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Flexible substrates have been proposed for daily-life applications in SERS detection due to the prominent sample
collection properties such as they can be wrapped around non-planar object surface. Combining the noble metals
with polymers, flexible SERS substrates could be fabricated with advantages of light weight, transparency and
high SERS sensitivity. Herein, we prepare a gold nanorods (AuNRs)/poly(methyl methacrylate) (PMMA) film
as flexible SERS substrate by self-assembling a uniformly AuNRs array layer on PMMA template. This AuNRs/
PMMA film performs excellently on thiram trace detection with the lowest detection concentration of 0.5 ppb.
The fabricated substrates were applied for practical detection with cucumber by directly covering the AuNRs/
PMMA flexible film on the target surface. Furthermore, the high SERS sensitivity as well as great reproducibility
present a wide range of prospections for the further application of non-plane surface.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Surface-enhanced Raman scattering (SERS) has been developed in
analytical sciences, biological sciences, surface and material sciences
due to its nondestructive analysis and ultrasensitive properties [1-4].
Extensive efforts have focused on the exploration of the SERS mecha-
nisms and there are two major enhancement mechanisms have been
widely accepted, electromagnetic enhancement and chemical enhance-
ment. [5,6] The electromagnetic enhancement defined the interaction
between the incident and scattered light and substrate which arise in-
tense field enhancement factor due to the excitation of localized surface
plasmon resonance (LSPR) of the nanoparticle metal surface. The chem-
ical enhancement produced by exceting of adsorbed molecules localized
electronic resonances or the chemical interaction between the adsorbed
probes and the adsorptive surface [7]. The “SERS hot spots” are small
gaps between nanoparticles, and the coupling effect between nanopar-
ticles generally accepted as the regions of highly enhanced local electro-
magnetic field which is the dominant contribution for SERS
enhancement [6,8]. In this field, metallic nanoparticles suspensions
were widely used because of the high SERS performance [9]. However,
the reproducibility of the substrate restricted the broad application
until the problem was solved by immobilizing the metallic nanoparti-
cles on certain kind of solid support such as glass, quartz and silicon sub-
strates [10]. So far, great efforts have been focused on non-flexible
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substrates to realize high SERS activity and reproducibility by methods
as the Langmuir-Blodgett (LB) method, the template method, and
nanolithography and nanoimprint methods [11,12]. However, disad-
vantages exist such as brittle, nonflexible and inconvenient in practical
application. In comparison, it is more easy and efficiently to collect spec-
tral signal via flexible substrates, which could achieve broader applica-
tion and meet varied realistic demands [13].

Over the past few years, a number of flexible SERS substrates have
been obtained by means of nanofiber assemblies, cellulose paper, car-
bon nanotube (CNT) or grapheme templates and oblique angle deposi-
tion (OAD) technique [14-18]. However, those flexible SERS materials
reported in literature exist some inherent problems such as poor optical
transparency, complicated preparation process, harsh reaction condi-
tions and high fabrication costs. Taking the above shortcomings into ac-
count, fabricating flexible SERS substrates on plastic or polymers can
offer advantages of light weight, transparency, efficient fabrication and
low cost based on the flexible properties [19-21]. It is important to
note that metal-polymer flexible SERS substrates pay attention to high
and uniform SERS signal enhancement as well as excellent transparency
and flexibility. Noble metals such as Ag, Au, Cu are commonly used as
SERS substrates due to the high electromagnetic enhancement [22].
Compared with the sphere-shape nanoparticles, gold nanorods
(AuNRs), as an anisotropic nanostructure, have stronger electromag-
netic enhancement capacity on account of the lightning rod effect
[23]. AuNRs display two separate surface plasmon resonance (SPR)
bands known as transverse and longitudinal plasmon bands [24]. The
peaks are tunable depending on the aspect ratio of the AuNRs, this
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characteristic broadens their application in biotechnologies by manipu-
lating the longitudinal band in the nearinfrared (NIR) region [25].

Herein, we report a facile and practicable method for fabricating the
AuNRs/PMMA film served as a flexible SERS substrate via self-assemble
of AuNRs in poly(methyl methacrylate) (PMMA) template. AuNRs lo-
cated uniformly in one side of the film, which can contribute spectral
enhancement and intensive hotspots. The other side of AuNRs/PMMA
film (PMMA template layer) is optically transparent, so the laser can
easily pass through PMMA template and reach the assembled AuNRs
layer which means we can use AuNRs layer to connect with analytes
and obtain Raman signal from the side of PMMA. It is worth mentioning
that the minimum detectable concentration for thiram detection on the
previous preparation substrate can be as low as 0.5 ppb. Furthermore,
we can obtain clear Raman signals for the trace-detection by covering
the AuNRs/PMMA flexible film directly on the surface of cucumber sam-
ple, indicating that this as-synthesized flexible SERS substrate is suitable
for diverse morphologies surface. Therefore, the AuNRs/PMMA flexible
film can provide a practical SERS active platform for the trace analysis
with cost-effective, high reproducibility, sensitivity and stability.

2. Materials and Methods
2.1. Reagents

Chloroauric acid (HAuCl,) and Poly(methyl methacrylate) (PMMA,
MW = 1.2 x 10° g/mol) used for this study were purchased from
Sigma Aldrich (Shanghai, China). P-mercaptobenzoic acid (p-MBA)
were purchased from Tokyo chemical industry Co. Cetyltrimethyl Am-
monium Bromide (CTAB) were purchased from Lanyi Factory Co. (Bei-
jing, China). Sodium oleate (NaOL) were purchased from Hushi
laborator equipment Co. (Shanghai, China). Silver nitrate (AgNOs) and
sodium borohydride (NaBH,) were purchased from Guanghua Chemi-
cal Factory Co. (Guangdong, China). Ascorbic acid (AA) were purchased
from Xilong Factory Co. (Guangdong, China). All syntheses progresses
were used Ultrapure MilliQ water. All the glassware was soaked in
aqua regia following which the substrates were rinsed with MilliQ
water for several times and then dried before use.

2.2. Synthesis of the AuNRs

Seeds mediated growth method is adopted to synthesize monodis-
perse AuNRs with high aspect ratio [26].

2.2.1. Synthesis of the Seed of Gold Nanorods

First 5 mL HAuCly solution (0.5 mM) and 5 mL CTAB (0.2 M) solution
are mixed in a 100 mL boiling flask. Additional 0.6 mL fresh ice NaBH,4
(0.01 M) is diluted to 1 mL with pure water and then injected to the pre-
vious mixed solutions under vigorous stirring (1200 rpm). Keep stirring

for 2 min until the color of the seed solutions change to brownish yel-
low. Stop stirring and keep the solutions stewing at least 30 min before
use at room temperature to complete the reaction.

2.2.2. Preparation of the Growth Solution

3.5 g CTAB and 0.617 g NaOL were dissolved by pure water approx-
imately at 50 °C in a 250 mL flask. Then 9 mL AgNOs solution (4 mM)
was added when previous solution was cool down to 30 °C. Keep this
solution undisturbed at 30 °C for 15 min before the additional 125 mL
HAuCl,; solution (1 mM) was added. After 90 min of stirring
(700 rpm) the solution became colorless, following 0.75 mL HCI was
added to adjust the pH. Then slow stirring 15 min at 400 rpm and
changed to vigorous stirring at 1200 rpm after added 0.625 mL ascorbic
acid (0.064 M), and stirred another 30 s at 1200 rpm after 0.2 mL gold
seed solution was added. Finally, keep the mixed solution undisturbed
at 30 °C at least 12 h for fully growth of AuNR. Centrifuge the final prod-
ucts at 7000 rpm for 20 min and remove the supernatant, repeat this
procedure three times. It's better to use warm water to wash CTAB
out. Isochoric the AuNRs at 10 mL.

2.3. Fabrication of Gold Nanorods/PMMA Flexible Substrates

First, dilute 0.3 mL prepared AuNRs suspension to 1.5 mL with MilliQ
water (about 2 nM), and transferred diluted AuNRs to a beaker. Then in-
sert the syringe needle with ethanol to the solution before add 0.7 mL
toluene with 26 mg PMMA to beaker. There was a clear water/toluene
interface formed as soon as toluene was added, which caused by incom-
patibility of two liquid. After that, the peristaltic pump was used to
injected 0.8 mL ethanol with the feeding rate of 0.12 mL/min. It is note-
worthy that a same liquid volume between AuNRs suspension and eth-
anol together with toluene was crucial. The AuNRs were slightly rose up
to the water/toluene interface and spontaneously self-assembled into
an array monolayer with a thin PMMA film along with the evaporation
of toluene. While the toluene volatile completely, a flexible transparent
PE film was used as a support to retrieve the AuNRs/PMMA film, and
subsequently dried at 60 °C temperature.

24. Fabrication of SERS Sample

For the SERS sensitivity measurement, small pieces of the AuNRs/
PMMA film were immersed in 0.2 mL of 10> M p-MBA solution for
4 h, then taken out and dried in air. To determine SERS enhancement
factor, the sample was immersed in 10~° M CV solution for 4 h, then
taken out washed with ethanol to remove the unbound molecules and
dried in air. For thiram detection, a series of standard thiram solutions
of different concentrations (from 5 ppm to 0.5 ppb) were prepared by
diluting the stock solution with water, then immersed film substrates
in 0.2 mL thiram solution for 4 h, then taken out and dried in air. For
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Scheme 1. Schematic diagram of preparation of AuNRs/PMMA SERS substrate.
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Fig. 1. (a) The SEM image of the AuNRs/PMMA film; (b) UV-vis spectra of monodispersed AuNRs solution, AuNRs-PMMA film supported by PET and AuNRs solution after assembly.

pesticide detection on vegetable skin, pieces of cucumber were first
soaked in thiram solutions with different concentrations (from 5 ppm
to 50 ppb), followed by covering a AuNRs/PMMA film around the skin,
with the AuNRs facing it.

2.5. Characterization

Field emission scanning electron microscopy (FE-SEM) was per-
formed on a Jeol-JSM 7500 scanning electron microscope (SEM) with
an accelerating voltage of 3.0 kV. The UV-vis spectrophotometer and fit-
tings were provided by SHIMADZU (Japan) Co., Ltd. FTIR spectra were
recorded on an ATR spectrometer-733 (iN10MX). Raman spectra were
recorded with a JY HR800 Raman spectrometer (HORIBA Jobin Yvon),
equipped with a 50x objective (NA = 0.5) and a He-Ne laser with
633 nm wavelength, and a 785 nm excitation; the laser power values
measured in the experiments were obtained from a power meter
(15 mW at the samples with a spot area of approximately 1.4 pm?).
The Raman band of a silicon wafer at 520.8 cm ™! was used to calibrate
the spectrometer. Finite difference time domain (FDTD) method was
applied to visualize the EM enhancement distribution around the sub-
strate. E-field distribution was calculated by numerically solving
Maxwell's differential equations. Distance along three dimensions are
divided into discrete segments as “Yee cell” while electric and magnetic
fields are located on the edges and faces of the segments. Time is broken
up into intervals. Electric and magnetic fields could be calculated alter-
nately at the sequenced time and distance steps. The gold nanorod
model was built as a column structure with a diameter of 20 nm and
length of 60 nm, which was composited with two spherical ends at
the bottom and top surface. Gold nanorod array model was designed ac-
cording to SEM images. The excitation source with 633 nm wavelength
was propagated along z-axis and polarized along y-axis or x-axis.

3. Results and Discussion
3.1. Mechanism

AuNRs/PMMA film as flexible SERS substrate was fabricated through
self-assembly AuNRs in poly (methyl methacrylate) template, and the
preparation procedure is shown in Scheme 1.

A thermodynamic model is always used to discuss aggregate states
of spherical colloidal or nanorods at the oil-water interface [27-29].
However, unlike isotropic colloidal particles such as nanospheres, nano-
rods at interfaces show other distinctive responses due to their shape.
The AuNRs oriented parallel rather than perpendicular to the water/tol-
uene interface due to the former orientation can cover more surface and
reduce more interfacial energies [27,30-32]. SEM image in Fig. 1(a)
demonstrates a uniform and orderly arranged AuNRs array layer on

the PMMA template, in which AuNRs are with a length of 62.7 +
3.3 nm and the diameter of cross section is 21.7 4+ 1.7 nm. When
PMMA was added to toluene and contact with water, those hydropho-
bic molecules with a high dielectric constant will bound to oil-water in-
terfaces because of image charge effects [33]. Hence, the PMMA move to
the water/toluene interface as template to help AuNRs form orderly
“hot spots” [34]. Elemental mapping within the supporting information
Fig. S1 shows the homogeneous distribution of Ay, C and O elements.
Furthermore, the atomic percentages of Au, C and O are 25.23%,
64.39% and 10.38% respectively. These results clearly demonstrate the
uniform distribution of AuNRs on the PMMA.

3.2. Optical Characterization

Fig. 1 (b) shows UV-vis spectra of monodispersed AuNRs solution
(yellow line), those two strong plasmon peaks at 532 and 880 nm be-
long to transverse and longitudinal bands of the AuNRs. Pink line corre-
sponds to UV-vis spectrum of AuNRs/PMMA film, in which the typical
surface plasmon resonance (SPR) bands are broadened due to the as-
sembly of AuNRs [35,36]. The blue line corresponds to UV-vis spectrum
of AuNRs solution after assembly presents almost no SPR bands which
means most of AuNRs particles have already rose up to PMMA template
after reaction. FTIR spectra were also used to further analyze the forma-
tion of AuNRs/PMMA-PET film in Fig. S2. The bands at ca.1145 cm ™!,
1245 cm™ " and 1724 cm ™' are assigned to the C—O alkoxy stretching,
C—O epoxy stretching and C=O carbonyl stretching vibrations,
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Fig. 2. SERS spectra measured from front (solid line) and back (dash line) sides of the

AuNRs/PMMA film (10~3 M p-MBA as probe molecules) under different laser power.
Laser wavelength is 633 nm and integration time is 5 s.
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Fig. 3. 3D-FDTD model for Gold nanorod array (b) according to SEM images (a); 2D patterns of E-field intensity amplitude (|E|2) around the corresponding model with polarization along
the x-axis (c-d) and y-axis (e-f). XY planes containing geometric centers of body structure were normal plotted with scale bar of 100 (c,e) and log-plotted (d,f).

respectively. It's worth to mention that the spectra of AuNRs/PMMA-
PET film is similar to pure PMMA film but differed from pure PET film.
This result indicates the PET as a support layer under the PMMA and
barely influence the signal of the AuNRs/PMMA-PET film.

3.3. SERS Performance

Fig. 2 shows the SERS signals collected from both side of the AuNRs/
PMMA-PET film under different laser power using 10~> M p-MBA as
analytes and 633 nm laser excitation. As PET and PMMA exhibit excellent
optical transparency, the laser can easily pass through the PET and PMMA
template and reach the assembled AuNRs layer. On this occasion, the
Raman signal of analytes adsorbed on AuNRs layer will be amplified dis-
tinctly due to the greatly enhanced of the local electromagnetic field
even the laser excited from the other side (PMMA side) of the film [37].

It should be pointed out that when the AuNRs/PMMA-PET film
under high power laser (Fig. 2 blue line, 15 mW), SERS intensity of
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back side (PET) is stronger than the front side (AuNRs layer) which
might be caused by the damage of the PMMA layer as well as the distor-
tion of orderly arranged AuNRs layer. The Raman intensity tend to be-
come identical when the laser power was turning down. Hence, we
can obtain Raman signal from the side of PMMA while AuNRs layer con-
nect with analytes. And realize high SERS performance as well as sample
collection directly without destruction of the film structure while the
laser power is about 7.5 mW. SERS spectra of AuNRs/PMMA film
adsorbing different concentrations of pMBA standard samples from
10~*M to 10~8 M was shown in Fig. S3 (a). And a control spectrum ob-
tained from blank AuNRs/PMMA film was shown in Fig. S3 (b), there is
little influence of blank AuNRs/PMMA film in SERS measurement.

To evaluate the SERS activity of the AuNRs/PMMA film, the Raman
enhancement factor (EF) was calculated by employing the formula:

EF — Isggs o Npui

" Tyunc ~ Nsers
20000
Raman Intensity at 1375 cm™ x b)
Raman Intensity at 926 cm™
~ 15000 4
y=1603.2+4459.5x
R?=0.996
10000
5000 4 y=817.2+252.6x
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Fig. 4. (a) SERS spectra of AuNRs/PMMA film adsorbing different concentrations of thiram standard samples from 5 ppm to 0.5 ppb; (b) The Raman intensity at 926 cm ™' and 1380 cm™'

versus the logarithms of the thiram concentrations ranging from 5 ppm to 0.5 ppb.
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Fig. 5. SERS spectra of thiram (a:5 ppm; b:500 ppb; c:50 ppb) adsorbed on cucumber
surface, acquired by wrapping the cucumber surface with AuNRs/PMMA film and the
785 nm laser is illuminating from the back side (PMMA side) of the film. The red line
(d) was a control spectrum obtained from cucumber surface with 5 ppm thiram but
without AuNRs/PMMA film. The inset shows a typical photograph of the detection on
cucumber surface.

where Isggs and Nsggs are normalized Raman peak intensities and the
number of the reporter molecule chemisorbed on the SERS substrate;
Ingrs and Nygs are same parameters that in the reference solution. The
calculation of Nsggs and Nygs is relate to the area of the focal spot of
the laser, the effective layer depth and the concentration of molecules
[38]. The CV concentration is 107° M on the SERS substrate and
10™* M in the reference solution. And the pMBA concentration is
1078 M on the SERS substrate and 1072 M in the reference solution.
By substituting measured and calculated values into equation, the EF
was calculated to be 1.6 x 10° according to peaks at 1620 cm~! with
CV as probe and was calculated to be 1.4 x 10° according to peaks at
1075 cm ™! with pMBA as probe, (Corresponding SERS spectra are pro-
vided in Supplementary data Fig. S4).

Finite difference time domain (FDTD) method was applied to visual-
ize the EM enhancement distribution around the substrate. 3D-FDTD
method was introduced to further understand the electromagnetic en-
hancement effect on the surface of substrates. E-field distribution was
calculated by numerically solving Maxwell's differential equations. Dis-
tance along three dimensions are divided into discrete segments as “Yee
cell” while electric and magnetic fields are located on the edges and
faces of the segments. Time is broken up into intervals. Electric and
magnetic fields could be calculated alternately at the sequenced time

Y (um)

10
X qum)

and distance steps. The gold nanorod model was built as a column struc-
ture with a diameter of 20 nm and length of 60 nm, which was
composited with two spherical ends at the bottom and top surface.
Gold nanorod array model was designed according to SEM images.
The excitation source with 633 nm wavelength was propagated along
z-axis and polarized along y-axis or x-axis as shown in Fig. 3. The refrac-
tive index of gold material is from Johnson and Christy data. The calcu-
lated electric field intensity (|E|?) of the gold nanorod array model is
shown in Fig. 3. Considering that the spectral enhancement in SERS var-
ied as the fourth power of local field enhancement of substrates. The
maximum enhancement factor (|E[*) could reach a value of 108. In gen-
eral, region with maximum enhancement accounts for less than 1% of
the whole substrate surface, thus average enhancement could be ap-
proximately estimated to be 5-6 order of magnitudes, which agrees
well with the experimental results.

The AuNRs/PMMA film was further applied for the detection of trace
thiram, one of the dithiocarbamate compound that are widely used as
insecticidal agents on food crops and vegetables [39]. SERS is considered
as an effective method for rapid detection of trace thiram due to the ex-
istence of S—S bond which can easily forms a resonated radical struc-
ture while interacting with Au surface [40]. Fig. 4 (a) shows the
Raman spectra of thiram standard samples with concentrations of
5 ppm, 500 ppb, 50 ppb, 5 ppb and 0.5 ppb, using the AuNRs/PMMA
film as SERS substrate. The characteristic peak of thiram at 926 cm™!
is attributed to the stretching CHsN and C=S vibration modes,
1138 cm™! and 1500 cm™! belong to CN stretching vibrations and
rocking CH; mode, and the peak of 1375 cm ™' is assigned to the CN
stretching mode and symmetric CH; deformation mode [41]. It can be
seen that the lowest detection concentration of thiram is 0.5 ppb,
which is lower than the maximal residue limit of 5 ppm in fruit pre-
scribed by the GB. Furthermore, in Fig. 4 (b) a good direct proportional-
ity was obtained between the SERS intensity at 1380 cm™! and the
logarithms of thiram concentrations in the range of 5 ppm to 0.5 ppb,
which satisfied the linear relationship of y = 1857.4 + 4406.4x with
a squared correlation coefficient (R?) of 0.998, and another calibration
curve for peak at 926 cm™~! satisfied the linear relationship of y =
822.5 + 256.6x with a squared correlation coefficient (R?) of 0.999.

3.4. Application as Flexible SERS Substrate

Prior to probing the analyte, we recorded the direct sampling and
detection of thiram on cucumber surface under 785 nm laser excitation
(7.5 mW). First, pieces of cucumber were soaked in thiram solutions
with different concentrations (from 5 ppm to 50 ppb), then covered
an AuNRs/PMMA film around the surface with the AuNRs facing it for
pesticide detection. As shown in Fig. 5, the recoveries (the details
were shown in supplementary data) of three different concentration
standard addition are 106.3%, 98.4% and 94.2% corresponding to

RSD=7.9%
1372 cm’”’

(nre) Rsusauy

Intensity (a.u)

Fig. 6. (a) Raman intensity maps at 1372 cm™' of 0.5 ppm thiram molecules on a 20 x 20 um2 surface area of the AuNRs/PMMA film. Laser wavelength is 785 nm, power is 3.25 mW and
integration time is 1's; (b) The corresponding intensity distributions at 1372 cm™! of thiram molecules in (a).
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5 ppm, 500 ppb and 50 ppb, the good recoveries indicate the AuNRs/
PMMA film has great potential of realistic application.

3.5. SERS Reproducibility of the AuNRs/PMMA Film

In order to investigate the homogeneity and stability of the AuNRs/
PMMA flexible substrate, we employ a SERS mapping measurement
via spot to spot Raman spectra on a 20 x 20 um? area of 0.5 ppm thiram
absorbed on AuNRs/PMMA film with a step size of 1 um to evaluate the
substrate reproducibility. As shown in Fig. 6, the relative standard devi-
ation (RSD) was calculated to be 7.9% for Raman intensity at 1372 cm ™!,
indicating good uniformity in large area. This result proves that the
AuNRs/PMMA film can be used as a SERS substrate with high reproduc-
ibility due to uniform AuNRs array.

4. Conclusions

In summary, we adopted a rapid and effective method to fabricate
the AuNRs/PMMA film served as a flexible SERS substrate. This film of-
fers great flexibility, high SERS activity and excellent optical transpar-
ency. The PMMA process as a template to help AuNRs packing orderly.
The AuNRs/PMMA film could be used as SERS substrate with a high EF
of 1.6 x 10° due to the “hot spots” between different AuNRs in the
array. The lowest detection concentration of thiram could reach a
value of 0.5 ppb, and quantitative analysis was also achieved in the
range of 5 ppm-0.5 ppb. The AuNRs/PMMA film also facilitates direct
SERS detection of trace thiram on cucumber surface with a satisfactory.
Thus, this AuNRs/PMMA flexible substrate is expected to exhibit great
potential for applications in realistic detection.
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