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a hybrid plasmonic configuration:
particle on a corrugated film and its SERS
application†

Ming Zhuo, Chaoguang Wang, * Peitao Dong, Jian Chen and Xuezhong Wu*

Hybrid SERS configurations, which combinemanufacturedmetallic chips with nanoparticles, have emerged

as powerful and promising SERS substrates because they not only provide cost-effective and high-yield

manufacture, but also demonstrate excellent sensitivity and outstanding reproducibility. Herein,

a plasmonic hybrid structure, a particle on an Au film over nanoparticles (particle-AuFON) configuration,

was studied for SERS application. In a previous study, we constructed a hybrid substrate by grafting

Au@Ag core–shell NPs onto the AuFON structure. In this study, the hybrid substrate is designed and

simulated to optimize electromagnetic enhancement while also affording exceptional uniformity,

repeatability and stability, which are essential factors in SERS applications. This hybrid substrate provides

good SERS performance with a detection limit of 1 � 10�10 M, which is 100-fold improvement

compared to AuFON substrate or Au@Ag NPs. The excellent signal enhancement originates from the

hotspot improvement and densification, as visualized by the FDTD calculations. Additional hotspots were

created at the gaps between the Au@Ag NPs and the AuFON, thus improving the density of hotspots.

Moreover, the intensity of the hotspots was improved due to EM coupling between the original hotspots

and additional hotspots. To validate the feasibility of this hybrid substrate in SERS-based detection,

melamine was detected as an example. The detection limit was 10 nM, which was much lower than the

maximum limit of melamine in infant formula (1 ppm) legislated by the governments of both the United

States and China. A calibration curve was plotted between the SERS intensity and melamine

concentration with a correlation coefficient of 0.98. This hybrid SERS substrate shows great potential in

SERS-based sensing and imaging, as it provides high sensitivity and outstanding reproducibility with

a simple fabrication procedure, facilitating the cost-effective and high-yield manufacture of SERS

substrates.
1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful and
promising technique, nding potential applications in the
elds of physics, in vivo diagnosis, ultra-sensitive bio-chemical
sensors, super-resolution optical imaging, etc., because it can
provide intrinsic spectrum of the analyte with great signal
enhancement reaching up to 106 to 1010. Though not absolutely
and widely validated, it is believed that the dramatic observed
enhancement originates from both chemical and especially
physical electromagnetic (EM) eld enhancement. An area
where the EM eld concentrates or couples is called a hotspot,
which plays a fundamental role in SERS measurements. Liter-
ature indicates that probes located in a hotspot area contribute
85% of signal intensity in the measurement while they only
tomation, National University of Defense
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tion (ESI) available. See DOI:

hemistry 2019
cover about 6% of the surface area. Thus, considerable
endeavours have been made to prepare nanostructures with
nanogaps and nanotips, to enrich the EM or chemical
enhancement contributions.

The reported SERS substrates can be roughly divided into three
categories in terms of theirmorphology and preparationmethods.
The rst type is noble metallic nanostructures manufactured
directly on a solid support.1 A variety of methods have been used
to prepare metallic nanostructures, such as focused ion beam
(FIB) lithography,2 nanoprint lithography (NIL),3 nanosphere
lithography,4–18 glancing angle oblique vapor deposition,19–24

annealing25–28 and atomic layer deposition (ALD) separation.
The second type is metallic nanoparticle sol prepared by

reducing noble metal ions in solution,29 including Au/Ag
NPs,30,31 core–shell NPs,32–34 magnetic core–shell NPs,35,36 self-
gapped NPs,37 and DNA-connected dumbbell NPs.38,39 The hot-
spots were usually created at the nanogaps by means of aggre-
gation. The nanoparticle sol has the advantages of high
enhancement factor, controllable morphology, and good bio-
compatibility. However, the nanoparticle sol may fail aer
RSC Adv., 2019, 9, 35011–35021 | 35011
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long-term storage or vibration. Also, the NPs aggregation
formation is hard to control precisely, resulting in instability of
SERS hot spots.

The third type is a hybrid SERS substrate usually constructed
by combining nanostructure with NPs sol. Li's group developed
a shell-isolated nanoparticle-enhanced Raman spectroscopy
technique.32,40–44 They found that additional hotspots were
created or transferred in shell-isolated nanoparticle aggregates
when located over noble metal lm, facilitating Raman signal
improvement. Similar work was done by Yu's group,45,46 Wang's
group31 and Shin's group.47,48 In these works, NPs aggregates were
assembled on a at noble metal lm. The EM eld concentrated,
coupled and transferred on the surface of the aggregation,
forming a great many hotspots. However, the at noble metal
lm itself does not have the ability for signal enhancement.
Better SERS performance can be expected if corrugated lm is
employed, as it has SERS signal enhancement ability itself.

Our group has reported a corrugated lm and its hybrid
structure combined with Ag NP: it showed better SERS perfor-
mance than at lm.49 The hybrid structure also showed poten-
tial in detecting paraquat.50 But the uniformity, repeatability and
long-time stability were not ideal. In this paper, to build a sensi-
tive and stable SERS substrate, binding methods were studied,
including physical, small molecule and polymer connections.
The structural parameters of the SERS substrate were optimized.
The experimental results showed that its sensitivity, uniformity,
repeatability and stability were improved. The enhancement
mechanism of the substrate was studied by FDTD calculations.
Its potential application in SERS-based sensors is validated by its
sensitive and selective detection of melamine.
2. Methods
2.1 Materials

R6G, p-aminothiophenol (p-APT) and polyethyleneimine (PEI,
branched) were obtained from Sigma-Aldrich (Germany). Silver
nitrate (AgNO3), chloroauric acid (HAuCl4), citric acid mela-
mine, trisodium salt dihydrate (C6H5Na3O7$2H2O), ethanol
(C2H5OH), etc., were purchased from Sinopharm (Shanghai,
China), unless specied otherwise. All chemicals were of
analytical reagent grade and used as received. Chromium (Cr)
pellets (99.99%) and gold (Au) wire (99.999%) were purchased
from Jinyu Aochen (Beijing, China). Silicon (100) wafers were
purchased from CETC46 (Tianjin, China). Ultrapure water was
obtained from a Millipore Milli-Q system with the resistance
rate $18.2 MU cm.
Fig. 1 A schematic of the NSL method to prepare AuFON.
2.2 Preparation of AuFON substrate

The AuFON structure was fabricated by the nanosphere lithog-
raphy (NSL) technique and employed as the corrugated lm.51–53

A sketch of the fabrication is shown in Fig. 1. In brief, poly-
styrene (PS) beads were self-assembled by spin-coating on the Si
wafer to construct a hexagonal close-packed monolayer. To
adjust the morphology of the corrugated lm, the PS beads were
etched by oxygen plasma for various periods, including 2 min,
3 min, 4 min and 5 min. Finally, a gold layer was deposited on
35012 | RSC Adv., 2019, 9, 35011–35021
the etched PS beads to construct the Au lm over nanoparticle
structure, as shown in Fig. 2(a). The SEM images of the prepared
AuFON substrate are shown in Fig. 2.
2.3 Synthesis of Au@Ag core–shell NPs

Au@Ag core–shell NPs were prepared by capping a Ag layer on
Au seeds with a reducing agent34 and were employed as the
adhered particles. Au NPs with a diameter of 25 nm were
synthesized by the citrate reduction method and utilized as
seeds. To prepare Au@Ag NPs with various sizes in one pot,
a successive addition and successive sampling method was
designed and conducted. The diameter of the beads was
controlled by adjusting the thickness of the Ag shell. First, Au
seed (150 ml) was double diluted and heated to boiling.
Excessive sodium citrate solution was added and used as
reducing agent. 1500 ml AgNO3 solution (10 mM) was added into
the boiling suspension and heated to boiling. Aer the color of
the sol stabilized (about 20 min), 20 ml synthesized sol was
removed as a sample. Other addition and sampling processes
were conducted in the same way. The details are shown in Table
S1 in the ESI.† The concentration of added AgNO3 solution was
kept at 0.05 mM. All samples were centrifuged at 7000 rpm for
6 min and dispersed in 20 ml water for use.
2.4 Preparation of hybrid SERS substrate

The particle-AuFON conguration was constructed in three
ways, including physical connection, small molecule connec-
tion and polymer connection. For physical connection, the
Au@Ag NPs were dropped onto the AuFON supporting base and
utilized directly aer drying. For a small molecule connection,
the AuFON chip (10 mm � 10 mm) was immersed in the p-ATP
solution and vibrated gently for 3 hours, then rinsed vigorously
with deionized water. Subsequently, the p-ATP modied chip
was immersed in Au@Ag NPs sol for 3 hours with slight
shaking, then washed vigorously with deionized water to
remove unlinked particles. Finally, the particle-AuFON struc-
ture was ushed with nitrogen to dry for use. For a polymer
connection, the immobilization process was similar to that of
small molecules but employed polyethyleneimine (PEI,
branched type) as the binder instead of p-ATP.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The diagrammatic sketch of the deposition chamber and (b)–(f) SEM images of Au film on PS beads etched for different times.
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2.5 FDTD calculation

Commercially obtained soware (Lumerical Solutions, Canada)
was utilized to visualize the EM eld distribution and hotspot
generation on the surface of the particle-AuFON conguration.
Calculation models were built according to the geometry of the
fabricated structure, including single point, two points, and
cluster contacts. The dielectric constants of Au, Ag, etc. were
those reported by Palik.54 Plane wave with a wavelength of 785 nm
was incident in �Z direction with X polarization. Perfectly
matched layer absorbing boundary conditions were adopted in
all directions. Yee cell is set to 1 nm � 1 nm � 1 nm, which is
sufficient to characterize the EM eld behavior at the junctions.
2.6 Characterization

The morphologies of the AuFON and particle-AuFON structures
were characterized with eld emission scanning electron
microscopy (FE-SEM; Hitachi S-4800, Japan). The morphology
of the Au@Ag core–shell NPs was investigated by transmission
electron microscopy (TEM, Hitachi H-7650, Japan). The trans-
mission spectra of the Au@Ag core–shell NPs sol were recorded
by UV-spectrometer (UV-2600, Shimadzu, Japan). The SERS
spectra were collected utilizing a portable Raman system (i-
Raman Plus BWS465-785H, B&W Tek., USA). The Raman
system was equipped with a diode laser source with excitation
wavelength of 785 nm.
3. Results and discussion
3.1 Preparation of particle-AuFON conguration

Hybrid plasmonic conguration has great potential for SERS
applications because it creates many new hotspots which couple
with the original ones, while using low-cost and robust proce-
dures. Herein, the particle on corrugated lm structure was
constructed by graing the Au@Ag core–shell nanoparticles onto
This journal is © The Royal Society of Chemistry 2019
an AuFON structure, forming a particle-AuFON conguration. To
construct the corrugated lm in a controlled and periodical way,
colloid beads were self-assembled on the supporting base, fol-
lowed by 100 nm Au deposition. Before the deposition, the PS
nanospheres can be etched with oxygen plasma to deepen the
gap or separate the PS particles. The process is shown in Fig. 1(a)–
(c). The etching chamber is shown in Fig. 1(d).

The morphology of the PS beads can be easily adjusted by
changing the etching time. Fig. 2(a) shows the deposition
chamber. Fig. 2(b)–(f) show the SEM images of the AuFON with
etching time changes from 0 to 2, 3, 4, and 5 min. The location
of the PS beads remains the same but the radial dimension
decreases with etching time; thus, the distance between PS
beads also changes. Aer deposition of 100 nm thick Au layer
onto the substrate, AuFON were made with different sizes, the
radial dimension of the PS beads decreased and the surface of
the lm became rougher.

Au@Ag core–shell NPs were employed because they have
good plasmonic characteristic and are convenient to prepare.
Au@Ag NPs were synthesized by Ag ion reduction utilizing Au
seeds as the core. Au@Ag NPs with various sizes were prepared
in one pot through intermittent Ag ion addition and sample-
taking. The diameter of Ag NPs was controlled by adjusting
the thickness of the Ag shell.

To construct the particle-AuFON conguration, three
methods were designed and tested, including physical
connection, small molecule connection and polymer connec-
tion. Fig. 1(a1) shows the schematic diagram of the simplest
way: dropping the particles directly on the AuFON structure,
which is called physical connection. The particle-AuFON
structure was obtained aer the suspension dried. It is simple
and effective, especially in real sample detection. The analyte
was dropped on the AuFON structure, followed by suspension of
the Au@Ag NPs. Thus, the analyte was right at the gap between
the AuFON and the particles, where the hotspots generate.
RSC Adv., 2019, 9, 35011–35021 | 35013
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Fig. 1(b1) and (c1) show the SEM images of the NPs on AuFON.
Our previous work showed that the SERS signal could be
remarkably improved by adding the particles. Using this
method, NPs tend to concentrate into multiple clusters in the
process of liquid evaporation due to the coffee ring effect,
resulting in poor homogeneity of the hybrid plasmonic struc-
ture. Moreover, the stability of the SERS substrate was poor
because the particles were only physically contacting the AuFON
substrate, not rmly xed on the substrate.

To improve the homogeneity and stability of the particle-
AuFON structure, some molecules were tested to connect the
particles rmly on the AuFON, including cystamine, amino-
phenol and cysteine. Some chemical regents with specic
chemical groups could form stable chemical bonding or elec-
trostatic adsorption. PATP, for example, connects to AuFON on
one side, forming Au–S bonding. On the other side, it connects
to Au@Ag NPs with amino groups, as shown in Fig. 3(a2).
Fig. 3(b2) and (c2) show the SEM images of the as-made
samples, in which we can see that the connection here is
better than the physical connection. PATP itself has an obvious
SERS signal which will affect detection precision. Cystamine
has no intense Raman signal, but the connection is inefficient.

Polymers provide abundant special chemical groups to
improve connection efficiency. Polyetherimide (PEI) can
Fig. 3 The schematic diagrams, low resolution SEM images and high
connection (a1, b1 and c1), small molecule connection (a2, b2 and c2) a

35014 | RSC Adv., 2019, 9, 35011–35021
provide thousands of amino groups. This procedure was the
same as that using PATP. The AuFON lms were cut into pieces
and immersed in the PEI ethanol solution. Then the sample was
immersed into Au@AgNP solutions to ensure adsorption of
Au@AgNPs onto the pendent amino groups, as the other amino
groups already remain anchored over the AuFON. The PEI
connected particle-AuFON structure is shown in Fig. 3(a3). A
large number of Au@Ag NPs were uniformly connected on the
AuFON facilitating homogeneous and sensitive SERS detection.
Fig. 3(b3) and (c3) show the SEM images of the composite SERS
substrate based on PEI connection. It can be seen that the metal
sol is uniformly combined with the AuFON structure and the
efficiency is obviously improved.
3.2 Optimization of the SERS structure

To improve the SERS performance of the hybrid substrate, its
geometry parameters were optimized by adjusting the growth
conditions of AuFON and Au@Ag NPs, respectively. It is well
known that the hotspots of AuFON mainly locate at the gap
between neighboring FON cells. SERS spectra of AuFON with
non-etched, 2 min-etched, 3 min-etched, 4 min-etched and 5
min-etched PS beads were acquired using R6G as a Raman
probe, as shown in Fig. 4(a). The Raman intensities at
-resolution SEM images of Au@Ag NPs on AuFON with a physical
nd polymer connection (a3, b3 and c3).

This journal is © The Royal Society of Chemistry 2019
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1508 cm�1 for different etching times are shown in Fig. 4(b).
All these spectra exhibit good signal to noise ratio; the most
intense signal is provided by the 2 min-etched substrate. Slight
etching has deepened the gap between the PS beads, facili-
tating EM eld coupling aer the Au lm deposition. However,
too much etching (>3 min) widened the gap, thus weakening
the EM eld coupling. The plasmonic characteristics of etched
substrates were simultaneously calculated with the FDTD
method and the results are shown in Fig. S1 in the ESI.† The
max |E/E0|

2 increases from 325.31 to 593.38 and then
decreases to 66.74, 52.06, and 41.29 for the corresponding
models, for which the tendency is consistent with measure-
ment results.

For further optimization, Au@Ag NPs with various diame-
ters were graed on the 2 min-etched AuFON for SERS
measurements. The parameters of graed particles are shown
in Table S2 in the ESI.† SERS performances were evaluated
directly using R6G as a Raman probe. The laser excitation
power is 30 mW. The signal intensity rst increased (30–50
nm) and then decreased (50–70 nm) with the growth of NP
diameter, as shown in Fig. 4(c). The corresponding Raman
intensities at 1508 cm�1 are shown in Fig. 4(d). The structure
graed with 50 nm NPs exhibited the best performance. The
FDTD calculation shows that the EM eld enhancement of the
Au@Ag NPs increased with the growth of the particle diameter,
as shown in Fig. S2 in the ESI.† However, it is harder to rmly
Fig. 4 (a) The SERS spectra of NPs on AuFON with different PS bead etc
a wavelength of 1508 cm�1. (c) The SERS spectra of different diameter NP
at wavelength 1508 cm�1.

This journal is © The Royal Society of Chemistry 2019
immobilize the particles on the surface with the growth of NP
diameter. Moreover, the density of hotspots on AuFON
decreased with the growth of NP diameter. In summary,
Au@Ag NPs with diameter of 50 nm and AuFON with PS beads
etched for 2 min were employed herein to construct the
particle-AuFON conguration.

3.3 SERS measurements

To evaluate the SERS performance of the hybrid substrate,
Raman spectra were obtained from the as-fabricated AuFON,
Au@AgNPs, and particle-AuFON structure, as shown in Fig. 5.
R6G in concentrations ranging from 10�10 to 10�4 M was utilized
as the Raman probe. The R6G solution was dropped onto the
AuFON and hybrid substrate directly and dried in the air for SERS
measurements. For the Au@Ag NPs, R6G was mixed into the sol
at a certain concentration and dried for SERSmeasurements. The
detection limit is dened according to the principle that the
signal is valid when the signal/noise is greater than 3 : 1. Under
these conditions, the detection limits were 10�8 M, 10�8 M, and
10�10 M for AuFON, Au@AgNPs, and particle-AuFON structure,
respectively. The detection limit of the particle-AuFON congu-
ration was about 2 orders of magnitude better than those of
AuFON and Au@Ag NPs, indicating that the hybridization
method facilitates the improvement of SERS sensitivity. Detailed
Raman intensities in the wavelength range of 1475 cm�1 to
1550 cm�1 are shown in Fig. S3.†
hing times with probe R6G. (b) The corresponding Raman intensities at
s on AuFON with probe R6G. (d) The corresponding Raman intensities

RSC Adv., 2019, 9, 35011–35021 | 35015
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Fig. 5 (a–c) Raman spectra obtained from the Au@Ag NPs, AuFON and particle-AuFON structures, respectively, with probe R6G. The
concentrations of R6G are 10�4, 10�5, 10�6, 10�7, 10�8, 10�9, and 10�10 M. The detection limit of the hybrid configuration is 2 orders lower than
those of than AuFON and Au@Ag NPs.
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3.4 Uniformity, repeatability and stability of the particle-
AuFON conguration

Most of the reported SERS substrates, created by solution
synthesis or nano-manufactory, can provide sufficient
enhancement ability, sometimes capable of single molecule
detection. Although many of these have offered exceptional
electromagnetic enhancement, the durability and reusability of
substrates have not always been acceptable for practical appli-
cations. Herein, controlled experiments were conducted to
evaluate the uniformity, repeatability and stability of the hybrid
substrate using PATP as a Raman probe. The hybrid SERS
substrates were immersed in 10�6 M PATP solution for 2 hours
and dried for SERS measurements. To study its uniformity,
SERS spectra were obtained on 20 sites of the same sample. The
locations of these sites are inserted in Fig. S4 in the ESI.† SERS
spectra acquired from these sites were all similar, as shown in
Fig. 6(a). A p-color image was obtained by extracting the signal
intensities at the wavelength of 1076 cm�1 and is shown in
Fig. 6(b). Its similar red colors indicated the good uniformity of
the hybrid substrate. The RSD of the Raman intensity was
10.36%, which meets the requirement for practical application.
To validate its repeatability, ve spectra were acquired from
three samples out of three batches, separately, as shown in
Fig. 6(c). Average intensity of each batch is shown in Fig. 6(d): it
changes 6.7% and 9.8% among these three batches, which
indicates that the SERS signals were repeatable under strict
experimental control. To test the stability of the hybrid
substrate, spectra were obtained from the same substrate aer
fabrication, a month later, and three months later, as shown in
Fig. 6(e). The intensity of the SERS signals decreased 5.6% aer
a month and changed 2.7% aer two months, as shown in
Fig. 6(f). These measurements demonstrate that the hybrid
SERS substrate has the potential to meet the demand of prac-
tical applications.
35016 | RSC Adv., 2019, 9, 35011–35021
3.5 Plasmonic characteristic

To investigate the surface plasmonic characteristics, FDTD
method was employed for visualization of the EM eld. When
an Au@Ag NP was introduced onto the plane lm, a hotspot was
created at the gap, as shown in Fig. 7. When Au@Ag NPs were
introduced onto the corrugated lm, one-point or two-point
contact may occur, as shown in Fig. 7(a1) and (a2). The diam-
eter of the nanoparticle was chosen to be 50 nm, the same as the
best candidate in the experimental section. Dielectric constant
distributions of models are shown in Fig. 7(b1) and (b2). The
calculated EM eld distributions in the XY, XZ and YZ planes are
shown in Fig. 7(c1, c2), (d1, d2) and (e1, e2), respectively. The
scale bar for the EM eld distribution was log|E/E0|

2. For the
single point contact model, the EM eld was concentrated at the
gap between the Au@Ag NP and the AuFON with an enhance-
ment of 31.2-fold, as shown in Fig. 7(c1)–(e1). For the two-point
contact model, two hotspots were created at the two new gaps
and further coupled with the original hotspot of the AuFON,
resulting in an EM eld enhancement of 2391.6, as shown in
Fig. 7(c2)–(e2). In Fig. 7(c2), z ¼ 279 nm, at which point the
position of the contact between the particle and the AuFON was
monitored. Distributions of dielectric constants and electro-
magnetic elds of a single NP on silicon and gold substrates are
shown in Fig. S5.† These simulation results indicate the
corrugated lm has great advantage over at lms.

Furthermore, nanoparticles may exist in the form of a cluster.
The schematic diagram of contact between an Au@AgNP cluster
(3 particles) and the AuFON structure is shown in Fig. 8, where
the diameter of the NPs is 50 nm. Fig. 8(b) gives the simulation
results for the local dielectric constant at the combination posi-
tion and Fig. 8(c)–(e) show the substrate EM eld distributions in
the XY plane, the XY plane and the YZ plane, respectively. Since
the Au@AgNPs are arranged on a curved surface, the three NPs
are not at the same height. Therefore, in the horizontal plane of
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a and b) The uniformity, (c and d) repeatability and (e and f) stability measurements of the hybrid configuration.
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XY, the electromagnetic eld intensity of each Au@AgNPs gap
position is quite different, as shown in Fig. 8(c). New hotspots
were produced in the contact position between Au@AgNPs sol
and AuFON structure. Meanwhile, in the gaps between
Au@AgNPs sol, the SERS hotspot intensity was also greatly
enhanced due to EM eld coupling.
Fig. 7 (a1 and a2) Models of single point and two-point contact. (b1 a
Calculated EM field distributions in XY plane. (d1 and d2) Calculated EM fie
in YZ plane.

This journal is © The Royal Society of Chemistry 2019
Compared with Au@AgNPs or clusters on Si or Au lm
substrates, the EM eld enhancement effect of Au@AgNPs on
corrugated lm is great. Furthermore, nanoparticle clusters show
enhancement compared with single particles. The calculations of
plasmatic characteristics showed that the construction of the
particle-AuFON conguration not only introduces a great many
nd b2) Dielectric constant distributions of these models. (c1 and c2)
ld distributions in XZ plane. (e1 and e2) Calculated EM field distributions
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hotspots, but also couples with the original ones, improving the
intensity and densifying the distribution of the hotspots.
3.6 Melamine detection

Melamine is well-known as an adulterant in milk products (e.g.,
infant formula) to supplement their apparent protein content
with its rich nitrogen content (66% by mass). It is a hard task to
distinguish melamine in milk. SERS technique is a good
candidate for rapid and sensitive melamine detection, for it is
able to distinguish the intrinsic Raman spectrum of melamine.
The Raman vibration band distribution of melamine is shown
in Table S3 in the ESI.† Themain peak locates in the wavelength
range from 670 cm�1 to 710 cm�1.

To test the feasibility of the SERS technique, melamine solu-
tion with concentrations ranging from 10�8 M to 10�4 M were
prepared and dropped on the hybrid substrate. SERS spectra were
acquired aer the solution dried, as shown in Fig. 9(a). Herein,
water was used as the negative signal reference. From the curve
Fig. 8 (a) The schematic diagram and EM field distribution of Au@Ag NPs
position. (c–e) The distributions of the EM field of the substrate in the X

35018 | RSC Adv., 2019, 9, 35011–35021
detail shown in Fig. 9(b), the SERS signal intensities decreased
with the dilution of melamine concentration, with a detection
limit of 10 nM (1.2 ppb), which is much lower than the maximum
limit of melamine in infant formula (1 ppm) legislated by the
governments of both the United States and China.

To quantitatively detect melamine, a calibration curve was
plotted between the SERS intensity at the wavelength of
681 cm�1 and the concentration of melamine by tting Hill's
equation as shown in Fig. 9(c). All the data were the average of
ve measurements with error bars. The tting equation was y ¼
44 144x0.55/((3.6� 10�4)0.55 + x0.55) with a correlation coefficient
of 0.98, where y is the Raman intensity and x is the concentra-
tion of melamine. Two linear equations were obtained by tting
log–log values and the equilibrium constant was calculated to
be 3.6 � 10�6. The tting equations were calculated to be as
follows:

logðyÞ ¼
�
0:128 logðxÞ þ 5:087 x$ 2� 10�6 M

0:465 logðxÞ þ 6:964 x# 2� 10�6 M
cluster on AuFON. (b) The local dielectric constants at the combination
Y plane, XY plane and YZ plane, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) SERS spectra of different concentrations of melamine on the hybrid substrate. (b) SERS peaks at wavelengths 670 cm�1 to 710 cm�1. (c)
The fitting calibration curve plotted between the SERS intensity at 681 cm�1 and the concentration of melamine.
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The correlation coefficients were 0.989 and 0.994, respectively,
which indicated the potential of the hybrid substrate in quan-
titative measurements.
4. Conclusions

In this paper, we reported the optimization method and SERS
performance of a hybrid substrate fabricated by immobiliz-
ing the Au@Ag NPs onto the AuFON substrate. Polymer was
employed as a binder to connect the NPs onto the AuFON for
a rm, dense and stable binding with whole process oscilla-
tion. The parameters of the hybrid substrate were optimized,
mainly focusing on the PS bead etching time and the diam-
eter of the NPs. AuFON with PS beads etched for 2 min and
NPs with a diameter of 50 nm were shown to be the best
options for SERS measurements. This construction provides
a detection limit of 1 � 10�10 M, which was about 100-fold
improvement compared to single AuFON or Au@Ag NPs. The
uniformity, repeatability, and stability of the substrate were
also tested, demonstrating its potential in practical SERS-
based applications. To visualize the hotspots, the EM eld
distribution was calculated by the FDTD method. Coupling
models were built and calculated in which additional hot-
spots were created at the junctions between the particle and
the corrugated lm and created hotspots coupled to the
original ones. Thus, both the intensity and density of the
hotspots were improved, facilitating signal enhancement.
The hybrid substrate was used in the sensing of melamine by
its intrinsic spectrum. The detection limit was 10 nM (1.2
This journal is © The Royal Society of Chemistry 2019
ppb), which was much lower than the maximum limit of
melamine in infant formula (1 ppm) legislated by the
governments of both the United States and China. A cali-
bration curve was plotted between the SERS intensity at the
wavelength of 681 cm�1 and the melamine concentrations by
tting Hill's equation for quantitative detection with
a correlation coefficient of 0.98. Two linear equations were
obtained by tting log–log values, with correlation coeffi-
cients of 0.989 and 0.994.
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