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Abstract: This paper introduces a three-dimensional (3D) pyramid to the polymers-plasmonic hybrid
structure of polymethyl methacrylate (PMMA) composite silver nanoparticle (AgNPs) as a higher
quality flexible surface-enhanced Raman scattering (SERS) substrate. Benefiting from the effective
oscillation of light inside the pyramid valley could provide wide distributions of 3D “hot spots” in a
large space. The inclined surface design of the pyramid structure could facilitate the aggregation of
probe molecules, which achieves highly sensitive detection of rhodamine 6G (R6G) and crystal violet
(CV). In addition, the AgNPs and PMMA composite structures provide uniform space distribution
for analyte detection in a designated hot spot zone. The incident light can penetrate the external
PMMA film to trigger the localized plasmon resonance of the encapsulated AgNPs, achieving
enormous enhancement factor (~6.24 x 10%). After undergoes mechanical deformation, the flexible
SERS substrate still maintains high mechanical stability, which was proved by experiment and theory.
For practical applications, the prepared flexible SERS substrate is adapted to the in-situ Raman
detection of adenosine aqueous solution and the methylene-blue (MB) molecule detection of the skin
of a fish, providing a direct and nondestructive active-platform for the detecting on the surfaces with
any arbitrary morphology and aqueous solution.

Keywords: SERS; PMMA; AgNPs; in-situ; adenosine; methylene-blue

1. Introduction

With ultra-sensitive, rapid, and non-destructive properties, surface-enhanced Raman scattering
(SERS) is generally considered a valuable analytical technique for achieving label-free detection of
biochemical molecules [1-3]. Recent research concerning SERS active substrates focused on designing
and fabricating metallic nanostructures with tunable plasmonic features on hard substrates [4-7].
Significant Raman enhancement tends to occur at nanogaps between neighboring metal nanostructures
with high local-field intensities (so-called “hot spots”) [8-10]. However, in many cases, SERS substrates
based on silicon wafers or glass slides are rigid, brittle, and hence unsuitable for directly analyzing
target molecules in a solution or gas [11,12]. Compared to traditional rigid substrates, flexible substrates
can wrap around complex surfaces and be tailored to the desired size and shape [13]. In addition to
achieving a highly active SERS substrate, the effective and rapid collection of probe molecules to the
substrate presents a significant challenge [12].

Generally, flexible substrates with simple and periodic two-dimensional (2D) structures are
limited by their low density of hot spots distributed at the gaps between horizontal nanoparticals
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(NPs), which leads to weak Raman enhancement [14]. Thus, to further improve SERS sensitivity,
the integration of flexible three-dimensional (3D) structures is imperative. Such 3D flexible SERS
substrates can offer large specific surfaces and create high-density hot spots to capture more target
molecules [15]. Recently, great efforts were dedicated to fabricating highly sensitive flexible substrates
by combining noble plasmonic nanoparticles with polymers. Park et al. have demonstrated a
transparent and flexible SERS substrate based on the polydimethylsiloxane (PDMS) film embedded
with gold nanostar (GNS) [13]. Kumar et al. fabricated a 3D flexible SERS substrate by depositing
AgNPs on structured polydimethylsiloxane using a Taro leaf as the template to detect malachite
green [16]. Kumar et al. fabricated a buckled PDMS silver nanorods array as an active 3D SERS
sensor for detecting bacteria [17]. Despite demonstrating enormous application prospects for real
sample detection, these flexible substrates still involve unresolved issues regarding metal-molecule
contact and metal particle oxidation, both of which can cause poor reproducibility and stability in
SERS detection [17,18].

In this study, we propose a 3D pyramid-shaped AgNPs@PMMA flexible composite platform for
SERS application. The inclined surface of the periodic pyramid-shaped structures could facilitate the
aggregation of probe molecules and create high-density 3D “hot spots”. In addition, the AgNPs and
PMMA composite structures provide uniform space distribution for analyte detection in designated
hot spot zone, and the incident light can penetrate the external PMMA film to trigger the localized
plasmon resonance of the encapsulated AgNPs, achieving enormous enhancement factor (~6.24 X 10%).
The fabricated 3D pyramid-shaped AgNPs@PMMA flexible substrate achieved highly sensitive
detection of rhodamine 6G (R6G) and crystal violet (CV), and displayed both high stability and
signal reproducibility. Following mechanical stimuli in our experiments, such as stretching and
bending, the flexible substrate maintained the stable Raman signal, which corroborates our theoretical
simulation. Finally, we successfully achieve the in-situ detection in adenosine aqueous solution and the
methylene-blue (MB) molecule detection of the skin of a fish, which demonstrates its great potential
for the detecting on the surfaces with any arbitrary morphology and aqueous solution.

2. Materials and Methods

2.1. Materials

Acetone (CH3COCHS3, 99.5%), alcohol (CoHgO, 99.7%), ethylene glycol (CoHgO5, 99.0%), R6G,
crystal violet (CV), MB, silver nitrate (AgNO3), and polymethyl methacrylate (PMMA) were all
obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP,
Mw = 55,000) was obtained from Sigma-Aldrich (St. Louis, MO, USA), and the adenosine sample was
purchased from Sangon Biotech (Shanghai) Co. Ltd. (Shanghai, China). The adenosine was dissolved
in ultrapure water to make a 0.01M stock solution and then diluted to the final concentration before use.

2.2. Fabrication of 3D Pyramid AGNPs @°PMMA Flexible Substrate

Figure 1 schematically illustrates the fabrication procedure for the 3D-pyramid-shaped AgNPs
@PMMA flexible (P-AgNPs@PMMA) substrate. Pyramid Si substrate (P-Si) was pretreated using
the method of wet texturing boron-doped monocrystalline silicon in a NaOH solution [19]. AgNPs
dispersion was synthesized by the oil bath synthesis, according to previous work [20]. First, 0.075 g
of PMMA grains were put into 100 mL of acetone, then this solution was stirred at 80 °C for 1 h.
High-density and uniform AgNPs dispersion was added into the PMMA solution, and subsequently,
this mixed solution was stirred at room temperature and allowed to stand overnight. The mixed
solution was then dip-coated on the P-5i substrate, after the mixed layer was dried, the sample was
immersed in a NaOH (30%, 100 mL) solution for 1 h to remove the P-Si supporter. The flexible films
were rinsed with running deionized water, inverted on a glass substrate, and dried at room temperature
to be used as the SERS substrate in our experiments.
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Figure 1. Schematic illustration of the fabrication process for the P-AgNPs @°MMA substrate.

2.3. Characterization

Scanning electron microscopy (SEM) images of the P-AgNPs@PMMA substrate were characterized
using a scanning electron microscope (SEM, Sigma 500, Carl Zeiss, Jena, Germany) with an energy
dispersive spectrometer (EDS) at a voltage of 10 kV. The SERS spectra of the P-~AgNPs@PMMA
substrate were recorded by a Raman spectrometer (LabRAM HR Evolution, Horiba, Kyoto, Japan)
with 532 nm laser excitation. The effective power of the laser source was kept at 0.048 mW, and a 50x
objective (N.A. = 0.50) was used throughout the test. The diffraction grid was 600 gr/nm, and the
integration time was 8 s. All the SERS spectra in the experiment are expressed on the basis of average
spectra. The UV-visible absorption spectra of the synthesized silver nanoparticles was collected by a
dual beam UV-visible spectrophotometer (TU-1900, Beijing General Analysis General Instrument Co.,
Ltd, Beijing, China).

3. Results and Discussion

To investigate the structural properties of the P-AgNPs@PMMA composite substrates,
we performed SEM characterization (Figure 2). AgNPs were deposited on the surface of the P-Si
substrate via dip-coating, as shown in Figure 2a. The inclined surface of the periodic pyramid-shaped
structures could facilitate the aggregation of probe molecules and create high-density 3D “hot
spots”, which is critical for the final enhancement activity. Figure 2b,c, respectively exhibit low-
and high-magnification SEM images of the P-AgNPs@PMMA flexible substrate after removal of the
P-Si substrate. As pictured in Figure S1 (from the Supplementary Materials), the average size of
these AgNPs is ~78nm, and the gaps among nanoparticles are very narrow, which supports huge
electromagnetic enhancement for absorbed molecules. The composition of the P-AgNPs @ PMMA
flexible substrate is also analyzed with high-resolution EDS mapping in Figure 2d,e, indicating that
high-density AgNPs were successfully embedded within the PMMA film. Figure 2f shows a strong
UV-vis absorption peak at ~476 nm of AgNPs, which is attributed to the strong coupling of the plasma
between the AgNPs. Thus, a high signal-to-noise ratio SERS signal can be generated at 532 nm incident
excitation light.
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Figure 2. (a) Scanning electron microscopy (SEM) image of AgNPs deposited on the P-Si substrate;

(b) and (c) are SEM images of the P-AgNPs@PMMA substrate in different magnification; (d) and

(e) energy dispersive spectrometer (EDS) mapping of the P-~AgNPs@ PMMA flexible substrates;

(f) UV-vis absorption spectra showing the SPR peak of the AgNPs at ~476 nm.

It has been reported that high-density “hot spots” are always generated at the slits or tips of metal
nanostructures and the interspacing gaps between the adjacent metal nanostructures could markedly
affect the ability of detection limit and the intensity of SERS signals [15]. To further optimize the
Raman enhancement effect of the composite SERS substrate, we adjusted the distribution density of
AgNPs in the PMMA solution to find the best PMMA/Ag volume ratio. Figure 3a shows the SERS
spectra for R6G (1077 M) absorbed on AgNPs@PMMA/P-5Si substrates with different PMMA /Ag
volume ratio. The characteristic SERS peaks of R6G were observed around 612, 773, 1308, 1358, 1505,
and 1645 cm™!. The peak at 612 cm™! is attributed to C~-C~C bond stretching modes. The peak at
773 cm~! is due to the R6G C-H out-of-plane bending mode. The peaks around 1308, 1358, 1505,
and 1645 cm™! originate from aromatic C—C stretching [21,22]. It is observed that the Raman signal of
the R6G molecule shows an apparent trend from the rise to decline with the continuous addition of
silver colloid in a volume of PMMA solution. From Figure 3b, we can see that the SERS performance
of the substrate is optimal with the PMMA/Ag volume ratio of 2:3. As shown in Figure S2 (from the
Supplementary Materials), the SEM images of different volume ratio AgNPs@PMMA/P-5i substrate
further illustrate that the number of AgNPs is small and sparse in the initial stage of the reaction.
The area where “hot spots” generated between the silver particles is small, and the Raman signal is
weak. As silver particles become denser with the continuous addition of silver colloid, the particle
spacing decreases, which causes the increases of the density of “hot spots”, and further the Raman
signal of the molecule gradually increases. When the PMMA/Ag volume ratio was 2:3, the SERS signal
of the molecule reached the strongest. As the silver colloid further addition, the AgNPs accumulate to
form large clusters, inhibiting the formation of electromagnetic fields between the particles, resulting
in a weakening of the Raman signal. Therefore, the AgNPs@PMMA/P-Si substrates with PMMA/Ag
volume ratio of 2:3 were determined as optimal.
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Figure 3. (a) The surface-enhanced Raman scattering (SERS) spectra obtained from the P-AgNPs@
PMMA substrate with different PMMA/Ag volume ratio; here, the concentration of rhodamine 6G
(R6G) is 10~7 M. Insert: the structural formula of R6G molecule; (b) change in Raman intensity of R6G
at 774 and 1365 cm™ as a function of volume ratio; (c) SERS spectra of 1077 M R6G absorbed on the
P-AgNPs@PMMA (black line), P-AgNPs/PMMA (red line) and F~AgNPs@PMMA (blue line) substrates.

To further investigate the SERS effect of the AgNPs and PMMA composite structures and
demonstrate the advantages of this 3D pyramid structure for SERS activity, we analyzed and compared
the Raman spectra of R6G (10~7 M) molecules adsorbed on pyramid-shaped AgNPs and PMMA
composite (P-AgNPs@PMMA), AgNPs attached to the pyramid-shaped PMMA film (P-AgNPs/PMMA)
and planar AgNPs and PMMA composite (F~AgNPs@PMMA) flexible SERS substrates in Figure 3c.
Compared to F-AgNPs@PMMA, P-AgNPs/PMMA has a higher SERS signal, which indicates that the
inclined surface of the 3D pyramid structure could facilitate the aggregation of probe molecules and
create high-density 3D “hot spots”. In addition, the AgNPs and PMMA composite structures provide
uniform space distribution for analyte detection in designated hot spot zone, avoiding the calculation
of Raman enhancement factor error caused by different SERS spectra measured in different regions,
achieving reliable enhancement factor measurement. The P-AgNPs@PMMA substrate provides a strong
enhancement factor equivalent to P-AgNPs/PMMA substrate, and obtains high spatial uniformity
and good stable SERS spectrum. The uniform detection geometry can avoid signal distortion caused
by direct contact with the probe molecules to cause deformation of the probe molecules, obtaining
a more stable SERS signal. As a whole, the high SERS intensity of the composite P~ AgNPs@PMMA
substrate benefits from the high-density 3D “hot spots”. More importantly, the hybrid detection
geometry ensures uniform distribution of analyte molecules in the designated hot spot zone, and the
incident light can penetrate the external PMMA film to trigger the localized plasmon resonance of the
encapsulated AgNDPs, achieving strong enhancement factor and stable Raman signal.

R6G and CV, most commonly used for SERS molecules, were chosen to test the SERS performance
of the P-AgNPs@PMMA substrate (Figure 4). Figure 4a illustrates the Raman intensities of R6G
deposited on the P-AgNPs@PMMA substrate at various molecular concentrations. It can be seen that
the intensity of SERS peaks decreased with the decreasing concentration of R6G solution. Obviously,
the 614 and 774 cm ™! peaks of R6G were still observed on the substrate even when the concentration
was decreased to 10712 M, indicating that the substrate exhibits strong Raman effects. Here, we selected
the 614 cm™! peak to further investigate the relationship between the Raman intensity and R6G
concentration. The reasonable linear response of the P-AgNPs@PMMA substrate is displayed in
Figure 4b. The correlation coefficient (R?) values of the peaks at 614 and 774 cm™! can reach 0.988 and
0.989, respectively. In addition, we have calculated the number of adsorbed molecules at different
concentrations. The number of adsorbed molecules are estimated by

S
o laser N4, (1)

where Cpy, is the concentration of molecular solution, Vy, is the volume of molecular aqueous solution
dipped onto the whole substrate, Sg is the area of the whole substrate, i,y is the area of the focal spot
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of laser, and N is the Avogadro’s constant. In the experiments, 20 puL different concentration R6G and
CV aqueous solutions were respectively dipped in the substrate. The diameter of the focused laser spot
is ~2 um. The size of the substrate is 5 mm X 5 mm [23]. We obtained the number of adsorbed molecules
in the range of 1.51 x 10® — 0.15, depending on different molecules concentration (107610713 M).
The number of adsorbed molecules gradually increases with the molecular concentration increases.
Linear correlation between concentration and intensity can be supported by the number of adsorbed
molecules. These results demonstrate the well linear dependence of the substrate. We calculate the
enhancement factors (EF) for R6G molecule absorbed on the P-AgNPs@PMMA substrate, using the
following standard Equation:
pp — Isrs/Nsers @
Irs/Ngs
Isprs and Igs are the peak intensity of the SERS spectra and the Raman intensity obtained from the
SERS sample and pure PMMA film, respectively. Nsgrs and NRg are the numbers of target molecules
illuminated by the laser spot on the sample and pure PMMA film respectively [24]. The enhancement
factor (EF) for 614 cm™! peak of this hybrid structure is calculated as 6.24 X 108. The high EF of
the P-AgNPs@PMMA substrate is more superior than the previous metal nanoparticles-based SERS
substrates (Table 1), which can be attributed to the combined effect of the 3D-pyramid structure and
PMMA film. Pyramid structure demonstrates large specific surfaces, which provide many activity
sites, and the inclined surface design of this structure can capture more target molecules. Moreover,
the PMMA film acts as a high-dielectric layer and enables the strong surface plasmon coupling between
AgNPs embedded in PMMA. The uniform hybrid detection geometry ensures uniform distribution of
analyte molecules in the designated hot spot zone, providing reliable enhancement factor measurement,
resulting in highly sensitive detection of target molecules.

Table 1. Comparing the performance of various flexible SERS sensors.

Enhancement
SERS Substrate Analytes Factor (EF) Ref.
Ag-nanosheet-grafted polyamide-nanofibers  4-mercaptobenzoicacid 2.2 x 107 [25]
Ag decorated microstructured PDMS substrate . 5

fabricated from Taro leaf Malachite green 2.06 x 10 [16]

GNS/PDMS Benzenedithiol 1.9 x 108 [13]

AuNR/fitter paper 1,4-Benzenedithiol 5 x 10° [26]

Flexible freg—standmg silver Rhodamine6G 195 % 107 [27]

nanoparticle-graphene

AgNP/fitter paper by brushing technique Rhodamine 6G 2.2 x 107 [28]

Flexible AgNP@PMMA/P-Si Rhodamine 6G 6.24 x 108 This work

To further investigate SERS acitivity of P-~AgNPs@PMMA substrate, we also collected the Raman
signal of the CV molecule with different concentrations (Figure 4c). It is well-known that the Raman
cross-section of CV molecules is significantly different from R6G at the same excitation wavelength [29].
The molecule’s diameter of CV is 15.10 A [30]. It can be seen that the Raman main peaks located
at ~914, 1178, 1533, 1587, and 1620 cm ™! are present in the SERS spectra of CV. The two peaks at
~914 and ~1178cm™! are attributed to the ring skeletal vibration of radical orientation. Meanwhile,
the peaks around ~1533, ~1587, and ~1620 cm~! are due to the ring C-C stretching modes. The Raman
peaks of CV at 914 cm™! can be observed even though the concentration of CV decreased to 10712 M,
reaching the minimum detection limit, which can be attributed to the 3D high-density SERS “hot
spot”, and the excitation laser can easily penetrate the external PMMA film, causing strong surface
plasmon resonance of the embedded AgNPs. Figure 4d shows the Raman intensity of CV changed
linearly with the molecule concentration, and the R? value of the peaks at 914 and 1587 cm™! can
reach 0.990 and 0.993, respectively. We obtained the number of adsorbed molecules in the range of
1.51 x 107 — 1.51, depending on different molecule concentrations (107°-10"12 M), which present a



Polymers 2020, 12, 392 7 of 13

good linear fit relationship. These results adequately demonstrate that the P-AgNPs@PMMA substrate
possesses perfect SERS performance and good quantitative detection capability.
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Figure 4. (a) Raman spectra of R6G from 107 to 10713 M on the P-AgNPs@PMMA substrate. Insert:
the structural formula of R6G molecule; (b) the Raman spectra of R6G at 614 and 774 cm~! as a function
of the molecular concentration on the P~AgNPs@PMMA substrate in log scale; (c) Raman spectra of
CV with concentration from 107 to 10712 M on the P-AgNPs@PMMA substrate. Insert: the structural
formula of CV molecule; (d) the Raman spectra of CV at 914 cm~! and 1567 em™! as a function of the
molecular concentration on the P~AgNPs@PMMA substrate in log scale.

As a highly sensitive analysis tool, the uniformity and reproducibility of Raman signals are
important influence factors for practical applications. We randomly selected 15 spots for statistics on
the P~AgNPs@PMMA substrate. Figure 5a shows the SERS signals of the R6G molecules (1077 M)
collected on the P~AgNPs@PMMA substrate. It can be seen that the SERS spectra of R6G (10~7 M) from
different points did not exhibit obvious changes in intensities or shapes. To more intuitively compare
the peak fluctuation, the R6G Raman signal intensities at 614, 774, and 1362 cm~! are shown in Figure 5b.
These results demonstrate that the intensities of these peaks almost make a horizontal line, and the
relative standard deviation of the peaks at 614, 774, and 1362 cm~! are 6.913%, 3.926%, and 2.318%,
respectively. These percentages are much lower than the scientific standard (20%), which indicates the
high homogeneity and reproducibility of the P~AgNPs@PMMA substrate [31]. This is mainly because
the AgNPs and PMMA composite structures provide uniform space distribution for analyte detection
in designated hot spot zone, resulting in more intense electromagnetic field coupling, and a more
uniform SERS signal. Besides, SERS active substrates not only need high sensitivity, high uniformity,
but also good signal stability. Thus, time stability is another important parameter in the SERS detection.
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We exposed the P-AgNPs@PMMA substrate to the air and performed a SERS test every five days
to investigate the intensity change of the peak, as shown in Figure 5c. The Raman signal on the
P-AgNPs@PMMA substrate drops very little. Figure 5d shows the corresponding Raman intensities of
R6G molecule at 614 cm~!. These experimental results demonstrate the P~AgNPs@PMMA hybrid
detection geometry not only ensures uniform distribution of analyte molecules in the designated
“hot spot” zone, but effectively prevents the embedded AgNPs from being oxidized by reacting with
components in the air, as well as protect the target molecules from deformation and signal distortion
caused by the direct interaction between AgNPs and molecules.
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Figure 5. (a) Raman spectra collected from different points on the P-AgNPs@PMMA substrate for
R6G molecules. The R6G concentration is measured at 10~7 M; (b) the peaks at 614, 774, and 1362
cm~! demonstrate relative intensities collected from the Raman spectra; (c) the Raman spectra of
the P-AgNPs@PMMA substrate was measured every five days at room temperature; (d) the Raman
intensity of the 614 cm™? peaks for R6G from (c).

Aside from the excellent homogeneity and stability, the P-AgNPs@PMMA substrate also exhibits
good mechanical stability (stretching and bending) in practical applications. For tensile testing,
the flexible substrate was stretched to ~110%, 120%, 130% (L/Lg; L: length after stretching; Ly: original
length), as shown in Figure 6a. The flexible films were then bent in half with various bending cycles
(Figure 6b). The optical image of stretching and bending are presented in Figure 6a;, b;. The Raman
signals were analyzed for 1077 M R6G molecules absorbed on the substrate after each mechanical
stimulus (Figure.6ay, by). In order to draw comparisons, the relative intensities of the characteristic
peaks with error bars (same batch but different positions) at 614 and 774 cm™! were collected to plot
histograms for the stretching and bending processes, as displayed in Figure 6a3 bs. The histograms
suggest that the Raman fingerprint peaks at 614 and 774 cm~! remain mostly unchanged compared to
the original state before mechanical stimulation. It can be seen that the SERS substrate can achieve
mechanical deformation with little loss of SERS performance, and can better meet the requirements of
SERS detection for uneven surfaces. This may be due to the good mechanical resistance of the PMMA
film and the stability of the embedded AgNPs. It is well-known that the intensity of SERS is not only
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related to the distance of gaps, but also the number of molecules between gaps. During mechanical
stimuli, the distance between silver nanoparticles becomes larger, which creates a large “hot spot”
zone. The density of “hot spot” decreases within a certain incident laser area, while the number of
adsorbed molecules increases in the “hot spot” zone. Therefore, mechanical changes in a certain range
will not change the Raman intensity of the corresponding target molecule.
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Figure 6. Durability tests with mechanical stimuli of the P~AgNPs@PMMA substrate. Schematic
illustration: comparative Raman spectra and the SERS intensity of R6G at 614 and 774 cm~! peaks;
(a) after stretching the P-AgNPs@PMMA substrate to ~10%, 20%, 30%; (b) after the bending the
P-AgNPs@PMMA substrate in half; (a1) the optical image of stretching; (b1) the optical image of
bending; (az) raman signals of stretching; (b2) raman signals of bending; (a3) histograms for the
stretching; (bs) histograms for the bending.

During mechanical strain, stretching the P-AgNPs@PMMA substrate yields smaller gaps between
neighboring particles, resulting in control over the electromagnetic fields coupling on a nanoscale [32].
To better understand the SERS behaviors of the flexible substrate during tensile testing, we employed
commercial COMSOL software to model the local electric field properties of the flexible substrate.
Herein, we model the electric field distributions of the SERS film to investigate the enhancement
behavior. The height (~3 pm) and space (~4 pm) of the P-Si geometry was chosen according to the
actual sample. The AgNPs embedded in the PMMA film is modeled as a sphere with a diameter of
78 nm and an interparticle distance of 15 nm, which mirrors the actual size in terms of SEM (Figure S1).
Additionally, the incident light is 532 nm, and the refractive index of PMMA is 1.5, according to
the actual experiments. Figure 7a—d respectively show the local electric field distributions at the
y—z cross-section of the SERS film after stretching to ~0%, 10%, 20%, and 30%. The bottom left in
Figure 7d exhibits the theoretical model of P~ AgNPs@PMMA substrate. SEM image of the single
pyramid-shaped AgNPs structure is also present in the inset of Figure 7d (bottom right). These results
indicate that the electric field near the surface of the pyramid does not obviously change as the
stretching length increases. Although some subtle differences have occurred, the plasmon coupling
between high-density AgNPs embedded in the PMMA film remains unaffected, allowing for almost
constant Raman signals, which is consistent with our experimental results.
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Figure 7. The respective Y-Z views of the electric filed distributed on the P-AgNPs@PMMA substrate
after stretching to ~0% (a), 10% (b), 20% (c), and 30% (d).

To further investigate the practicability of the P~AgNPs@PMMA substrate, the in-situ detection
of a solution containing biochemical molecules was performed. Adenosine is the metabolite of
adenine nucleotides, which are regarded as major neuromodulators. Furthermore, as the core
molecule of ATP and nucleic acids, adenosine forms a unique link among cell energy, gene regulation,
and neuronal excitability [18,33]. Here, adenosine molecules were dissolved in deionized water,
and the molecular concentration was measured at 1078 M. The substrate was placed on the surface
of the prepared adenosine aqueous solution. Next, in-situ detection was conducted, as exhibited
in Figure 8a. The optical picture of the in-situ detection of adenosine molecules can be observed in
Figure 8b. The detected results are presented in Figure 8c. There were no obvious Raman signals
(orange line) obtained without the P-AgNPs@PMMA substrate. However, when the activated surface
of the P-AgNPs@PMMA substrate encountered the solution, the characteristic peaks at 729, 1257,
and 1329 cm™! of adenosine molecules were easily detected (green line), which was attributed to
the active surface of the substrate interacted with probe molecules, enhancing the Raman signal.
The experimental results suggest the substrate’s promising application to practical in-situ detection
of biochemical molecules. Recently, MB is often used as the fish medicine or the disinfector for the
fishpond. If MB molecules have not been completely removed from the skin of fish, it would be
harmful to humans” health. We perform MB molecular detection by swabbing the surface of the
fish skin using the P-AgNPs@PMMA substrate shown in Figure 8d. Figure 8e exhibits the SERS
spectra of MB molecules. Obviously, the Raman intensity decrease with the decrease of the MB
concentration. Based on these particle detection, the P-~AgNPs@PMMA substrate has shown great
potential in noninvasive and ultrasensitive molecular detention, such as the detecting on the surfaces
with any arbitrary morphology and aqueous solution.
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Figure 8. (a) Schematic illustration showing the in-situ detection process of the adenosine solution;
(b) the optical picture of the in-situ detection of adenosine molecules; (¢) Raman spectra of adenosine
molecules before (orange line) and after (green line) placing the P-~AgNPs@PMMA substrate on the
adenosine solution to confirm the SERS effect. Insert: in-situ detection of adenosine molecule; (d) the
optical picture of detecting of methylene-blue (MB) by swabbing the marine fish surface; (e) SERS
spectra of MB obtained by swabbing fingerprint on the marine fish surface.

4. Conclusions

In summary, we proposed a rapid and convenient method for fabricating 3D P-AgNPs@PMMA
flexible platforms, which enable highly sensitive single-molecule detection and provide a reproducible
and stable Raman signal response. Benefiting from the effective oscillation of light inside the pyramid
valley could provide wide distributions of 3D “hot spots” in a large space. The inclined surface
design of the pyramid structure could facilitate the aggregation of probe molecules, achieving highly
sensitive detection of R6G and CV. The AgNPs and PMMA composite structures provide uniform space
distribution for analyte detection in designated hot spot zone, and the incident light can penetrate the
external PMMA film to trigger the localized plasmon resonance of the encapsulated AgNPs, achieving
enormous enhancement factor (~6.24 x 10%). Additionally, the substrate maintains a stable SERS signal
under various mechanical stimuli such as stretching and bending. As a practical application of the
SERS substrate, we achieved the in-situ Raman detection of adenosine aqueous solution and the MB
molecule detection of the skin of a fish. Our experimental results suggest promising application
prospects for detection on the surfaces with any arbitrary morphology and aqueous solution.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/392/s1,
Figure S1: SEM image and the EDS spectrum of the P-AgNPs@PMMA substrate; Figure S2: SEM images of
different volume ratio AGNPs@PMMA/P-Si substrate.

Author Contributions: Conceptualization, Y.J., Y.T. and H.-W.; data curation, T.Z. and M.W.; writing—original
draft preparation, M.W. and M.L.; writing—review and editing, C.L., Z.L. and M.L.; funding acquisition, C.Z.,
Q.S., B.M. and M.L.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No. 11774208
and 11974222) and Shandong Provincial Natural Science Foundation, China (Grant No. ZR2018MA040).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Han, X.X;; Zhao, B.; Ozaki, Y. Surface-enhanced Raman scattering for protein detection. Anal. Bioanal. Chem.
2009, 394, 1719-1727. [CrossRef] [PubMed]

2. Pieczonka, N.P; Aroca, R.F. Single molecule analysis by surfaced-enhanced Raman scattering. Chem. Soc.
Rev. 2008, 37, 946-954. [CrossRef] [PubMed]

3. Wang, Y.; Wei, H.; Li, B.; Ren, W.; Guo, S.; Dong, S.; Wang, E. SERS opens a new way in aptasensor for protein
recognition with high sensitivity and selectivity. Chem. Commun. 2007, 48, 5220-5222. [CrossRef] [PubMed]

4. Wang, P; Liang, O.; Zhang, W.; Schroeder, T.; Xie, Y.-H. Ultra-sensitive graphene-plasmonic hybrid platform
for label-free detection. Adv. Mater. 2013, 25, 4918-4924. [CrossRef]


http://www.mdpi.com/2073-4360/12/2/392/s1
http://dx.doi.org/10.1007/s00216-009-2702-3
http://www.ncbi.nlm.nih.gov/pubmed/19267242
http://dx.doi.org/10.1039/b709739p
http://www.ncbi.nlm.nih.gov/pubmed/18443680
http://dx.doi.org/10.1039/b709492b
http://www.ncbi.nlm.nih.gov/pubmed/18060148
http://dx.doi.org/10.1002/adma.201300635

Polymers 2020, 12, 392 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Liu, H.; Zhang, L.; Lang, X.; Yamaguchi, Y.; Iwasaki, H.; Inouye, Y.; Xue, Q.; Chen, M. Single molecule
detection from a large-scale SERS-active Au 79 Ag 21 substrate. Sci. Rep. 2011, 1, 112. [CrossRef]

Lim, D.K; Jeon, K.S.; Hwang, J.H.; Kim, H.; Kwon, S.; Suh, Y.D.; Nam, ].M. Highly uniform and reproducible
surface-enhanced Raman scattering from DNA-tailorable nanoparticles with 1-nm interior gap. Nat.
Nanotechnol. 2011, 6, 452-460. [CrossRef]

Li, J.E; Huang, Y.F; Ding, Y.; Yang, Z.L.; Li, S.B.; Zhou, X.S.; Fan, ER.; Zhang, W.; Zhou, Z.Y.; Wu, D.Y,; et al.
Shell-isolated nanoparticle-enhanced Raman spectroscopy. Nature 2010, 464, 392-395. [CrossRef]

Fang, Y.; Seong, N.H.; Dlott, D.D. Measurement of the distribution of site enhancements in surface-enhanced
Raman scattering. Science 2008, 321, 388-392. [CrossRef]

Lal, S.; Grady, N.K.; Kundu, J.; Levin, C.S,; Lassiter, ].B.; Halas, N.J. Tailoring plasmonic substrates for surface
enhanced spectroscopies. Chem. Soc. Rev. 2008, 37, 898-911. [CrossRef]

Pedano, M.L,; Li, S.; Schatz, G.C.; Mirkin, C.A. Periodic electric field enhancement along gold rods with
nanogaps. Angew. Chem. Inter. Ed. 2010, 49, 78-82. [CrossRef]

Wu, L.; Wang, Z.; Shen, B. Large-scale gold nanoparticle superlattice and its SERS properties for the
quantitative detection of toxic carbaryl. Nanoscale 2013, 5, 5274-5278. [CrossRef] [PubMed]

Jiang, J.; Zou, S;; Ma, L.; Wang, S.; Liao, J.; Zhang, Z. Surface-enhanced Raman scattering detection of
pesticide residues using transparent adhesive tapes and coated silver nanorods. ACS Appl. Mater. Inter. 2018,
10, 9129-9135. [CrossRef] [PubMed]

Park, S.; Lee, J.; Ko, H. Transparent and flexible surface-enhanced Raman scattering (SERS) sensors based
on gold nanostar arrays embedded in silicon rubber film. ACS Appl. Mater. Inter. 2017, 9, 44088-44095.
[CrossRef] [PubMed]

Zhao, Y.; Yang, D.; Li, X;; Liu, Y.; Hu, X.; Zhou, D.; Lu, Y. Toward highly sensitive surface-enhanced Raman
scattering: The design of a 3D hybrid system with monolayer graphene sandwiched between silver nanohole
arrays and gold nanoparticles. Nanoscale 2017, 9, 1087-1096. [CrossRef] [PubMed]

Yang, C.; Chen, Y,; Liu, D.; Chen, C.; Wang, J.; Fan, Y.; Huang, S.; Lei, W. Nanocavity-in-multiple nanogap
plasmonic coupling effects from vertical sandwich-like Au@ Al,O3@ Au arrays for surface-enhanced Raman
scattering. ACS Appl. Mater. Inter. 2018, 10, 8317-8323. [CrossRef] [PubMed]

Kumar, P,; Khosla, R.; Soni, M.; Deva, D.; Sharma, S.K. A highly sensitive, flexible SERS sensor for malachite
green detection based on Ag decorated microstructured PDMS substrate fabricated from Taro leaf as template.
Sens. Actuators B-Chem. 2017, 246, 477-486. [CrossRef]

Kumar, S.; Lodhi, D.K.; Goel, P; Mishra, P; Singh, J. A facile method for fabrication of buckled PDMS
silver nanorod arrays as active 3D SERS cages for bacterial sensing. Chem. Commun. 2015, 51, 12411-12414.
[CrossRef]

Qiu, H.; Wang, M,; Jiang, S.; Zhang, L.; Yang, Z.; Li, L.; Li, J.; Cao, M.; Huang, ]J. Reliable molecular
trace-detection based on flexible SERS substrate of graphene/Ag-nanoflowers/PMMA. Sens. Actuators B-
Chem. 2017, 249, 439—-450. [CrossRef]

Zhang, C.; Jiang, S.; Huo, Y.; Liu, A,; Xu, S.; Liu, X,; Sun, Z.; Xu, Y,; Li, Z.; Man, B. SERS detection of R6G
based on a novel graphene oxide/silver nanoparticles/silicon pyramid arrays structure. Opt. Express 2015, 23,
24811-24821. [CrossRef]

Zhang, F; Braun, G.B.; Shi, Y,; Zhang, Y.; Sun, X,; Reich, N.O.; Zhao, D.; Stucky, G. Fabrication of Ag@
5i0,@Y,03: Er nanostructures for bioimaging: Tuning of the upconversion fluorescence with silver
nanoparticles. J. Am. Chem. Soc. 2010, 132, 2850-2851. [CrossRef]

Zhao, J.; Jensen, L.; Sung, J.; Zou, S.; Schatz, G.C.; Van Duyne, R.P. Interaction of plasmon and molecular
resonances for thodamine 6G adsorbed on silver nanoparticles. J. Am. Chem. Soc. 2007, 129, 7647-7656.
[CrossRef] [PubMed]

Michaels, A.M.; Jiang, J.; Brus, L. Ag nanocrystal junctions as the site for surface-enhanced Raman scattering
of single rhodamine 6G molecules. J. Phys. Chem. B 2000, 104, 11965-11971. [CrossRef]

Liu, M,; Shi, Y.; Zhang, G.; Zhang, Y.; Wu, M.; Ren, ].; Man, B. Surface-enhanced Raman spectroscopy of
two-dimensional tin diselenide nanoplates. Appl. Spectrosc. 2018, 72, 1613-1620. [CrossRef] [PubMed]
Hakonen, A.; Svedendahl, M.; Ogier, R.; Yang, Z.J.; Lodewijks, K.; Verre, R.; Shegai, T.; Andersson, P.O.;
Kall, M. Dimer-on-mirror SERS substrates with attogram sensitivity fabricated by colloidal lithography.
Nanoscale 2015, 7, 9405-9410. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/srep00112
http://dx.doi.org/10.1038/nnano.2011.79
http://dx.doi.org/10.1038/nature08907
http://dx.doi.org/10.1126/science.1159499
http://dx.doi.org/10.1039/b705969h
http://dx.doi.org/10.1002/anie.200904646
http://dx.doi.org/10.1039/c3nr00571b
http://www.ncbi.nlm.nih.gov/pubmed/23674317
http://dx.doi.org/10.1021/acsami.7b18039
http://www.ncbi.nlm.nih.gov/pubmed/29470045
http://dx.doi.org/10.1021/acsami.7b14022
http://www.ncbi.nlm.nih.gov/pubmed/29172436
http://dx.doi.org/10.1039/C6NR06834K
http://www.ncbi.nlm.nih.gov/pubmed/27973628
http://dx.doi.org/10.1021/acsami.7b17228
http://www.ncbi.nlm.nih.gov/pubmed/29441776
http://dx.doi.org/10.1016/j.snb.2017.01.202
http://dx.doi.org/10.1039/C5CC03604F
http://dx.doi.org/10.1016/j.snb.2017.04.118
http://dx.doi.org/10.1364/OE.23.024811
http://dx.doi.org/10.1021/ja909108x
http://dx.doi.org/10.1021/ja0707106
http://www.ncbi.nlm.nih.gov/pubmed/17521187
http://dx.doi.org/10.1021/jp0025476
http://dx.doi.org/10.1177/0003702818794685
http://www.ncbi.nlm.nih.gov/pubmed/30063384
http://dx.doi.org/10.1039/C5NR01654A
http://www.ncbi.nlm.nih.gov/pubmed/25952612

Polymers 2020, 12, 392 13 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

Qian, Y.;; Meng, G.; Huang, Q.; Zhu, C.; Huang, Z.; Sun, K.; Chen, B. Flexible membranes of Ag-nanosheet-
grafted polyamide-nanofibers as effective 3D SERS substrates. Nanoscale 2014, 6, 4781-4788. [CrossRef]
Lee, C.H,; Tian, L.; Singamaneni, S. Based SERS swab for rapid trace detection on real-world surfaces. ACS
Appl. Mater. Inter. 2010, 2, 3429-3435. [CrossRef] [PubMed]

Zhou, Y.; Cheng, X.; Yang, J.; Zhao, N.; Ma, S.; Li, D.; Zhong, T. Fast and green synthesis of flexible
free-standing silver nanoparticles—graphene substrates and their surface-enhanced Raman scattering activity.
RSC Adv. 2013, 3, 23236-23241. [CrossRef]

Zhang, W.; Li, B.; Chen, L.; Wang, Y.; Gao, D.; Ma, X.; Wu, A. Brushing, a simple way to fabricate SERS active
paper substrates. Analy. Methods 2014, 6, 2066—-2071. [CrossRef]

Fortuni, B.; Fujita, Y.; Ricci, M.; Inose, T.; Aubert, R.; Lu, G.; Hutchison, J.A.; Hofkens, J.; Latterini, L.; Uji, LH.
A novel method for in situ synthesis of SERS-active gold nanostars on polydimethylsiloxane film. Chem.
Commun. (Camb.) 2017, 53, 5121-5124. [CrossRef]

Loera-Serna, S.; Ortiz, E.; Beltran, H.I. First trial and physicochemical studies on the loading of basic fuchsin,
crystal violet and Black Eriochrome T on HKUST-1. New ]. Chem. 2017, 41, 3097-3105. [CrossRef]

Natan, M.J. Concluding remarks surface enhanced Raman scattering. Faraday discuss. 2006, 132, 321-328.
[CrossRef] [PubMed]

Cataldi, U.; Caputo, R.; Kurylyak, Y.; Klein, G.; Chekini, M.; Umeton, C.; Biirgi, T. Growing gold nanoparticles
on a flexible substrate to enable simple mechanical control of their plasmonic coupling. J. Mater. Chem. C
2014, 2, 7927-7933. [CrossRef]

Xu, S.; Man, B,; Jiang, S.; Wang, J.; Wei, J.; Xu, S.; Liu, H.; Gao, S.; Liu, H.; Li, Z; et al. Graphene/Cu
nanoparticle hybrids fabricated by chemical vapor deposition as surface-enhanced Raman scattering substrate
for label-free detection of adenosine. ACS appl. Mater. Inter. 2015, 7, 10977-10987. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c3nr06483b
http://dx.doi.org/10.1021/am1009875
http://www.ncbi.nlm.nih.gov/pubmed/21128660
http://dx.doi.org/10.1039/c3ra43400a
http://dx.doi.org/10.1039/C4AY00046C
http://dx.doi.org/10.1039/C7CC01776F
http://dx.doi.org/10.1039/C6NJ03912J
http://dx.doi.org/10.1039/b601494c
http://www.ncbi.nlm.nih.gov/pubmed/16833126
http://dx.doi.org/10.1039/C4TC01607F
http://dx.doi.org/10.1021/acsami.5b02303
http://www.ncbi.nlm.nih.gov/pubmed/25941901
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of 3D Pyramid AgNPs @PMMA Flexible Substrate 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

