps and sharp edges,
where the markedly large enhancement depicted by a factor of

E
E0

� �2

can reach 3.4 × 103, appearing on the top surface of the

structures. For comparison, the simulated intensity distri-
bution of the local electromagnetic field of 10 nm Au@PET is
also shown in Fig. S2(d),† with a maximal EM field enhance-
ment factor of ∼2.5.

We carried out UV-vis transmission spectroscopy measure-
ments to reveal the optical properties of the resulting SERS
substrates. It is important for support materials of SERS-active
substrates to have good flexibility and transparency in real-
time for on-site SERS applications. As Fig. 4(a) shows, the pure
PET film and the cross-nanoporous SiO2 have a transmittance
of ∼90%, ensuring that the incident laser can easily pass
through the PET film and access the gold nanoparticles
formed around the CNS of SiO2. Localized surface plasmons of
the formed Au nanoparticles would be stimulated and then a
very strong local electromagnetic field, with a homogeneous
distribution, could be formed widely around the nanogaps
between the metal NPs and sharp edges. As a result, it is
anticipated that the Raman signals of probe molecules
adsorbed on the CNS of Au would be significantly amplified. A
transmission valley with a broad band at ∼630 nm from the
resultant substrate is shown as a green curve in Fig. 4(a), and
could be considered to be the absorption band due to the exci-
tation of LSPR of the CNS of Au. This would indicate the for-
mation of Au nanostructures around the SiO2 grid of the sub-
strate, and mean that abundant SERS “hot spots” in the nano-
gaps and sharp edges would be excited by irradiation with a
laser with a wavelength of ∼630 nm. For comparison, the
transmission of PET coated with a 10 nm Au layer was also
plotted, shown by the blue spectrum.

A sensitivity study was performed on the resulting flexible
substrate to evaluate the feasibility of on-site SERS analysis.
Concise models of Au NPs around cross-nanoporous SiO2 were
constructed according to our observations, for illustrating
different measurement modes (front-side mode and back-side
mode), as shown in Fig. 4(b) and (c), wherein SERS signals
were collected from both sides of the “CNS of Au@PET”, after
exposure to the incident laser. A set of experiments for SERS
detection of CV solutions with concentrations from 10−6 to
10−9 M were conducted on the resulting flexible SERS sub-
strates (detailed methods are given in the Experimental
section). Fig. 4(d) shows the normalized SERS spectrum of CV
measured in both modes with an exposure time of 5 s. For
comparison, the background SERS spectra of bare CNS of
Au@PET without CV molecules are also shown in Fig. 4d, and
denoted as blank. It can be seen that the intensities of peaks
obtained from both sides of the substrate were almost the
same. And interestingly, the signals collected in back-side
mode were even stronger, which supported the above antici-
pation that the Raman signals of probe molecules adsorbed
on the CNS of Au would be largely enhanced by exciting the
LSP of Au nanoparticles formed on the reverse of the substrate,
in back-side mode. To further validate the anticipation and
investigate the mechanism of the experimental results, FDTD
simulations were carried out under the perpendicular
irradiation of a laser with a wavelength of 632.8 nm, in the
back-side mode as shown in Fig. S3(c) of the ESI.† It is clear
that the total EM field can also be significantly enhanced by a
high density of “hot spots” generated from nanogaps and
sharp edges, as shown in Fig. S3(d),† where the maximal EM
field enhancement factor can reach 1.6 × 104, which appears
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in the grooves of the CNS of Au and is about 4 times stronger
than that for the front-side mode. This phenomenon occurs
because the LSPR of noble metal nanoparticles or sharp edges
is dominated by the dipole mode and then significantly
related to the surrounding dielectric constant. Under the back-
side irradiation and measurement, the surrounding medium
can be regarded as SiO2, in which the dielectric constant
would be well matched with the complex dielectric function of
the metal. A stronger resonance occurs in this situation com-
pared with that for the front-side mode, where the surround-
ing medium is air.

Experimental results of Fig. 4(d) also showed that a small
minority of weak Raman signals from the PET film could be
detected from the flexible SERS substrate in back-side mode
measurement, on account of the small spacing between the
PET film and the CNS of Au, for example the band at
∼1720 cm−1. However, this had no impact on the analysis of
the probe molecules because the Raman spectra can be
regarded as “fingerprints” for various chemical and biological
substances. In addition, the detection limit of CV in ethanol,
in which the analytes were dropped onto the flexible substrate,
was found to be as low as 0.1 nM. We therefore expect that the
CNS of Au@PET could adsorb on irregular objects and collect
signals in back-side mode without the attenuation of the inten-
sity, which has significant potential in real-time and on-site
SERS analysis.

The flexibility of the as-fabricated SERS substrates was also
evaluated and characterized by bending them for five cycles at

a radius of less than 3 mm and after that detecting their SERS
activity, as shown in Fig. S4 in the ESI,† from which we can
conclude that the flexible substrate could endure an appropri-
ate bending strain and sustain the high activity of SERS per-
formance. These results demonstrate that the flexible SERS
substrate has good mechanical properties, and the mechanical
bending has little effect on the excitation of “hot spots” from
narrow metal nanogaps and sharp edges. Thus the as-fabri-
cated substrate is suitable for the application of flexible SERS
sensing.

On the basis of the results discussed, it is clear that the
CNS of Au@PET is a promising SERS substrate for rapid, on-
site SERS detection. A small piece of the resultant SERS-active
substrate was applied to the surface of a tomato and was able
to make good contact due to its flexibility, as can be seen in
the photograph in Fig. 5(a). The inset demonstrates the flexi-
bility of the sensing substrate through bending at a radius of
less than 3 mm. Relatively high transparency and flexibility of
the support materials, as well as cost-effective preparation and
excellent SERS performance, mean that the versatile substrates
can be used for identifying biochemical analytes on the
surface of irregular objects, through a simple “adsorbing or
wrapping” method with the CNS of Au@PET film and stimu-
lating the localized surface plasmons of the Au nanostructures
by the incident EM field penetrating the PET film. For proof of
this concept, real-time on-site SERS detection of the CV mole-
cules on the tomato surface, using the flexible substrate, was
demonstrated according to the specific sample preparation

Fig. 4 (a) UV-vis transmission spectrum of a pure PET film, the cross-nanoporous structure of SiO2 on PET, 10 nm gold films on PET, and a flexible
PET-based SERS substrate. Schematic diagram of SERS experiment, in which the flexible SERS-active substrate is irradiated with a laser beam from
the (b) front side and (c) back side. (d) SERS spectra of CV, obtained from both sides of the flexible and transparent SERS substrate, with analyte con-
centrations of 10−6, 10−8 and 10−9 M dropped onto its surface. The exposure time was 5 s.
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described in the Experimental section, as shown in Fig. 5(b).
SERS signals were directly recorded in back-side mode by
focusing the laser spot onto the interface between the flexible
substrate and the tomato surface. As Fig. 5(c) shows, no dis-
tinct CV Raman signals could be detected by direct measure-
ment (DM) of the tomato after spraying with a CV solution
with a concentration of 10−3 M. The spectrum included several
peaks assigned to carotenoid from the tomato, including the
bands at 1157 cm−1 and 1510 cm−1. The Raman spectrum of
pure tomato without CV adsorption was also measured as a
reference. By comparison, significant Raman signal enhance-
ment associated with CV was observed when the flexible CNS
of Au@PET was adsorbed on the surface of the tomato. This
significant enhancement is attributed to the contact between
the active side of the substrate and the residual CV on the
tomato. Because of the extremely low concentration of residual
food contaminants in daily life, it is necessary to establish the
sensitivity of the resultant flexible substrate in an analytical
application. The SERS spectra of CV, with a series of molecule
concentrations ranging from 10−3 M to 10−8 M, were obtained
using consistent measurement conditions. With this approach,
the on-site SERS intensity could still be detected when a CV
concentration as low as 10−7 M remained on the tomato. In
the experiment, the tomato surface was sprayed with a CV solu-
tion with a particular concentration. According to the experi-
ment, it is estimated that the amount of CV ethanol solution
on one spot is about 20 μL during the spraying, which covers
an area of the circle with ∼0.3 cm radius. Thus the limit of
detection of CV on the tomato surface is about 2.9 ng cm−2.

More importantly, no contaminants were introduced to the
sampled object during the fast detection.

Additionally, it could be seen that the original SERS inten-
sity of the CV spectrum clearly decreased as the CV concen-
tration was reduced from 10−3 M to 10−7 M. The intensity of
the Raman band at 1174 cm−1, corresponding to the in-plane
vibration of the ring C–H bend in the CV molecule, as a func-
tion of CV concentration, is shown in Fig. 5(d). It can be seen
that the relationship between the intensity of the Raman band
at 1174 cm−1 and the logarithm of the CV concentration, is
linear, with an R2 of 0.99. In light of these experimental
results, we can make a preliminary analysis of the unknown
concentration of residual CV molecules on objects, by measur-
ing the SERS intensity. As a result, it is believed that the flex-
ible SERS substrates are promising for quantitative detection
of contaminant residues on irregular objects, and could be
extended to other practical applications.

The ability to efficiently extract trace amounts of analyte
from irregular surfaces in routine applications is regarded as
one of the prominent advantages of the flexible SERS-active
substrate. We therefore further demonstrated the versatility of
the as-fabricated flexible CNS of Au@PET film in SERS detec-
tion by swabbing the skin of an apple sprayed with traces of
4-ATP, a chemical used as a pesticide, medicine and dye-inter-
mediate. The detailed sample preparation can be found in the
Experimental section. Because of its flexibility, the wetted
SERS-active substrate could achieve close contact with the
apple skin through mechanical swabbing, shown in the inset
of Fig. 6(a), thus resulting in the efficient extraction of the

Fig. 5 Performance test of the flexible SERS-active substrate. (a) Photograph showing the as-fabricated flexible substrate being applied to the
tomato surface. The inset depicts the excellent mechanical flexibility of the substrate with bending. (b) Real-time and on-site SERS detection of CV
sprayed onto an irregular tomato surface using the flexible substrate. (c) SERS spectra of CV obtained from the back-side of the flexible substrate,
with different concentrations ranging from 10−3 to 10−8 M sprayed on the tomato surface. The direct measurement (DM) of the Raman spectra of
CV (10−3 M) on the tomato surface and the Raman spectra of the tomato are shown in the red and green curves, respectively. (d) Linear variation in
the SERS intensity of CV at 1174 cm−1 labeled in (c) versus logarithmic CV concentration. The exposure time was 5 s.
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residual 4-ATP molecules. Subsequently, the SERS analysis was
conducted on the active side of the flexible substrate. The
Raman spectrum obtained from the substrate after swabbing
the apple skin sprayed with 10−6 M 4-ATP solution, is indicated
in spectrum III of Fig. 6(a). For comparison, spectra I and II
are the SERS spectra of 4-ATP obtained from two flexible sub-
strates after being soaked in 4-ATP solution with a concen-
tration of 10−6 M and 10−8 M, respectively. All of the Raman
peaks are in good agreement with the characteristic bands of
4-ATP, whose peak positions and assignments are partly listed
in Table S2 of the ESI.† Moreover, the thiram pesticides with
relatively weak affinity to the Au surface, which have been
applied to the tomato, were selected to perform similar detec-
tions using the swabbing method. The detailed SERS spectra
are shown in Fig. S5 of the ESI,† in which several representa-
tive peaks are labelled and are consistent with the spectrum
assigned to the thiram. Similarly, the Raman intensity
obtained from the substrate after swabbing the apple skin
applied with 10−5 M thiram solution, was largely enhanced, as
shown in spectrum III of Fig. S5.† For comparison, spectra I
and II are the SERS spectra of thiram measured from two flex-
ible substrates after being immersed in thiram ethanol solu-
tions with concentrations of 10−5 M (black curve) and 10−7 M
(red curve) for 1 h. The results revealed that the Raman inten-
sity could be greatly enhanced by using the swabbing tech-
nique, verifying that the proposed flexible substrate has the
potential to be applied to the efficient extraction of analytes
and fast SERS detection.

Uniformity is considered an important feature of flexible
SERS-active substrates. We therefore investigated the reproducibil-
ity of the detection of 4-ATP molecules using the resultant CNS of
Au@PET substrate. After soaking the flexible substrate in a 10−6

M 4-ATP solution, SERS spectra were recorded from 81 spots with
a step width of 300 μm along two orthogonal directions, depicted
as waterfall plots, shown in Fig. 6(b). Fig. 6(c) shows the corres-
ponding contour map of all Raman peaks assigned to 4-ATP, such
as the characteristic bands at 1073, 1138, 1388, 1435 and
157 cm−1. This demonstrates that all SERS signals were strongly
enhanced with good uniformity, revealing the high performance
of the flexible substrate on a large-scale area. The high reproduci-
bility of the flexible substrate could be attributed to the high
density “hot spots” of the cross-nanoporous structures of Au.
Moreover, the relative standard deviation (RSD) of the SERS inten-
sity of the peak at 1571 cm−1 is 9.6%, as shown in Fig. 6(d),
which describes the intensity distribution plot as a function of
position throughout the SERS substrate with an area of 2.5 ×
2.5 mm. The RSDs of the intensity of other vibrational bands at
1073, 1138, 1388 and 1435 cm−1 were also calculated, shown in
Fig. S6 of the ESI.† The comparatively low RSD further indicated
the high uniformity of the proposed flexible SERS-active substrate.

Conclusions

In summary, a flexible and transparent CNS of Au@PET film
was fabricated as a versatile and effective SERS substrate via a

Fig. 6 (a) SERS spectra of 4-ATP obtained from the resultant flexible substrate: (I), (II) after being immersed in 4-ATP solutions with concentrations
of 10−6 M (black curve) and 10−8 M (red curve); (III) after swabbing the apple skin sprayed with 10−6 M 4-ATP solution, shown in the upper-left inset.
(b), (c) SERS waterfall plots and contour map of 10−6 M 4-ATP obtained from 81 spots with a step width of 300 μm on the flexible SERS-active sub-
strate. (d) Raman intensity distribution plot of 10−6 M 4-ATP at the major peak of 1571 cm−1 with a 2.5 × 2.5 mm area and a relative standard deviation
(RSD) of 9.6%. Experimental conditions: Exposure time of 30 s for (a) and 20 s for (b)–(d).
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cost-effective strategy based on etching and metal evaporation.
It was observed that a large number of metal nanogaps and
sharp edges around the cross-nanoporous SiO2 were estab-
lished in the resulting substrate, leading to abundant “hot
spots” with good uniformity. The high SERS enhancement
effect of the proposed flexible SERS-active substrate was
demonstrated using CV as an analyte, in both front-side and
back-side measurement modes. Specifically, the flexible sub-
strates allow for fast, on-site and ultrasensitive SERS detection
of food contaminants, by wrapping the irregular surfaces of
fruits, with a lowest CV solution concentration detected on
tomato skin down to 10−7 M. A preliminary quantitative
analysis of contaminant residues could be performed based
on the experimental linear relationship between the intensity
of the Raman band at 1174 cm−1 and the logarithmic CV con-
centration in routine applications. In addition, the detection
of 10−6 M 4-ATP and 10−5 M thiram was achieved by swabbing
apple skin with the CNS of Au@PET film owing to its ability to
efficiently extract trace amounts of analyte from objects. It was
also shown that the resultant flexible SERS substrate with
cross-nanoporous structures possessed excellent detection
reproducibility, with an RSD value of the major Raman band
of less than 10% over a large-scale area. It is clear that these
results demonstrate that the flexible substrate fabricated using
this approach could potentially be used as a real-time, fast, on-
site SERS platform in food safety and environmental
monitoring.

Experimental section
Materials

Polyethylene terephthalate (PET) films with a thickness of
75 μm were purchased from PANAC. Crystal Violet (CV) was
purchased from Alfa Aesar. 4-Aminothiophenol (4-ATP) and
thiram were purchased from Sigma-Aldrich. Good quality
super-aligned CNT arrays with a height of 300 μm were
synthesized on 8-inch silicon wafers by low-pressure chemical
vapor deposition (LP-CVD), which is described in previous
work.43

Transfer of super-aligned CNTs

Prior to the deposition of SiO2, the PET film was heated on a
hotplate for 20 min (100 °C) to induce the release of stress,
preventing thermal strain in the subsequent etching process
and metal deposition. The suspended SACNT networks cross-
stacked on the metal frame were placed on the ready-made
SiO2/PET substrate. Several drops of alcohol were added to the
surface of the SACNT, which caused the CNTs to shrink,
making the CNTs bind with the SiO2-coated PET substrate
more compactly.

Preparation of SERS detection samples

To demonstrate the SERS sensitivity, including being excited
from both the front and back sides, CV in ethanol solution
(bulk concentration of 10−3 M) was prepared as a stock solu-

tion, and different concentrations (10−6 M, 10−8 M and 10−9

M) of CV ethanol solution were obtained by dilution of the
stock solution. Then 10 μL of the different diluted solutions
was dropped onto the flexible SERS substrates and dried in air
at room temperature. To explore the versatility of the as-fabri-
cated CNS of Au@PET as a flexible SERS substrate for real-time
and on-site molecule detection, a small piece of substrate with
the active side down was adsorbed onto the surfaces of toma-
toes, to which different concentrations of CV ethanol solution,
ranging from 10−3 M to 10−8 M, had been applied. The
samples were subsequently dried at room temperature. The
SERS signals were directly measured from the reverse side of
the substrates. A direct measurement was also carried out by
focusing the incident laser onto the tomato surface in the
absence of the sensing substrate. An apple to which a 4-ATP
ethanol solution with a concentration of 10−6 M had been
applied, was measured in the same manner. The flexible SERS-
active films, slightly wetted by adding a small drop of ethanol,
were used to mechanically swab the skin of the prepared apple
three times, and the SERS spectra were obtained from the
active side of the flexible substrate. For comparison, two
equivalent flexible substrates were soaked in 4-ATP
solution with concentrations of 10−6 M and 10−8 M for 4 h and
characterized as previously described.

Characterization

Nanostructures of the resultant flexible SERS substrates were
characterized using SEM and AFM. SEM images were obtained
using an FEI Nova NanoSEM 450. AFM images were taken
using an NT-MDT AFM in tapping mode. Microscopy images
were acquired at 100× optical magnification. UV-vis trans-
mission spectra were recorded with a lambda 950 spectrometer
in the range 350–900 nm. The SERS measurements were per-
formed in backscattering mode using a confocal micro-Raman
spectrometer (Jobin–Yvon LabRam HR800) with a laser exci-
tation wavelength of 632.8 nm at room temperature. A
BH-2 microscope with 50× objective lens (nominal numerical
aperture; 0.75) and a Peltier cooled charge coupled device
(CCD) were used for all Raman signal collection. The laser
spot size for signal probing was ∼2 μm in diameter, and the
incident excitation power was set at 1.7 mW with different
exposure times. All Raman spectra were fitted using the
Gaussian–Lorentzian lineshape after the removal of the
baseline.
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