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ABSTRACT: A structure consisting of a low surface energy
substrate and low surface tension liquid is designed and
prepared by taking advantage of perfluorinated fluid infusion
into the porous Teflon membrane. This slippery platform
allows efficient enrichment and self-assembly of hybrid
nanoparticles and the assembled structure can be detached
from the membrane. A macroscale superlattice array of Au

nanorods doped with magnetic Fe;O, nanoparticles is obtained by suppressing the outward capillary flow and coffee-ring effect
during evaporative self-assembly. In SERS (surface enhanced Raman scattering) detection of environmental pollutants including
thiram, diquat and polycyclic aromatic hydrocarbons, the removable plasmonic superlattice array with magnetic properties
enables rapid separation of analytes from the solution resulting in excellent sensitivity and detection limits down to the
nanomolar level. The self-assembly strategy shows great potential in the fabrication of removable 3D plasmonic superlattice

arrays for SERS detections.

KEYWORDS: evaporative self-assembly, surface enhanced Raman scattering, gold nanorods, surface modification,

environmental pollutants

1. INTRODUCTION

Surface enhanced Raman scattering (SERS) has recently
emerged as one of the mainstream spectroscopic methods
and been adopted in various analytical fields. SERS is attractive
due to its capability to provide a spectroscopic fingerprint of
each type of molecule providing label-free and rapid on-site
detection of different analytes.'™> Although ultrasensitive
analysis can be carried out with SERS by taking advantage of
the electromagnetic enhancement of noble metal nanostruc-
tures, application to molecular analysis is plagued by problems
associated with the reproducibility and complexity in substrate
preparation. In practice, analytes such as environmental
pollutants always exist in complex samples at low concen-
trations and need to be effectively captured by the SERS
substrate and separated from the complex external medium.
Hence, the requirements for the desirable SERS substrate are
efficient enhancement of the Raman signals and easy separation
from the complex solutions.

SERS signals arise from plasmon resonance on the surface of
metallic nanostructures and there have been extensive efforts to
generate metallic nanostructures with sub-10 nm narrow gaps
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for efficient plasmon resonance.”” Recently, the droplet
evaporative self-assembly technique has been proposed as a
green approach to construct superlattice nanostructures as
SERS substrates by assembling the metal nanoparticle building
blocks available from wet-chemical synthesis.'"’”"> Compared
to traditional physical nanofabrication techniques, the chemical
self-assembly method which does not require extensive
instrumentation is economical boding well for mass production
of SERS substrates comprising different metallic nanoparticles
(NPs). However, since evaporation of a sessile droplet
containing insoluble NPs always produces the “coffee-ring”
like stain, the big challenge concerning droplet evaporative self-
assembly is dense and uniform packing of NPs.'*'” Very
recently, different strategies have been proposed to suppress the
“coffee-ring” effect during self-assembly and uniform deposition
of metallic NPs such as gold nanorods (AuNRs) has been
demonstrated.'®™** However, similar to traditional physical
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Figure 1. (a) Schematic illustration of the slippery platform with the perfluorinated fluid infusing the Teflon membrane and (b) Photographs
illustrating the droplet mobility on the treated (front) and untreated (behind) Teflon membrane.

techniques, these self-assembled SERS substrates are still
immobilized on the bulk base materials such as silicon chips
and prone to interfering SERS signals thus stifling direct
separation of the analytes from the solution. Consequently, it is
desirable to prepare a removable SERS substrate allowing
controlled capture and separation of analytes from the complex
solutions for efficient SERS detection.

Herein, the evaporative self-assembly technique is adopted to
fabricate a magnetically controllable and removable SERS
substrate. By using a perfluorinated fluid to infuse the porous
Teflon membrane, the slippery platform comprising a low
surface energy substrate and low surface tension liquid enables
efficient enrichment and self-assembly of hybrid nanoparticles
to the removable macroscale structure. A superlattice array of
Au nanorods doped with magnetic Fe;O, nanoparticles is
fabricated and used in SERS detection of environmental
pollutants, the removable plasmonic superlattice array with
magnetic properties allows rapid separation of analytes from the
solution and yields excellent sensitivity.

2. MATERIALS AND METHODS

2.1. Materials. Chloroauric acid (HAuCl,-4H,0, 99.99%),
hexadecyltrimethylammonium bromide (CTAB, 97.0%), sodium
borohydride (NaBH,, 96%), silver nitrate (AgNO;, 99.8%), L-ascorbic
acid (AA, 99.7%), and malachite green (MG, 99%) were obtained
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from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) and
11-mercaptoundecyl hexa(ethylene glycol) (MUDOL, 90%) was
purchased from Sigma-Aldrich Co. Thiram, diquat, and polycyclic
aromatic hydrocarbon solutions (PAHs) were acquired from
AccuStandard Inc. All the chemicals were used as received without
farther purification and Millipore Milli-Q water (resistivity >18 MQ
cm™ at 25 °C) was used in the experiments. The perfluorinated fluid
(Krytox GPL 100) was purchased from DuPont and Teflon
membranes with thickness of approximately 70 um were bought
from Sterlitech Corporation, WA.

2.2. Synthesis of AuNRs. The AuNRs were synthesized by the
seed-mediated method in the CTAB solution. Briefly, 3—4 nm gold
seed particles were prepared by mixing HAuCl, (0.5 mM, S mL) and
CTAB (0.2 M, S mL). The solution was stirred vigorously and freshly
prepared ice-cold NaBH, (10 mM, 600 L) was added. After stirring
for 2 min, the seed solution was stored at room temperature for further
use. In the AuNRs synthesis, HAuCl, (S mM, 18 mL) and AgNO; (0.1
M, 225 uL) were added to CTAB (0.2 M, 90 mL) and then HCI (1.2
M, 225 pL) and ascorbic acid (10 mM, 11.1 mL) were added and
gently swirled as the color changed from dark orange to colorless.
After the color change, the CTAB-stabilized gold seed solution (150
uL) was injected rapidly and the solution was gently mixed for 10 s
and left overnight. Finally, the solution was centrifuged at 12 000 rpm
for 15 min to stop the reaction. The supernatant was removed and the
precipitate was resuspended in ultrapure water.

2.3. Surface Ligand Exchange of AuNRs. The freshly prepared
CTAB-AuNRs suspension (5 mL) was purified by a second
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Figure 2. (a) TEM image of AuNRs; (b) SEM image of Fe;0, NPs; (c) Schematic illustration of the enrichment and self-assembly of AuNRs and
Fe;0, hybrid NPs on the slippery platform; (d) Droplet evaporation and condensation of the 40 L suspension of AuNRs and Fe;0, hybrid NPs;
(e) Droplet evaporation and condensation process of the droplet with different volumes.

centrifugation step (10000 rpm, 10 min) to remove excess CTAB.
The precipitate was dispersed in Milli-Q water (S mL) and mixed with
the MUDOL solution (0.2 mM, S mL). The mixture was vortexed
briefly and stirred gently at room temperature for 24 h to achieve
saturated adsorption of MUDOL molecules on the AuNRs. The final
MUDOL-AuNRs were condensed and used in the self-assembling
experiments without further purification.

2.4. Synthesis of Magnetic Fe;0, Nanoparticles. In the
synthesis of Fe;O, nanoparticles, FeCl;-6 H,O (1.64 g) and NaAc (3.6
g) were dissolved in ethylene glycol (60 mL) to form a clear solution.
The mixture was stirred vigorously for 30 min and sealed in a Teflon-
lined stainless-steel autoclave. The autoclave was heated to and
maintained at 200 °C for 8 h and allowed to cool to room temperature
afterward. The black products were separated by magnets, washed
several times with ethanol, and dried under vacuum.

2.5. Self-Assembly of AuNRs and Fe;O, Hybrid Nano-
particles. The slippery platform for self-assembly of AuNRs and
Fe;0, is fabricated by the approach inspired by Nepenthes pitcher
plants. The as-received Teflon membranes were attached to a flat glass
slide and the perfluorinated fluid (GPL 100) serving as the lubricant
was sprayed onto the Teflon membranes. The lubricated sample was
spun at 1000 rpm for 1 min to remove excess lubricants. The slippery
platform was developed for evaporation and self-assembly of the
suspension of MUDOL-AuNRs and Fe;O,. In a typical experiment,
MUDOL-AuNRs suspension was concentrated SO times and then
mixed with Fe;O, NPs suspension, and formed a hybrid suspension
consists of MUDOL-AuNRs and Fe;O, with concentration of 0.15 nM
and 75 nM, respectively. A drop of the suspension containing
MUDOL-AuNRs and Fe;O, (30 L) was dripped onto the slippery
platform and kept stationary at room temperature to evaporate the
water.

2.6. Characterization. The absorption spectra were acquired on a
Lambda 750 UV/vis/NIR spectrophotometer (PerkinElmer) and
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FTIR spectra were obtained on a VERTEX 70 spectrometer (Bruker,
Germany). The TEM images were taken on a JEOL-2010 transmission
electron microscope (JEOL Ltd,, Japan) at a voltage of 200 kV. The
photos of the evaporation process were recorded with a digital camera
and the 3D images were obtained on a VK-X200 3D laser scanning
confocal microscope (Keyence, Japan). The SEM images were
acquired on a ZEISS SUPRA 55 (Carl Zeiss, Germany) field-emission
scanning electron microscopy and cross-sectional examination was
made on the cleaved samples. Raman scattering was performed on a
Horiba Jobin-Yvon LabRam HR VIS high-resolution confocal Raman
microscope equipped with a 633 nm laser as the excitation source at
room temperature. In the Raman examination, thiram, diquat, and
PAHs at different concentration levels were diluted from the as-
purchased high concentration standard samples. The arrays were
soaked in MG, thiram, diquat, and PAHs solutions, respectively,
overnight for adsorption, separated by magnets, and dried in air prior
to Raman analysis.

3. RESULTS AND DISCUSSION

The slippery platform plays an important role in the
enrichment and self-assembly of hybrid NPs. As shown in
Figure 1la, the slippery platform is fabricated with the
perfluorinated fluid GPL 100 to infuse the porous Teflon
membrane with an average pore size of 200 nm. The
perfluorinated liquid is used because it is immiscible in both
the aqueous and nonaqueous phases due to the extremely low
surface tension. After spraying onto the porous Teflon surface,
the perfluorinated fluid droplet quickly wicks into the pores and
wets the membrane. To determine the changes in roughness
and surface properties of the Teflon surface before and after
introduction of the perfluorinated liquid coating, a sessile
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Figure 3. (a) Photograph of the AuNRs array doped with Fe;O, NPs in water; (b) Confocal laser scattering microscopic 3D image with the inset

photograph; (c, d) SEM images with different views of the array.

droplet of the AuNRs suspension (20 uL) is dripped on the
surface of both the treated and untreated Teflon membranes.
Figure 1b shows the slippery performance by titling at a very
small angle. When the titling angle is increased to 4°, the
droplet slides on the treated lubricated Teflon membrane but it
remains on the untreated membrane due to the pinning effect.
As the nanotexture of the Teflon membrane is impregnated
with the perfluorinated liquid, the sharp edges are smoothed by
the liquid lubricant yielding a lubricated rough surface.”* The
pinning effect on the surface is thus reduced and droplet
mobility can be retained regardless of the drozplet wetting states,
i.e. Cassie—Baxter state’® and Wenzel state.”® The mobility of
the sessile droplet on the lubricated Teflon surface can induce
three-phase contact line sliding of the droplet during
evaporation and droplet condensation.”” It provides the
desirable platform for enrichment and clustering of NPs.
Figure 2 shows the morphology of the AuNRs and Fe;O,
NPs to be used in the subsequent evaporative self-assembly
experiments. The MUDOL-coated AuNRs (labeled MUDOL-
AuNRs) are obtained by a technique reported by our group
previously.”” In brief, the CTAB coated AuNRs (CTAB-
AuNRs) are synthesized by a seed-mediated method and the
surface ligands on the AuNRs are exchanged with MUDOL, a
commercially available amphiphilic PEGylated alkanethiolate
ligand bearing a thiol moiety. The FTIR spectra in Supporting
Information (SI) Figure Sla demonstrate successful ligand
exchange from CTAB to MUDOL. It has been demonstrated
that ligand exchange can induce side-to-side assembly of the
AuNRs,”® which can be confirmed by the blue-shift in the
longitudinal surface plasmon resonance (SPR) of the AuNRs
(see SI Figure S1b) and the TEM image in Figure 2a. In
comparison, the Fe;O, NPs are synthesized by a general
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solvent-thermal method™ and the spherical morphology of the
Fe;O, NPs is revealed by the SEM image in Figure 2b.

The concentrated AuNRs suspension is mixed Fe;O,
suspension to form the hybrid NPs suspension and no
aggregation is noticed. The droplet of AuNRs and Fe;O,
hybrid NPs is evaporated on the slippery platform and droplet
condensation and NPs enrichment are shown in Figure 2c. The
AuNRs with the MUDOL coating produce the side-to-side
packing behavior and Marangoni flow inside the droplet.” As
the droplet is evaporated, the MUDOL-AuNRs are side-to-side
assembled with Fe;O, NPs mingled inside the assembly. The
MUDOL molecules in the droplet also contribute to the
Marangoni flow and inward flow induced by the gradient in the
surface tension along the liquid—gas interface.”’ The coffee-ring
effect is thus suppressed and the hybrid NPs are pushed away
from the contact line and redistributed back to the central
droplet region leading to uniform deposition. Meanwhile, the
pinning effect is nearly eliminated on this slippery platform.
The three-phase contact line keeps sliding inward resulting in
decrease in the droplet volume during evaporation until
completion. The hybrid NPs inside the droplet are self-
assembled and enriched as the droplet condenses.

Figure 2d shows the drying process of a 40 uL droplet on the
liquid lubricant Teflon membrane. The volume of the droplet
decreases gradually, and after 6 h evaporation an array that can
be detached from the Teflon membrane is formed. The
MUDOL-AuNRs form the regular packing area and the Fe;O,
NPs endow it with magnetic properties. Figure 2e shows the
batch fabrication of the arrays and states of 50, 40, 30, 20, and
10 uL droplets before and after drying. All the droplets are
finally dried forming arrays and as the volume decreases, the
diameter of the arrays decreases correspondingly from 0.95 mm
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Figure 4. (a) Schematic illustration of the magnetic separation and detection processes with the removable array as the SERS substrate; (b) SERS
spectra (A, = 633 nm) for different concentrations (1 X 1076 to 1 X 107'° M) of MG; (c, d) SERS spectra of MG acquired from 10 different spots

on a single substrate and corresponding histogram for the peak intensity at 1615 cm™.

-1

(50 uL) to 04 mm (10 uL). For the fabrication of the
substrate, a little amount of the hybrid NPs suspension is
needed, thus this droplet evaporation method is excellent for
the batch fabrication of the substrate.

Figure 3a shows a typical array detached from the membrane
and put in a water solution. No disassembly of the array is
observed and the movement response to a magnetic bar
confirms the magnetic characteristics. The morphology and
structure of the array are characterized by confocal laser
scattering microscopy and SEM (see Figure 3b—d). The SERS
array shows a 3D morphology with a diameter of 0.55 mm and
height of 65 ym together with a relatively flat surface due to
elimination of the coffee-ring effect. The SEM image discloses
dense and vertically aligned self-assembled AuNRs, and some
Fe;O, NPs are randomly and closely embedded in the array.
With increasing amount of Fe;O4 NPs in the hybrid NPs, more
Fe;O, NPs are observed on the array surface (SI Figure S2),
but the AuNRs superlattice structure is not significantly
affected. The cross-sectional SEM image in the inset in Figure
3c confirms that the ordered AuNRs structure consists of tens
of layers of densely packed standing AuNRs. Figure 3d
highlights a local area without the Fe;O, NPs and the
AuNRs are dense, regular, and nearly vertically aligned with
respect to the surface. The results demonstrate successful
fabrication of the 3D AuNRs plasmonic superlattice array
doped with Fe;O, NPs. The introduction of magnetic
nanoparticles into SERS substrates has been previously
reported, but only in terms of nanoscale composites.”” >
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Here, macroscale 3D plasmonic superlattice arrays are obtained
and can be used as a novel magnetic SERS substrate.

It is a green and straightforward method to prepare a
macroscale superlattice array of hybrid NPs. The liquid infused
porous slippery surface inspired by the Nepenthes pitcher
plant® is introduced as the base materials for self-assembly of
NPs. The slippery surface acts as a pinning-free platform to
enrich NPs due to inward contact line sliding during droplet
evaporation as a result of the low surface energy substrate and
low surface tension liquid.”” MUDOL modification of the
AuNRs not only enables side-to-side assembly of the AuNRs,
but also suppresses the outward capillary flow as well as coffee-
ring effect, resulting in uniform and dense assembly of the
AuNRs doped with Fe;O, NPs. The array formed by this
method is of interest from three perspectives. First, the NPs
and Teflon membrane are separated by the perfluorinated
liquid during evaporation. The array as a whole does not make
direct contact with the Teflon membrane and therefore, it can
be easily detached from the membrane. Second, it can be easily
manipulated by a magnetic field without clustering decrease,
which is a common problem for many magnetic particles. The
magnetic Fe;O, NPs are enclosed in the AuNRs arrays to
minimize leaching. The third feature is that the 3D superlattice
array is composed of dense, regular, and vertically aligned
AuNRs. The 3D organization of AuNRs into macroscopic
superlattices leads to an excellent plasmonic substrate.

A typical array comprising AuNRs and Fe;O, NPs with a
diameter of about 0.55 mm is adopted as a magnetic SERS
substrate. As shown in Figure 4a, the concept of manipulation is
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Figure S. SERS spectra (4, = 633 nm) and corresponding intensity-concentration relationship extracted from the strongest peak of different

concentrations: (a, d) thiram, (b, ) diquat, and (c, f) PAHs.

to soak the magnetic SERS substrate in the solution in order to
achieve abundant capturing of analyte molecules. The substrate
with the analyte molecules is separated from the solution with
the aid of a magnet and SERS can be implemented after the
substrate is dried. The drying process of the substrate collected
from the analytes solution lasts about 10 min, and the SERS
signal acquisition time for each test spot is 10 s. The SERS
performance of the magnetic SERS substrate is evaluated with
the banned fish pesticide malachite green (MG) on a portable
Raman scattering instrument with 633 nm excitation. The
SERS spectra for different concentrations of MG from 1.0 X
107 to 1.0 X 107'° M are shown in Figure 4b. The spectrum of
the blank substrate (0 M) confirms that CTAB and MUDOL
molecules have no interferences on the detection. The
characteristic Raman peaks of MG are revealed, for example,
ring C—C stretching (1615 cm™"), N-phenyl stretching (1397
cm™"), ring C—H in-plane bending (1172 cm™"), C—H out-of-
plane bending (917 and 798 cm™'), and phenyl—C—phenyl
out-of-plane bending (438 cm™).** The peaks can be detected
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even at a concentration down to 1.0 X 107'% M, indicating that
the detection limit is lower than the technique limit (2.0 ug
L") for MG. The reproducibility is also investigated with a 1.0
X 107® M MG solution and the spectra obtained from 10
randomly selected spots are displayed in Figure 4c. The
magnetic substrate with optimized amount of Fe;O, NPs is
used in the SERS detection. The SERS active areas on the
AuNRs superlattices are not affect by the Fe;O, NPs, so the
relatively consistent signal intensity of each characteristic band
of MG is observed. The spot-to-spot variation of the SERS
intensity for the 1615 cm™" peak from the 10 spots is analyzed
and the relative standard deviation (RSD) is calculated to be
13.25% (Figure 4d). The SERS mapping of MG with a
randomly chosen 30 ym X 30 pm area exhibited in SI Figure S3
also indicates the reasonable overall reproducibility (RSD:
25.6%) of the SERS substrate. The results demonstrate that the
removable and magnetic SERS substrate has good reliability.
The magnetic-separation SERS technique is employed to
detect three typical environmental pollutants, namely thiram,
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diquat, and polycyclic aromatic hydrocarbons (PAHs). Thiram
and diquat are common residues in soil and highly toxic
producing diseases. Figure 5a shows the typical SERS spectra of
thiram at different concentrations. They are dominated by the
CH; stretching mode at 1495 cm™!, CN stretching mode at
1372 cm™, as well as SS stretching mode at 556 cm ™%’ The
strongest peak at 1372 cm™' can be used in quantitative
analysis. Figure 5d shows the linear relationship between the
peak intensity and negative logarithm of the thiram
concentration. A good linear relationship with the square of
linear correlation coefficient (R?) of 0.955 is observed indicative
of accurate quantitative evaluation of thiram. The detection
limit is 1 X 107 M which is much lower than the maximal
residue limit of 7 ppm in fruits as specified by the U.S.
Environmental Protection Agency (EPA).* With regard to
diquat detection, the main Raman peaks at 765 cm™" (in plane
deformation), 1213 cm™" (wagging of — CH,), and 1606 cm™"
(symmetric ring stretching vibrations) are observed and the
strongest one at 1606 cm™' is selected in the quantitative
evaluation.*"** The detection limit is 1 X 107 M (see Figure
Sb) and a good linear relationship between the negative
logarithm of concentration and peak intensity with R* of 0.91 is
demonstrated in Figure Se.

PAHs are a class of permanent organic pollutants requiring
complex pretreatment in traditional analysis. The removable
substrate here can mitigate the difficulty in sample preparation
and provide rapid analysis. The solutions of standard sample
containing 16 PAHs at different concentrations are detected
with this substrate. As shown in Figure Sc, the three main
Raman peaks at 1236, 1385, and 1605 cm™" correspond to the
in-plane ring-stretch vibration of composite signals from
individual molecules in the PAHs." Although the key SERS
peaks of the individual peaks overlap making them difficult to
distinguish, the detection of the mix solution is still of great
importance because PAHs always exhibit in terms of mixtures
in practical samples. Nonetheless, the detection limit of PAHs
is 1 X 107" M and there is a good exponential relationship
between the peak intensity at 1605 cm™' and negative
logarithm of concentration (see Figure 5f), implying that the
technique is applicable to the quantitative analysis of PAHs
solutions. The calibration curve of PAHs is different from the
linear relationship ones of thiram and diquat. The main reason
is that solution of PAHs is a mixture solution consist of 16
different polycyclic aromatic hydrocarbons molecules. The
characteristic peaks arise from the particular functional groups
in different molecules, but the intensities are not simply the
add-up of those from different molecules, so the intensities at
different concentrations are not linear related to the negative
logarithm of concentrations. These satisfactory detection results
of the standard samples of three environmental pollutants
imply the possibility of the detection of the real environmental
samples. However, the work of real sample detection is a
systematic study, requiring complex pretreatment and abundant
data collection, and it will be carried out in future work.

4. CONCLUSIONS

In conclusion, macroscale AuNRs superlattice arrays doped
with Fe;O, NPs have been successfully fabricated by the
efficient enrichment and self-assembly of the hybrid nano-
particles for SERS detection of environmental pollutants. A
slippery platform comprising a low surface energy substrate and
low surface tension liquid endows with the pinning-free
enrichment of the droplet and MUDOL molecules facilitate
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the regular self-assembly of AuNRs. The obtained arrays not
only present a dense and regular plasmonic superlattice
structure, but also possess magnetic properties enabling rapid
separation of analytes from the solution in SERS detection. The
magnetic-separation SERS strategy enables rapid detection of
three environmental pollutants with sensitivity down to the
nanomolar level. The results indicate that this removable and
magnetic array can be an efficient SERS substrate for various
detection applications. Moreover, this self-assembly method
can be readily extended to the preparation of removable
superlattice arrays with different nanoparticles.
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The FTIR and adsorption spectra of AuNRs acquired before and after the surface
ligand exchange are recorded and shown in Figure Sla. The new intense band at
1100 cm ™" arising from C—O—C stretching in ethylene glycol moieties and broad peak
around 3345 cm ' assigned to the -OH groups in the MUDOL molecule in the FTIR
spectrum of MUDOL-AuNRs confirm successful binding of MUDOL molecules onto
the AuNRs surface. As shown in Figure S1b, the significant blue-shift in the
longitudinal SPR band indicates side-to-side assembly of the AuNRs after ligand

exchange.

Figure S1. (a) FTIR spectra and (b) adsorption spectra of CTAB-AuNRs and
MUDOL-AuNRs.
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Figure S2. SEM images of SERS arrays with different relative amount ratios of

AuNRs and Fe;O04 NPs: (a) 1000: 1, (b) 500: 1, and (c¢) 100: 1.

Figure S3. SERS mapping of a 30 pm x 30 um area in the array by point-by-point
scanning mode using a step size of 0.5 um upon laser excitation against MG with

concentration of 1x10°% M.



