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ABSTRACT: The present study demonstrated a one-step method for the first
time to fabricate self-assembled gold nanoparticle (AuNP) metafilms at the water—
toluene interface by adding polystyrene—polyisoprene—polystyrene as the support \\ ’ F[Jr-fr;’],
layer. The thiolated polyethylene glycol and ethanol were used to tune the surface of%;:f T
charge density on the AuNPs, constructing a balanced situation at the water— of / j g
toluene interface. The flexible (AuNP) metafilm can be easily obtained after ’
evaporation of the toluene phase and further used as a surface-enhanced Raman
scattering (SERS) substrate for trace thiram detection. The SERS sensitivity was
tested using standard Raman probes such as crystal violet and malachite green,
both with the detect concentration reaching 1 X 1071 M. Moreover, the excellent
reproducibility and elastic properties make the metafilm promising in practical
detection. Hence, the trace thiram detection on an orange pericarp was inspected
with the detection limit of 0.5 ppm (1 X 107 M) as well as a favorable linearity
relation with a correlation coeflicient of 0.979, exactly matching the realistic
application requirements.

B INTRODUCTION The self-assembly process of metal NPs can create 1—10 nm

. . ) 1 « s 17,22
In recent years, there has been an increasing interest in self- 1nterpart1c'le distances which is called "hotspots™ in SERS.
assembled nanoparticle (NP) structures.”” Self-assembled These uniform nanogaps between metal NPs could gezr;erate
nanostructure films have emerged as powerful platforms in strong coupling effect of the local electromagnetic field.”” The
surface-enhanced Raman scattering (SERS), catalysis, sensor excitation of l(?cah.zed surface plasmon resonance. be.tween
science, and biomaterials research areas.>™® Numerous studies coupled NPs arises intense field enhancement, resultgmg in the
have explored the methods of fabricating ordered assembled dommatefl elect.romagnetlc enha‘ncement.of SERS'.

arrays such as Langmuir—Blodgett technique,™'® nano- SERS is an important tool in analytical chemistry, food

lithography,' "' electrophoretic deposition,"” and interfacial safety, environment monitoring, and biOIOgicalA applicat.ion
assembly (air—liquid, liquid—liquid and liquid—gas—solid because of the attractive feature of nondestructive examina-
)

interface).>*'*'¢ Selfassembly of NPs at liquid—liquid tion.”*~** There are two general methods to utilize the liquid—
liquid interface-assembled metal NP films as the SERS
substrate. The indirect method is to transfer the assembled
nanostructures onto a hard substrate such as Si wafer, glass
slide, and copper grids through a horizontal deposition or
vertical retraction of the immersed substrate procedure.”™*'*'°

interfaces was found to be a highly effective and low-cost
way to form uniform arrays among these methods. The NPs at
the liquid—liquid interface are stabilized under the interparticle
interactions which are governed by electrostatic repulsion,
steric hindrance, hydrophobic interaction, and van der Waals

forces.”"™'” Previous studies indicated that the assembly of It is inevitable that random aggregates, multilayer structure,
NPs at the interface is introduced by a minimization of the and voids might be induced during the transferring steps.” To
Helmholtz free energy.'®'® Moreover, the key issue to form overcome this shortcoming, Liu’s group reported a method by
assembled nanostructures at the water—oil interface is to collecting the SERS signal from the liquid interfacial directly,
reduce the surface charge density of metal NPs using an and this liquid interfacial SERS platform showed great
appropriate surfactant such as alkylthiol.”>'**° Besides potential in the multiphase detection.””*® However, using
surfactants, some solvent that is soluble in both water and the self-assembled metal NP films as the flexible SERS
oil such as ethanol, acetone, and isopropanol were also used to
adjust the interfacial energy and polarity of the solution to help Received: December 23, 2018
fabricate assembled nanostructures at the water—oil inter- Revised:  January 22, 2019
face.!”*! Published: March 20, 2019
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Scheme 1. Schematic Diagram of the One-Step Self-Assembly of the AuNP Metafilm
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substrate directly is extremely desired for practical application
on nonplanar objects.

This paper reported a one-step method for the first time to
fabricate a flexible self-assembled gold NP (AuNP) metafilm at
the water—oil interface, which can be used for SERS detection.
In this work, AuNPs were dispersed in ethanol and injected in
the water—toluene interface, and the aggregations were formed
immediately with the help of thiolated polyethylene glycol
(PEG-SH). It is noticed that the polystyrene—polyisoprene—
polystyrene (SIS) molecule was added to the toluene phase,
and worked as a support layer after an evaporation process of
toluene. The self-assembled AuNP metafilm exhibits excellent
SERS performance with the lowest detection concentration of
CV (crystal violet) and MG (malachite green) of about 1 X
107" M. Practical examination of thiram detection on an
orange pericarp was carried out with a lowest detection
concentration of 1 X 107® M (0.5 ppm), which is far below the
National Standard of China (GB) of 1 X 107> M (5 ppm). A
favorable linearity relation was achieved between 1000 and 0.5
ppm with a correlation coefficient of 0.979 at the 1372 cm™"
peak. Therefore, this study makes a major contribution to
research on the one-step fabrication of the self-assembled
AuNP metafilm, which indicates a promising SERS substrate
on food safety and pesticide residue detection.

B EXPERIMENTAL SECTION

Reagents. Chloroauric acid (HAuCl,) and polystyrene-block-
polyisoprene-block-polystyrene (SIS, styrene 17 wt %) were purchased
from Sigma-Aldrich (Shanghai, China). Sodium citrate (C4HsNa;O,-
2H,0) and toluene were purchased from Beijing Chemical Works
(Beijing, China). PEG-SH (MW 5000 Da) was purchased from
Aladdin (Shanghai, China). All syntheses progresses were used
Ultrapure Milli-Q water. All the glassware was dealed with aqua regia
and rinsed with Milli-Q water multiple times, and then dried before
use.

Synthesis of the AuNPS. Frens’s standard procedure was
employed to synthesize the Au NPs.*® Briefly, 45.5 mL ultrapure
water was added to 500 L chloroauric acid (1%, @ %), and then
heated the diluted chloroauric acid to boiling before 500 yL sodium
citrate (1%, @ %) was added. After approximately 70 s, the solution
changed into brilliant red, and then continued boiling for 30 min to
form spherical particles completely. After cooling the mixture solution
to room temperature with gentle shook, it was then centrifuged to
different volumes of final products (1, 3, and, 6 mL) at 9000 rpm for S
min and removed the supernatant, and diluted the AuNPs in 350 uL
ethanol for next step.

Self-Assembly AuNP Metafilms at the Water—Toluene
Interface. First, 20 mg PEG-SH was dissolved in 10 mL ultrapure
water and 10 mL toluene separately, and then 30 mg SIS in toluene
(contain PEG-SH) was added. Next, 1 mL water (contain PEG-SH)
was added to a beaker followed by 800 uL toluene (contain PEG-SH
and SIS). There is an obvious interface formed between these two
immiscible phases. Then, the ethanol-diluted AuNPs (contain 1, 3,
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and, 6 mL AuNPs, respectively) in the water—toluene interface were
injected by the peristaltic pump with the feeding rate of 0.10 mL/min.
The AuNP metafilm was formed while all the ethanol is injected into
the interface. Finally, toluene was evaporated at room temperature
and then the remaining membrane was peeled off over the water
phase, so that we can get an integral film with a brilliant metallic
luster.

Fabrication of the SERS Sample. For SERS sensitivity
measurement, pieces of the AuNP metafilm were immersed in series
of standard CV (from 1077 to 10™"' M) and MG (from 1077 to 107"
M) solution for 4 h. For thiram detection, a series of standard thiram
solutions of different concentrations (from 1000 to 0.5 ppm) were
prepared, and then, the AuNP metafilm was immersed in 0.2 mL
thiram solution for 4 h. For thiram detection on the orange pericarp,
different concentrations (from 1000 to 0.5 ppm) thiram was sprayed
onto small pieces of the orange pericarp, and then wiped with the
AuNP metafilm.

Characterization. Field-emission scanning electron microscopy
(FE-SEM) was performed on a Jeol-JSM 7500 scanning electron
microscope with an accelerating voltage of 5.0 kV. The UV—vis
spectrophotometer and fittings were provided by Shimadzu (Japan)
Co., Ltd. The mechanical properties of hybrid films were measured
under the tensile mode in a universal mechanical testing machine
(Shimadzu AGS-X, Japan). Chromatographic analysis was performed
with a HPLC instrument (Shimadzu, LC-20A, Japan), which
consisted of a waters pump, a reverse-phase C-18 column (Inertsil
ODS-SP, 4.6 mm X 150 mm, particle size S pym), an ultraviolet
detector, and a 20 uL injection loop. The mobile phase was a mixture
of methanol and ultrapure water (9:1, v/v), and its flow rate was 1.0
mL min~". The detection wavelength was set to 272 nm. Zeta-
potential measurements were made on Zetasizer Nano ZS90
(Malvern, UK) at 25 °C. 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; the laser power values measured in the experiments were
obtained from a power meter (0.75 mW at the samples with a spot
area of approximately 1.4 yum?). The Raman band of a silicon wafer at
520.8 cm™' was used to calibrate the spectrometer. The data
integration time was 10 s for two accumulations.

B RESULTS AND DISCUSSION

Mechanism. Scheme 1 illustrates the procedure of the one-
step self-assembly of the flexible AuNP metafilm. A layer with a
metallic luster generally appeared at the water—toluene
interface while the ethanol-diluted AuNPs were injected,
indicating that the AuNPs assembled at the interface.”” There
are two likely causes for this phenomenon: the effects of
ethanol and PEG-SH. First, using ethanol to dissolve AuNPs
could decrease the surface charge density on the AuNDPs
because of the displacement of the citrate ions."”*®* Also, the
reduction of the charge density on the AuNPs is the dominant
impact for the assembly of the NPs at the water—oil
interface.">*® On the other hand, the addition of PEG-SH
could further adjust the AuNPs’ surface charge density.’” The
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Figure 1. SEM image of the metafilm fabricated with different AuNP solution volumes, (a) 1; (b) 3; and (c) 6 mL, the inset graph shows higher
magnification SEM image; (d) UV—vis spectra of the metafilm fabricated with different AuNP solution volumes and the inset graph shows UV—vis

spectra of monodispersed AuNPs.

zeta-potential of water, ethanol, and PEG-SH-dispersed AuNPs
is shown in Table S1 as —7.1, —2.8, and —1.9 mV, and the
zeta-potential decreases with the addition of ethanol and PEG-
SH ,verifying the reduction of the AuNPs surface charge
density. The PEG-SH can dissolve both in toluene and water
phases because of the hydrophilic and hydrophobic features.*’
Moreover, the PEG-SH can fast cap AuNPs both in toluene
and water phases through the strong affinity of thiol groups to
the gold surface, which facilitates to stabilize and assemble the
NPs at the water—toluene interface.**™** Besides, the PEG-SH
can also tune the spacing between the gold NPs which will
help preventing the NP aggregation.™

According to prior studies, the interaction energy among
AuNPs can be determined by

¢ = (pvdw(dc—c) + (pelec(dc—c) + (pster(dc—c’ l) (l)
where the ,g(de_o), Petec(de-c), and Per(dc_ol) represent the
van der Waals attraction potential, electrostatic repulsion
potential, and steric elastic repulsive energy, respec-
tively.'”***”** In this research, the surface charge density on
the gold NPs was adjusted by ethanol and PEG-SH and the
remaining surface charge of the gold NPs will redistribute
when they are injected in the water—toluene interface until the
(pvdW(dc—c)) q)elec(dc—c)l and (pster(dc—c)l) reach a new balancer
which lead to the formation of an assembly layer of AuNPs at
the water—toluene interface.””**

Optical Characterization. The SEM images show the
assembled NPs on the metafilm fabricated using different
amounts of AuNPs in Figure la—c, and the transmission
electron microscopy (TEM) image of monodispersed AuNPs
is shown in Figure S1 in which the size is 35 nm. While 1 mL
of AuNPs was adopted, it was difficult for the NPs to cover the
whole SIS film and there were large vacant areas existing,
although the NPs were closely arranged, as shown in Figure 1a.
As the volume of AuNPs increased to 3 mlL, an ordered
monolayer film formed on an intact region in Figure 1b, and
the average interspace of AuNPs is about 5 nm. By
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continuously increasing the AuNP amount to 6 mL, the self-
assembly metafilm was packed too close to produce effective
nanogaps, as shown in Figure 1b. A proper spacing and density
of NPs may generate effective “hot spots” which can improve
the sensitivity for SERS application.l‘"%’46 Moreover, Figure
S2a showed the SEM image of the 3 mL AuNP metafilm from
the backside, and there were no obvious NPs found in this side
which can prove that the NPs stayed at the interface rather
than being imbedded into the toluene phase. The thickness of
the metafilm was measured in Figure S2b as 44 ym.

Figure 1d shows UV-—vis spectra of the metafilm with
different quantities of AuNPs being added, in which the peaks
of monodispersed AuNPs appear at 528 nm. While the
monodispersed NPs were immobilized in the SIS film, the
peaks exhibit obvious red-shift because of the electronic
coupling interactions between adjacent NPs.”” This shift of
plasmon band indicated the formation of the assembled
nanostructure which is agreed with the morphology, as shown
in SEM images. The surface plasmon absorption was enhanced
as the amount of AuNPs increased from 1 to 6 mL. It is
noticed that the surface plasmon absorption peaks show blue-
shift from 731 to 646 nm between these three kinds of
metafilms. It is inferred that the increasement of gold NPs will
change the surrounding environment from the polymer film to
AuNPs, which may lead to a shift in the SPR peak.””** The
shift from 3 to 6 mL is small, verifying that the change in the
polymer environment might be the dominant reason for the
surface plasmon absorption blue-shift.

More assembled situation under different conditions was
investigated and shown in Figure S3. AuNP metafilms
fabricated in the toluene phase contain PEG-SH only (Figure
S3a), SIS only (Figure S3c), nor PEG-SH or SIS (Figure S3e)
while the water phase contains the PEG-SH molecule, and the
Figure S3b,d,f demonstrates the same conditions at the toluene
phase while the water phase without the PEG-SH molecule.
When there is a PEG-SH molecule existed at the water phase,
the assembled metafilm showed more perfect monolayer
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Figure 2. (a) Comparison of SERS intensity at the 1620 cm™'

600 900 1200 1500 1800

Raman Shift (cm'1)

peak of different amounts of AuNP-fabricated metafilms adsorbing different

concentrations of CV standard samples (black line: 1 mL AuNPs; red line: 3 mL AuNPs; blue line: 6 mL AuNPs); (b) SERS spectra of the 3 mL
AuNP metafilm adsorbing different concentrations of CV standard samples from 10~ to 107" M (red line: 1077 M; green line: 10~® M; blue line:
107° M; pink line: 107 M; black line: 1071' M; orange line: blank); (c) SERS spectra of the 3 mL AuNP metafilm adsorbing different
concentrations of MG standard samples from 1077 to 107" M (red line: 1077 M; green line: 107 M; blue line: 10~° M; pink line: 107'° M; black
line: 10" M; orange line: blank); and (d) SERS spectra of the 3 mL AuNP metafilm adsorbing different concentrations of thiram standard

samples from 1000 to 0.5 ppm.

structures compared with the corresponding conditions
without PEG-SH molecules, in which the multilayer structures
were preferred. Meanwhile, if compared Figure S3c with (ae),
we can find that the existence of the SIS molecule can
introduce more NP coverage ratios while there are more void
areas in the absence of SIS. The results reveal that the PEG-SH
molecule at water and toluene phases is a crucial factor to
produce uniform monolayer nanostructures at two liquid
interfaces, and the SIS molecule can help offer more effective
assembled area. The tensile stress—strain curves of the 3 mL
AuNP metafilm are shown in Figure S4, and the metafilm has a
large elastic deformation with a high strain ratio reaching
1796%, which demonstrates excellent tenacity of this film. The
outstanding elasticity of the metafilm provides a platform for
direct analysis on the uneven surface which indicates further
application potential.

SERS Performance. The ordered self-assembled AuNP
metafilm was employed in SERS measurement as shown in
Figures 2 and SS. Using CV as the SERS probe, the lowest
detect concentration of 1, 3, and 6 mL AuNP metafilms is
107'% 107", and 107® M (Figure 2a), respectively. The SERS
spectra are shown in Figures 2b and SS. Hence, the 3 mL
AuNP metafilm was selected for SERS measurement using MG
as the probe and the limit of detection as low as 107" M,
similarly (Figure 2c). Five major characteristic peaks could be
observed in Figure 2b at 809, 918, 1180, 1378, and 1620 cm™*,
which are assigned to out-of-plane phenyl—H bending, ring-
breathing, in-plane aromatic C—H vibration, in-plane N—
phenyl stretching vibration, and in-plane C—C stretching
vibration of the ring, respectively.*”*” In Figure 2c, the peaks at
805, 918, 1178, 1370, and 1618 cm™' are same to the CV
because of the similar structures. Also, the peaks at 1220 and
1396 cm™ are corresponding to C—H ring in-plane bending
vibrations and C—H ring in-plane bending, respectively.”*~>"
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Furthermore, the 3 mL AuNP metafilm was used to detect
trace thiram (TMTD), a dithiocarbamate fungicide widely
applied to prevent crop damage in the field.**>* Figure 2d
shows the Raman spectra of TMTD standard samples with
different concentrations from 1000 to 0.5 ppm, using the 3 mL
AuNP metafilm as the SERS substrate. The stretching CH;N
and C=S vibration modes appear at 926 cm™’, peak at 1140
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.>>>" It
can be seen that the lowest TMTD detection concentration on
this metafilm is 0.5 ppm, which is below the maximal residue
limit of S ppm in fruit according to National Standard of China
(GB 2763-2016). A favorable linearity relation is shown in
Figure S6, demonstrating the quantitative characteristic of this
SERS substrate.

The main limitation of the 1 mL AuNP metafilm’s SERS
sensitivity is the amount of AuNPs. The existence of large
vacant areas as we can see in SEM images reduces the effective
area for SERS enhancement. However, the 6 mL AuNP
metafilm shows nonideal SERS performance as the NPs
presented overspread and closed packed. This inconsistency
may be because there are limited effective space for probe
molecules to adsorb.”**° In conclusion, the satisfactory
detection level of the 3 mL AuNP metafilm attributes to the
large region of the uniformly assembled nanostructure which
can supply abundant number of “hot spots” and the reasonable
nanogaps that maintain the analyte molecules feasible to enter
into and adsorbed.

The Raman enhancement factor (EF) was calculated to
evaluate the SERS activity by employing the formula

EF = ISERS X CNRS

@)
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Figure 3. 3D-FDTD model (sphere) for AuNP aggregation on the metafilm fabricated with different AuNP solution volumes according to SEM
images (a—c): 1 (a,d); 3 (b,e); and 6 mL (c,f). 2D patterns of E-field intensity amplitude (IEI*) around the corresponding model (g—1). XY planes
containing geometric centers of the body structure were normal-plotted with the scale bar of 100 (g—i) and log-plotted (j—I).
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Figure 4. (a) SERS spectra of thiram (from 1000 to 0.5 ppm) adsorbed on the orange surface, acquired by swabbing the orange surface with the
AuNP metafilm; (b) Raman intensity at 1372 cm™ vs the negative logarithms of the thiram concentrations ranging from 1000 to 0.5 ppm.

where Iggpg and Cggpg are normalized Raman peak intensities
and the concentration of the reporter molecule chemisorbed
on the SERS substrate; Iygg and Cypg are same parameters that
in the reference solution.”" >* The CV concentration is 107!
M on the SERS substrate and 1072 M in the reference solution,
and the MG concentration is 107"' M on the SERS substrate
and 107 M in the reference solution. The EF was calculated to
be 3.4 X 107 according to peaks at 1620 cm™" with CV as the
probe. By using MG as the probe, the EF was calculated to be
1 X 107, according to peaks at 1618 cm™, (corresponding
SERS spectra are provided in Supporting Information Figure
S7).

Finite-Difference Time Domain (FDTD) Calculations.
The 3D-finite difference time domain (FDTD) method was
introduced to further understand the electromagnetic enhance-
ment effect on the surface of substrates. E-field distribution was
calculated by numerically solving Maxwell’s differential
equations. The 3D-FDTD model (sphere) for NPs aggregation
was built with spheres. The diameters are 20, 30, and 40 nm.
Distribution of AuNP aggregation was designed according to
SEM images. For comparison, calculation results of island
models were also provided as shown in Figure S8. The
excitation source with 633 nm wavelength. The refractive index
of the gold material is from Johnson and Christy data.”” The
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calculated electric field intensity (IEI*) of the AuNP
aggregation is shown in Figure 3. Considering that the spectral
enhancement in SERS varied as the fourth power of local field
enhancement of substrates. The maximum EF (IEI*) could
reach a value of 10°. In general, the region with maximum
enhancement accounts for less than 1% of the whole substrate
surface, thus average enhancement along with chemical
enhancement could be approximately estimated to be 6—7
order of magnitudes, which agrees well with the experimental
results. Results on aggregation on the metafilm with 1 and 3
mL AuNP solutions indicated larger enhancement compared
to that with 6 mL AuNP solution. The maximum E-field
intensity amplitude (IEI*) around the 3D-FDTD model
(sphere) for AuNP aggregation on the metafilm fabricated
with different AuNP solution volumes was shown in Figure S9
with the result of 2.3 X 10* (1 mL), 1.6 X 10* (3 mL), and 1 X
10* (6 mL). However, the large vacant areas reduce the
effective area for SERS enhancement of the 1 mL AuNP
metafilm, although the calculation result shows the highest |EI%.
Furthermore, more hot spots in aggregation might contribute
to better SERS results for the metafilm fabricated with 3 mL
AuNP solution.

Application as the Flexible SERS Substrate. The high

sensitivity and good quantitative examination make this flexible
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Figure S. (a) SERS spectra collected from thirty random points on metafilm substrates that have been soaked in S ppm TMTD for 4 h; (b)
corresponding RSD results of (a) calculated by SERS intensities for 1372 cm™' Raman peaks.

AuNP metafilm a promising SERS substrate to probe the
residual molecules on various surfaces. The obtained flexible
metafilm SERS substrate carried out a realistic SERS detection
to prove the practicability. The orange pericarp was sprayed by
ethanol-dissolved thiram, and swabbed the flexible metafilm on
it directly. As shown in Figure 4a, obvious characteristic peaks
could be observed, and the peak at 1372 cm™ still can be
distinguished even with TMTD concentration as low as 0.5
ppm, verifying the reliability of the one-step assembling
metafilm in practical detection. Quantitative analysis of thiram
was achieved at peaks for 1372 cm™" from 1000 to 0.5 ppm,
which satisfied the linear relationship of y = 654.4x + 201.9
with a correlation coeflicient of 0.979 in Figure 4b.
Furthermore, there is no obvious signal found in the orange
surface without TMTD treatment, which was detected by
swabbing the surface with the AuNP flexible metafilm, as
shown in the Figure S10, further demonstrating the advantages
in practical applications. High-performance liquid chromatog-
raphy (HPLC) was adopted to validate the SERS method,
Figure S11 shows 0.5 ppm TMTD detected by SERS and
HPLC. The result indicates the accuracy of SERS detection
based on this metafilm and the high sensitivity makes this film
a promising substrate for practical food safety detection.
SERS Reproducibility of the AuNP Metafilm. To
measure the SERS reproducibility of the flexible substrate,
we collected SERS spectra of thirty random points of the 5
ppm TMTD-soaked metafilm, which is displayed in Figure Sa.
The signal intensity distribution at 1372 cm™ is shown in
Figure Sb with the intensity variation of 8.6%. The SERS
spectra collected from five difference batches of the fabricated
metafilm are shown in Figure S12, in which the relative
standard deviation (RSD) % is 9.9% for peaks of 1372 cm™,
and this result implies a good homogeneity of the substrate.

B SUMMARY AND CONCLUSIONS

We have developed a one-step method for the first time to
prepare the flexible SERS metafilm with self-assembled gold
NPs at the water—toluene interface for detecting trace thiram
on the orange pericarp. The self-assembled gold NP metafilm
fabricated at the water—toluene interface was verified with
advantages of high uniformity and close packing. The
sensitivity of the SERS substrate was proved by the Raman
test on CV and MG with a minimum detection concentration
of 1 X 107" and 1 x 107" M. The high sensitivity and
flexibility make the self-assembled gold NP metafilm a
promising substrate for practical food safety detection. The
detection concentration for thiram on the orange pericarp
could reach 1 X 107 M, which is much lower than GB
demand. The present study raises the possibility of fabricating
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self-assembled nanostructures at the liquid—liquid interface
without a transfer procedure, which contributes to further
application in practical trace SERS detection.
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