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The plasmonic nanoparticle components assembled by certain methods have great application potential
in single particle scattering and surface-enhanced Raman spectroscopy (SERS) detection. Gold nanorods
(GNRs) are a type of promising plasmonic material for nanoparticle assembly due to their large, shape-
induced local field enhancement and tunable surface plasmon resonances (SPRs). However, it is difficult
to obtain the spectra of the anticipated bandwidth and shape, due to the coupling effect between the
GNRs and the concentration of GNRs with different SPRs. In this paper, a superparticle assembly method
with predictable spectral bandwidth and shape prepared by batch gradient descent (BGD) algorithm
fitting and emulsion method is proposed. Specifically, broadband GNRs were obtained by mixing 6 types
of GNRs, which the ratios were determined by a BGD algorithm. Then the superparticles were prepared
by a method of oil-in-water emulsion with solvent evaporation, resulting in superparticles with broadband
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spectra from 700 nm to 1100 nm. The bandwidth and shape of the spectra could be tuned by changing
the concentration of GNRs of different LSPRs. After removing the CTAB template of mesoporous silica,
the assembled broadband superparticles can also measure SERS enhancement for the lipophilic dye
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Introduction

In the past decades, self-assembly of noble metal nano-
materials has become a research hotspot, and GNRs have
attracted much attention due to their unique chemical and
physical properties. (i) The adjustable aspect ratio (AR) of the
GNRs makes their extinction spectrum highly tunable from
visible light to the near-infrared region, (ii) the localized
surface plasmon resonance (LSPR) characteristic of the GNRs
can enhance the Raman signals of molecules." Therefore,
they are widely used in optical components,®® SERS,>™
sensors,'>™* catalysis,">"” and medical fields."®>°

Numerous methodologies have been documented pertain-
ing to the generation of nanoparticle assemblies imbued with
plasmonic attributes. Nanoparticle assemblies can be
fashioned through bottom-up techniques utilizing molecular
connectors,>** or evaporation-driven self-assembly,>*?* or
using top-down approaches such as template-assisted
approaches.”>*® Among these, the simplicity and scalability of
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molecule Nile red, which opens up a broad space for its sensing application.

the evaporation-driven soft-templated assembly approaches expe-
dite the consolidation of a substantial number of particles and the
facile deposition of components on diverse surfaces for localized
sensing applications. Naturally, distinctive assembly methods have
also yielded certain outcomes. For example, in 2018, Kwon et al.””
synthesized plasma-black colloidal gold superparticles composed
of several gold nanospheres using a one-step chemical synthesis
method with broadband absorption in the visible and near-infra-
red regions. However, the bandwidth and shape of the superparti-
cles prepared by this method are unpredictable, and their broad-
band absorption mainly originates from the mixed solutions.
Compared with isotropic gold nanospheres,®*® GNRs have exten-
sive anisotropic plasmonic properties, and their plasmonic reso-
nance wavelengths are highly tunable in the visible and near-infra-
red regions. However, compared with the dispersed GNRs mono-
mers, both theoretic calculations and experimental results show
that when the spacing between GNRs decreases, the LSPRs of
GNRs are coupled, and the electric field at the gap region
increases.*>*! The coupling effect is related to the concentration
and arrangement of GNRs.*>**

Gold nanoparticles and their assemblies possess significant
applications in SERS detection owing to their substantial loca-
lized electric field.>*** For example, van der Hoeven et al.
employed a water-in-oil emulsion coupled with solvent evapor-
ation to drive self-assembly, yielding superparticles exhibiting
notable SERS enhancement by adjusting the thickness, poro-
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sity, and controlled corrosion of mesoporous silica on the
surface of GNRs.”® However, this method is only suitable for
testing hydrophilic dye molecules, as hydrophobic dye mole-
cules encounter difficulties in accessing the surface of the
GNRs, thereby hindering the SERS signal enhancement effect.

In this study, we obtained the extinction spectra, encom-
passing the predicted bandwidth and waveform, by fitting the
data of mesoporous silica-coated gold nanorods (GNRs@SiO,)
with the BGD algorithm. Additionally, we mixed GNRs@SiO,
solutions with different LSPRs in accordance with their corres-
ponding weights. This method allows for precise customiza-
tion of the bandwidth and shape of the anticipated spectrum
while establishing an error range to obtain the theoretically
optimal spectrum. Subsequently, we employed solvent evapor-
ation of an oil-in-water emulsion to drive self-assembly, result-
ing in superparticles exhibiting broadband extinction pro-
perties within the range of 700-1100 nm. These properties
were verified by tests of darkfield single-particle scattering
spectroscopy. Moreover, we opened the channel between the
lipophilic dye molecule and the GNRs by removing the CTAB
template within the mesoporous silica, and obtained oleophi-
lic superparticles with SERS enhancement capabilities.

Experimental
Materials

All chemical materials were used as received without further puri-
fication. Hexadecyl-trimethylammonium  bromide (CTAB,
>99.0%), chloroauric acid (HAuCl,-4H,0), Sodium dodecyl sulfate
(SDS), dextrans, Octadecyltrimethoxysilane (OTMS), Cyclohexane
(99.50%), Nile red (>95%), and r-ascorbic acid (AA, >99.99%
metals basis) were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. Silver nitrate (AgNO3;, >99.8%),
sodium oleate (NaOL, >99.88%), Tetraethyl orthosilicate (99.99%),
and sodium borohydride (NaBH,, >98%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Hydrochloric
acid (37%) was purchased from Hangzhou Jiachen Chemical Co.,
Ltd. Methanol (>99.5%), ethanol (>99.7%), and sodium hydroxide
(NaOH, >96%), were purchased from Shanghai Gaojing Chemical
Co., Ltd. Butylamine was purchased from Sigma-Aldrich Co., Ltd.
Ultrapure water with a resistivity of 18.2 MQ was used in all of the
experiments.

GNRs synthesis

The GNRs were synthesized using the method described by Ye
et al.*® Preparation of seed solution: 0.25 mL of 0.01 M HAuCl,
solution was added to 10 mL of 0.1 M CTAB solution.
Subsequently, 0.6 mL of 0.01 M NaBH, solution (freshly pre-
pared) at 1200 rpm. After the solution changed from yellow to
brown, the stirring was stopped, and the solution was left
undisturbed at room temperature for 30 min before use. The
preparation of growth solution: in order to prepare the GNRs
with an AR = 3.1, 7 g CTAB and 1.23 g NaOL were dispersed
into 448 mL deionized water. Then, in sequence, 24 mL 4 mM
AgNO; solution and 25 mL 0.01 M HAuCl, solution were
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added in sequence. The solution was stirred at 450 rpm until
the color of the solution became colorless. Following that,
1.5 mL of 12.1 M HC], 1.25 mL of 0.064 M ascorbic acid, and
0.4 mL of seed solution were added sequentially. The total
volume of the growth solution was about 500 mL. The growth
temperature was set at 30 °C, and the mixture was allowed to
grow overnight. GNRs with varying LSPRs were obtained by
adjusting the amount of AgNO;, HCI and the seed solution
(see Table S1f for details). The prepared GNRs solution was
washed twice with ultrapure water at 8000 rpm for 10 min and
stored in 100 mL of 1.5 mM CTAB solution.

Fitting spectral data using batch gradient descent

Since the amount of data involved in spectral fitting is rela-
tively small, we used the batch gradient descent algorithm in
the gradient descent algorithm based on multiple linear
models to fit and predict the GNRs@SiO,, spectra of different
LSPRs. The corresponding weights when the loss function is
minimized. The gradient descent algorithm is an iterative
algorithm widely used to solve the optimal solution of linear
and nonlinear models. Its central idea is to obtain the weight
of the time when the loss function is minimized by increasing
the number of iterations.

Briefly introduce the principle of the lower gradient descent
algorithm. Suppose the multiple linear regression model is:

J=f(X)=ao+ax1 + @xs + -+ @GX; + oo + AXm = @' X
(1)

where j is the dependent variable (predicted value), m is the
number of explanatory variables, x; is the ith independent vari-
able, g; is the jth model coefficient (including the bias a and
feature parameter a,, a, ..., @,), and a" is the transpose vector
of the g; combination column vector. For the predicted values
given by the example (xMyW), (x® y?),..., (x™ "), the mean
square error (MSN) is used as the loss function:

n

MSE(a) — %Z (@ - X0 — y0y? 2)
i—1
where y (i = 1, 2, ..., n) is the value of the sample, X' = (x,/,
x5 ey xni)T, (=1, 2, ..., n)is the ith feature column vector.

The process of solving the optimal model coefficient
through the linear regression model is also the process of
training the model (1) to minimize the loss function (2), and
the size of this value is used to reflect the degree of fitting of
the model, that is, the smaller the loss value, the better the fit.

Calculate the sum of the weights and biases of all training
data relative to the gradient of the loss function, that is, get
the partial derivative of the loss function MSE(a) with respect
to each parameter:

OMSE(a)

2 ; ' I
o=y (@ X0y aj=12. 0 (3)
J i=1

Combined with the positive and negative of (3) to judge the
relationship between MSE(a) and a, when the result is greater

Nanoscale, 2023,15, 12270-12279 | 12271


https://doi.org/10.1039/D3NR01883K

Published on 26 June 2023. Downloaded by Zhejiang University on 8/9/2023 2:42:33 AM.

Paper

than zero, it means that the relationship between the two is
positively proportional. If you want to get the minimized MSE
(@), you need to reduce a and substitute it into the next iter-
ation process; conversely, increase a. At the same time, set the
step size o (learning rate), and calculate the model parameters
for the next iteration by formula (4) until the point with the
smallest loss function value is found, namely:
a=a—a- BLE(Q). (4)
Gaj

After that, the model parameters obtained by iteration are
substituted into formula (6) to obtain the next predicted value,
which is the iterative process of the gradient descent
algorithm.

The batch gradient descent algorithm (BGD) we use
improves on the above steps and performs a one-time calcu-
lation of eqn (3), namely:

OMSE(a)
oay
OMSE(a)
oan

V.MSE(a) = = %XT (d"-Xx-Y). (5)

where ¥ = (y, y@, .., y) is a column vector consisting of a
given true value. Since the number of iterations of the gradient
descent algorithm is not easy to determine, we set the toler-
ance e. When the amount of change of the loss function is less
than g, the algorithm terminates, and the ao, a4, ay, ..., @, is
the weight when the loss function is minimized.

Meso-SiO, coating

The meso-SiO, coating were performed following our previous
work.?® In summary, 10 mL of the GNRs dispersed in 1.5 mM
CTAB solution was prepared. Then, 0.1 mL of 100 mM NaOH
solution was added while stirring at 400 rpm. Subsequently,
30 pL TEOS solution (20 v% in ethanol) was added three times
at intervals of 1 h. The reaction was allowed to continue stir-
ring for two days to obtain relatively uniform mesoporous
silica with a thickness of about 20 nm. After the reaction, the
resulted particles were washed with ultrapure water and
ethanol at 8000 rpm for 10 min by centrifugation and then re-
dispersed in 10 mL of ethanol.

Removal of CTAB in GNRs@8SiO,

To remove the CTAB and open the mesopores of the silica
coated GNRs, we washed the GNRs with 0.1 M HCI in ethanol.
Specifically, 84 uL HCI (37 wt%, 12.1 M) was added to 10 mL
of GNRs@SiO, stored in ethanol to adjust the pH of the solu-
tion to 1. The solution was then sonicated for 2 hours at a
power of 400 W (UC-15, ZKI). After sonication, the solution
was washed four times with ethanol at 8000 rpm for 10 min
and finally dispersed into 1 mL of ethanol.

Surface modification of GNRs@8SiO, by OTMS

Surface modification was carried out following the procedure
published by Liu et al.*” First, 1 ml of OTMS, 1 mL of butyla-
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mine, and 10 mL of toluene were sequentially added. Then,
1 ml of GNRs@SiO, with CTAB removed, stored in ethanol,
was centrifuged at 8000 rpm for 10 min. The supernatant was
removed, and the centrifuged product was added to the mixed
solution. And then the mixed solution was sonicated for
3 hours at a power of 400 W (UC-15, ZKI). After the reaction,
the mixed solution was washed once with toluene and twice
with cyclohexane at 8000 rpm for 10 min, and finally dispersed
into 1 mL of cyclohexane.

Self-assembly of superparticles

Self-assembly of water-in-oil was carried out following the pro-
cedure published by Mason et al.*® with slight modification.
First, 400 mg of dextran and 60 mg of SDS were sequentially
added to 10 mL of deionized water. Then, 1 mL of GNRs@SiO,
dispersed in cyclohexane was added. The mixed solution was
emulsified by sonicating for 2 min. After that, the oil droplets
were naturally volatilized at room temperature. The assembly
was completed when the solution changed from milky white
to colorless. The lower layer of precipitate was taken out and
washed twice with deionized water by centrifugation at 2000
rpm for 10 min. Finally, the obtained superparticles were dis-
persed into 1 ml of deionized water.

Raman measurements

The Raman measurements were performed using the BX53M
microscope of OLYMPUS equipped with an FC-D-785 laser
giving 785 nm light, with a maximum power of ~ 200 mW. The
sample preparation process for Raman measurements with
superparticles was shown in Fig. 5a. First, superparticles were
dropped onto a piece of silicon and allowed to evaporate natu-
rally. Next, 10 pL of Nile red in the toluene of 10 pg analyte per
g solvent concentration was dropped. After drying again, an
empty copper grid was placed on top of the wafer and fixed
with a conductive adhesive. The Raman measurements were
performed by a 785 nm laser with a power of 200 mW, 50x air
objective (NA = 0.75), 10 s exposure time and 1 accumulation
per spot.

Single particle scattering measurements

Single-particle dark-field scattering measurements were con-
ducted using an Olympus BX53M optical microscope, which
was integrated with a halogen lamp (100 W) and a spectro-
meter model NOVA 2S-EX (325-1100 nm). A dark-field objective
(100x, numerical aperture = 0.80) was employed for both excit-
ing the particles with white light and collecting the scattered
light. The scattered light was reflected to the entrance slit of
the monochromator. The scattering spectra from the individ-
ual particles were corrected by subtracting the background
spectra taken from the adjacent regions without particles and
dividing with the pre-calibrated response curve of the entire
optical system.

FDTD simulations

The FDTD method is an explicit time-marching algorithm
used to solve Maxwell’s curl equations on a discretized spatial

This journal is © The Royal Society of Chemistry 2023
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grid. The FDTD simulations were carried out with a commer-
cial software, FDTD Solutions 8.19.1584 (Lumerical Solutions).
A light pulse in the wavelength range of 300-1400 nm was
launched into a box containing GNRs to simulate a propagat-
ing plane light wave interacting with the nanorod. The GNRs
were surrounded by a virtual boundary with an appropriate
size. The GNRs and its surrounding medium inside the
boundary were divided into meshes of 1 nm in size. The sizes
of the GNRs were taken from their average values. The thick-
ness of the mesoporous silica shell is uniformly taken at
20 nm. The refractive indices of the surrounding air and water
were set to be 1.0 and 1.33, respectively.

Characterizations

Optical extinction spectra were recorded with a UV-1900i
(190-1100 nm) Spectrophotometer (Shimadzu, Japan) with a
10 mm optical path. Transmission electron-microscopy (TEM)
images were obtained with a HT-7700 microscope (Hitachi,
Japan) operating at 100 kV. Size parameters of GNRs were esti-
mated from analysis of TEM images (40 000x) on Image] soft-
ware. SEM imaging was performed on a JEOL JSM6460LV
microscope operating at 3 kV.

Results and discussion

In this study, we self-assembled GNRs to obtain superparticles
with controlled spectral bandwidth and shape. Fig. 1 illus-
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trates the schematic of the entire experimental procedure.
Firstly, six types of GNRs with different LSPRs were coated
with mesoporous silica and mixed in a specific proportion to
obtain a broadband extinction system (Fig. 1a-c). Then, the
superparticles with broadband extinction properties were
obtained (Fig. 1c—f) through the oil-in-water emulsion method.
This process involved three main steps: surface modification
with lipophilic octadecyltrimethoxysilane (OTMS) molecules,
emulsification of oil droplets in water, and slow solvent
evaporation.

Design of GNRs@8SiO, with broadband extinction spectra

GNRs with different ARs have different extinction peaks due to
their longitudinal LSPRs. In order to obtain a system with a
broadband extinction band, we prepared six types of GNRs
with different ARs by “seed-mediated” growth method®®
(Table S1,t see the Method section for details). Among them,
the normalized spectra and TEM images of the GNRs are
shown in Fig. 2a (1-6) and Fig. 2b, respectively. The actual
solution dispersion and measured spectra are shown in Fig. S1
(a and b).t When the distance between GNRs is less than
10 nm, a strong coupling effect occurs between them, leading
to changes in their absorption and scattering
characteristics.*>*® Coating mesoporous silica on the surface
of GNRs can effectively control the spacing between GNR
monomers, thereby reducing the coupling effect. The spec-
trum of GNRs@SiO, is only slightly redshifted due to the
change in refractive index.*®*' Therefore, using GNRs@SiO,

2 CTAB

(c)

Spectral Fitting
‘l

Surface
Modification
N oTMS
(d) |
_ =
Emulsion
é—_—

Fig. 1 Schematic diagram of the preparation of superparticles with controllable bandwidth and spectral shape. (a) GNRs with 6 different LSPRs,
ranging from 680 nm to 1090 nm. (b) Coating of GNRs with mesoporous silica. (c) The spectra of GNRs@SiO, with 6 different LSPRs were fitted
using the BGD algorithm, and then mixed according to the calculated weights. (d) Surface modification of the mixed GNRs@SiO, with lipophilic
OTMS. (e) Mixing of GNRs@SiO, dispersed in cyclohexane with a certain amount of water/SDS/dextran, followed by sonication to obtain an oil-in-
water emulsion. (f) Self-assembly driven by the evaporation of the oil phase to obtain broadband superparticles.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Extinction spectroscopy and TEM characterization. (a) Extinction spectra of GNRs 1-6 with LSPRs at 680, 760, 830, 880, 950, 1090 nm, and
GNRs@SiO, with LSPRs at 716, 784, 860, 910, 966, >1100 nm. (b) TEM images corresponding to GNRs 1-6 with different LSPRs in (a). (c) The BGD
algorithm was used to fit the spectra of GNRs@SiO, 1-6 with different LSPRs, resulting in spectra with a broad bandwidth. The inset in (c) shows a

TEM image of the mixed GNRs@SiO,.

for controllable modulation of extinction or scattering spectra
is an effective approach. We coated the surface of the GNRs
with a layer of mesoporous silica with 20 nm thickness to
increase the spacing between the GNRs.’® As a result, the
extinction spectra of GNRs@SiO, in the ethanol solution
exhibited a redshift of approximately 20 nm compared to
GNRs in the water solution. The actual solution color and
measured spectra are shown in Fig. S1(c and d). TEM images
corresponding to GNRs@SiO, 1-6 with different LSPRs are
shown in Fig. S2.1 We also did finite difference time domain
(FDTD) simulations for GNRs and GNRS@SiO,, and the
obtained extinction spectra are shown in Fig. S3.1 The simu-
lated spectra and experimental results are generally consistent.
Compared to the simulated spectra, the experimental results
are a little broadening and slight shift in the peak position
due to the polydispersity of the GNRs. Furthermore, the elec-
tric field distribution of the GNRs is shown in Fig. S4,T with a
strong localized field observed at the tips of the GNRs. After
coating with a 20 nm silica shell, the electric field on the
surface of silica shell is significantly weakened (Fig. S57), con-
firming the weak plasmonic coupling between GNRs@SiO,.
According to Lambert-Beer’s law, the absorbance is pro-
portional to the concentration of a substance within a certain
absorbance range. Therefore, we employed the linear
regression equation of the BGD algorithm and six types of

12274 | Nanoscale, 2023, 15,12270-12279

GNRs@SiO, with different LSPRs as the original data to fit the
spectra in the 700-1100 nm range with an intensity of 1. Since
the number of iterations of the gradient descent algorithm is
not easy to determine, we set a tolerance value e. The algor-
ithm terminates when the change of the loss function is less
than e, and the corresponding weights are minimized. The
controllable bandwidth is mainly achieved through the tun-
ability of GNRs, which allows for extinction from visible light
to near-infrared.>**® Fig. 2c displays the measured and calcu-
lated spectra dispersed in an ethanol solution, demonstrating
good agreement between the experimental and calculated
results. As a control test, when we simply mixed the 6 types of
GNRs@Si0, in equal volume ratios (1:1:1:1:1:1), the result-
ing spectra (Fig. S61) did not exhibit the desired broadband
characteristics. Therefore, without the BGD algorithm fitting
process, spectra with customized bandwidths and shapes
cannot be obtained.

Self-assembly of GNRs@SiO,, into broadband superparticles

The self-assembly of the GNRs@SiO, with broadband extinc-
tion properties was achieved through the solvent evaporation
method of oil-in-water emulsion, resulting in the formation of
lipophilic superparticles suitable for molecular sensing of lipo-
philic dyes. Since GNRs@SiO, disperses well in ethanol
(Fig. S7at) but poorly dispersed in oily solvents, we modified

This journal is © The Royal Society of Chemistry 2023
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the surface of GNRs@SiO, with a lipophilic OTMS molecular
layer. Fig. S7b} demonstrates the oil-water layering, indicating
that the modified particles can disperse well in the upper layer
of the oily solvent. To emulsify GNRs@SiO,@OTMS in a cyclo-
hexane (about 5 vol% in H,0) aqueous dispersion, dextran
and SDS were added, followed by ultrasonic for 2 min
(Fig. S7ct). Fig. S8t shows the cyclohexane oil droplets in the
corresponding emulsion. The size distribution of the oil dro-
plets in the emulsion is broad, resulting in different sizes of
the superparticles obtained by subsequent drying of the oil
droplets (Fig. S7d¥).

In general, the self-assembled spherical superparticles
exhibit similar spectra in solution compared to the mixed
GNRs@SiO, broadband systems. It can be observed that both
the spectra of the solution before and after self-assembly show
an extinction band at 700-1100 nm (Fig. 3a), which confirms
the anticipated negligible coupling effect between GNRs@SiO,
nanoparticles. The spectra of superparticles are the results of
the linear superposition of each GNR sample. This is consist-

(a) Mixed GNRs@SiO,
10l Broadband superparticles
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ent with our initial expectations of superparticles with adjusta-
ble bandwidth and shape. Fig. 3b presents a typical TEM
image of the broadband superparticles with an average size of
1.6 pm.

As a control experiment, we have prepared superparticles
composed of only one type of GNRs@SiO, with an LSPR at
784 nm (Fig. S9at). It can be observed that upon the assembly
of large-sized superparticles, despite the surface being coated
with a mesoporous silica shell of about 20 nm, some coupling
between particles occurs, resulting in a slight broadening of
the spectral bandwidth.>* Fig. S9bt shows a TEM image of the
narrowband superparticles with an average size of 1.1 pm.

By testing dark field single-particle scattering of broadband
superparticles, the scattering spectrum of a single superparti-
cle is also in the range of 700-1100 nm (Fig. 3c). Prior to the
dark field single-particle scattering test of superparticles, we
verified the accuracy of the set-up by using single-particle scat-
tering data from GNRs@SiO, samples with known spectra.
When the diameter of the GNRs is larger, the ratio of scatter-

(b)

Fig. 3 Extinction spectroscopy and single-particle scattering spectra of superparticles. (a) Extinction spectroscopy of mixed GNRs@SiO, and broad-
band superparticles. (b) TEM image of superparticles with an average size of 1.6 um. (c) Single-particle scattering spectra of a broadband superparti-
cle. The inset shows a picture of the tested particles taken in the dark field. (d) SEM image of superparticles used for single-particle scattering

measurement.
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ing to absorption cross-section is greater.*” Therefore, we
chose Fig. 2al to prepare samples on silicon wafers for single-
particle scattering tests, and the results are shown in Fig. S10.}
Fig. S10at shows the particle distribution of the GNRs@SiO,
photographed under the optical microscope. It can be
observed that the distance between the particles is much
larger than the particle size, thus the interaction between
superparticles could be neglected. Fig. S10bj displays the
single-particle scattering spectrum of the treated GNRs@SiO,,
and its overall spectrum exhibits a certain blue shift relative to
the spectrum in aqueous solution due to the change of the
refractive index of the medium.**

On the basis of testing GNRs single-particle scattering, we
conducted single-particle scattering measurements on broad-
band superparticles. Fig. 3c shows the single-particle scatter-
ing spectrum of the GNRs@SiO, superparticle, and it exhibits
a good broadband characteristic in the range of 700-1100 nm.
Fig. 3d displays the particle distribution of the broadband
superparticles photographed under the SEM, revealing that
the distance between the particles is significantly larger than
the particle size, indicating negligible interaction between
superparticles. Fig. S117 presents additional single-particle
scattering spectra of broadband superparticles along with
their corresponding photographs. Similarly, due to the change
in the refractive index of the medium, the overall spectrum has
a certain blue shift about 70 nm compared to the spectrum in
the aqueous solution shown in Fig. 3a."® These results confirm
the hypothesis that the superparticles possess the anticipated
bandwidth and shape.

The coupling effect between the GNRs@SiO, particles of
the superparticles obtained by our self-assembly method only

View Article Online
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affects the full width at half maximum (FWHM) of the extinc-
tion spectra, making it wider, but does not change the peak
position corresponding to the longitudinal LSPR peak. This is
despite the fact that the thickness of the coated mesoporous
silica reaches about 20 nm, and the distance between the
GNRs is at least twice of the shell thickness. In any case, from
the spectra of the narrowband superparticles (Fig. S9at), it is
evident that there is still a coupling effect between the GNRs.
Therefore, we conducted FDTD simulations of the GNRs@SiO,
with different arrangements, considering the polarization
direction of the incident light along the longitudinal axis of
the rod. Among them, Fig. 4(a-d) presents the extinction
spectra of the GNRs@SiO, in different arrangements, while
Fig. 4(e-h) illustrates the corresponding electric field
distribution.

The side-by-side arrangement leads to a blueshift of the
extinction spectra (Fig. 4b), while head-to-head arrangement
leads to redshift of the extinction spectra (Fig. 4c). Considering
the effect of coupling, the side-by-side arrangement is equi-
valent to reducing the overall AR, while the head-to-head
arrangement is equivalent to increasing the overall AR.*?
When these two arrangements are combined (Fig. 4d), the
peak position corresponding to the longitudinal axis peak in
the extinction spectra is nearly the same as that of a single
GNRs@Si0,, indicating that the influence of weak coupling
between GNRs@SiO, on peak position cancels out due to the
randomness of the arrangement. Compared to the bandwidth
of the single GNRs@SiO, (Fig. 4a), the FWHM changes from
120 nm to 180 nm in Fig. 4d, which also explains the increase
in bandwidth after assembling narrowband superparticles in
Fig. S9a.7 In addition, we performed a similar FDTD simu-
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Fig. 4 The extinction spectra and electric field distributions obtained by FDTD simulations illustrate that the plasmonic coupling effect between the
GNRs@SiO, can be ignored. (a and e) Extinction spectra (a) and electric field distribution (e) of the GNRs@SiO, with the LSPR at 810 nm (as shown in
Fig. S3b¥). (b and f) (b) depicts two GNRs@SiO, of the same size as the model in (a) arranged side-by-side and (f) shows the corresponding electric
field distribution. (c and g) (c) represents two GNRs@SiO, of the same size as the model in (a) arranged head-to-head, and (g) displays the corres-
ponding electric field distribution. (d and h) (d) demonstrates the GNRs@SiO, arranged side-by-side and head-to-head together, with a peak posi-

tion similar to that of (a), and (h) is the electric field distribution.
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lation (Fig. S12) using a GNRs@8SiO, of another size and
obtained similar results. Comparing the spectra of Fig. S12a
and Fig. S12d,t the peak positions of LSPRs are almost the
same, while the corresponding FWHM values are 115 nm and
160 nm respectively. In general, when the spacing between
GNRs@SiO, is small enough, they will affect each other.
However, in a random system with a sufficient number of
samples, the overall effect of this interaction only results in an
increased FWHM without affecting the peak position of the
spectra. This partly explains the broadband scattering effect of
individual  superparticles within the bandwidth of
700-1100 nm.

Superparticles with SERS performance

On the basis of the method used to prepare broadband super-
particle, we further prepared superparticles with lipophilic dye
molecules and controllable bandwidth by removing the CTAB
template from the GNRs@SiO,. To remove the CTAB template
from the mesopores of the GNRs coated with mesoporous
silica, we washed them with an acidified ethanol solution (0.10
M hydrochloric acid). This process opened up channels for the
dye molecules to come into contact with the GNRs.** We inves-

785 nm laser

a
: }IZ?-—& TEM finder grid
s=isneine
o Y Nilered
| Superparticles
L 7
) —
Glass slide
C
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tigated the SERS-enhancing effect of Nile red dye molecules
before and after removal of the CTAB in the GNRs@SiO,
(Fig. S13f). Among them, the Raman signal was nearly
undetectable in the GNRs@SiO, without removing the CTAB
template, but a significant Raman characteristic peak at
590 cm ™' appeared after the removal of the CTAB template. To
facilitate SERS testing and SEM characterization, we employed
a combined SERS-SEM method, as illustrated in Fig. 5a. The
superparticles were drop-casted on a silicon wafer, dried, and
exposed to a toluene solution containing 10 pg of Nile red
analyte per g. After drying, a TEM detection grid was placed on
top and fixed with conductive glue. We chose to use Nile red
dye for this experiment due to its lipophilic properties and dis-
tinct characteristic Raman peak at 590 cm™'.*> Furthermore,
since the surface of the GNRs@SiO, was modified with lipo-
philic OTMS molecules, the dye molecules could easily go
through the mesopores SiO, shell.

Fig. 5(b-d) shows the SERS-enhanced effect of different par-
ticles on Nile red dye molecules, as measured by the SERS-SEM
method, along with the corresponding SEM images. The results
of Fig. 5b confirm that the superparticles, after removing the
CTAB template, exhibit a significant SERS-enhancing effect on

-1
590 cm Broadband SPs removal of CTAB
Broadband SPs with CTAB
0.8 x 10* Nile red only

Intensity

J\-ﬁw»www\-w“

RN AN A AP AN AN AN NN Ao A Nt b
600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Fig. 5 SERS and corresponding SEM characterization of superparticles. (a) Schematic overview of the sample preparation for the Raman measure-
ments. (b) The dye is Nile red dispersed in toluene. The black is the result of SERS spectrum with Nile red only. The red and blue curves correspond
to the SERS enhancement effect of superparticles with CTAB and removal of CTAB, respectively. The Raman scattering peak intensity of the red
curve at 590 cm™ is about 0.5 x 10°. (c and d) SEM images of superparticles with CTAB and removal of CTAB (d), which were measured SERS

spectra in (b). Scale bars represent 2 um.
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Nile red dye molecules. The enhancement factor (EF) for super-
particles was quantified using the following relation:*

I Mg

EF =
Ir N

(6)

! in the surface-

where I5 and I are the intensity at 590 cm™
enhanced spectrum and the Raman spectrum, respectively,
and Ng and Ny are the concentration of analyte molecule
sampled for SERS and Raman spectra, respectively. The EF was
in the range of 10* for superparticles removal of CTAB, and
approximately 16 times larger than that of the superparticles
with CTAB. Fig. 5c and d are the corresponding SEM of super-
particles prepared without removal of the CTAB template and
removal of the CTAB template in Fig. 5b, respectively. In
Fig. S14,7 we present Raman spectra of broadband superparticles
with different sizes and positions, demonstrating the reproduci-
bility of our prepared superparticles for SERS testing of Nile red
dye molecules. Furthermore, based on the Raman spectra in
Fig. S14,F the observed intensities of characteristic peaks do not
exhibit a clear correlation with the size of the superparticles. This
observation can be explained by our sample preparation method.
We performed drop casting of dye molecules onto the sample fol-
lowed by drying, leading to non-uniform distribution of dye
molecules on the sample surface due to the coffee ring effect.
Consequently, it’s lack of a clear correlation between the
measured Raman spectra’s characteristic peak intensities and
the size of the superparticles. These results further validate the
universality of the SERS-enhancing effect of the superparticles
prepared after removing the CTAB template in the GNRs@SiO,.
In general, by removing the CTAB template in the GNRs@SiO,,
we successfully prepared superparticles that exhibit a SERS-
enhancing effect on lipophilic dye molecules, in addition to pos-
sessing adjustable bandwidth and shape.

Conclusions

In summary, we have designed GNRs@SiO, with broadband
extinction characteristics. The bandwidth and shape of the
extinction spectra of GNRs@SiO, can be adjusted by varying
the proportion of particles with different LSPRs. On this basis,
we successfully self-assembled superparticles through solvent
evaporation in an oil-in-water emulsion. The resulting super-
particles exhibit the same broadband extinction properties as
the GNRs@SiO,. In addition, we obtained superparticles with
a pronounced SERS effect on lipophilic dyes by removing the
CTAB template. This method allows us to obtain superparticles
with desired bandwidth and shape in their extinction spectra,
while disregarding the plasmonic coupling effect between
GNRs@SiO, particles. The assembly process employed in our
study, based on the evaporation-driven self-assembly method
using a soft-template, is simple and scalable. The component
size of the superparticles can be adjusted down to the micron
scale, enabling their easy deposition on various surfaces. This
makes them suitable for localized sensing tests of lipophilic
substances. It is foreseeable that these customizable superpar-

12278 | Nanoscale, 2023,15,12270-12279
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ticles with specific spectral bandwidth and shape hold great
potential for a wide range of applications in various fields.
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Fig. S1 Photographs and spectra of different GNRs and GNRs@SiO,. (a) The prepared GNRs with six different LSPRs

were dispersed in 1.5 mM CTAB, corresponding to Fig. 2a (1-6) of GNRs. (b) Measured spectra of the samples

corresponding to GNRs in (a). (c¢) Six GNRs of different LSPRs were dispersed in ethanol solution after coating a

mesoporous silica shell, corresponding to Fig. 2a (1-6) of GNRs@SiO,. (d) Measured spectra of the samples

corresponding to GNRs@SiO; in (c).
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Fig. S3 FDTD simulated spectra. (a) FDTD simulated extinction spectra obtained by excitation of six GNRs of
different LSPRs along the longitudinal axis. (b) FDTD simulated extinction spectra obtained by excitation of six
GNRs@Si0, of different LSPRs along the longitudinal axis.



Fig. S4 FDTD simulations of the electric field distribution of single GNRs with different LSPRs, corresponding to
Fig. 2a (1-6) of GNRs.
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Fig. S5 FDTD simulations of the electric field distribution of a single GNRs@SiO, with different LSPRs,
corresponding to Fig. 2a (1-6) of GNRs@SiO,. There is a layer of mesoporous silica with a thickness of 20 nm on the

surface of the GNRs, as shown in the figure between the red dotted line and the GNRs. The electric field outside the

red dotted line is very weak.



—]:1:1:1:1:1

1.0
=
Nt
=
2 0.5
e
()
g
]
e
=

=
o

400 600 800 1000
Wavelength (nm)

Fig. S6 The calculated spectrum of the mixed solution by the ratio of 1:1:1:1:1:1.
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Fig. S7 Photographs of the main steps in the process of self-assembling GNRs@SiO, particles into superparticles. (a)
The mixed GNRs@SiO, dispersed in ethanol solution. (b) The oil-water layered interface is made with
GNRs@SiO,@OTMS particles dispersed in cyclohexane in the upper layer and deionized water in the lower layer.
(c) The emulsion obtained after sonication. (d) The broadband superparticles obtained after evaporation of

cyclohexane.



Fig. S8 The cyclohexane oil droplets in the emulsion photographed under an optical microscope with a 10x objective.
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Fig. S9 Extinction spectroscopy and TEM characterization. (a) Extinction spectroscopy of single GNRs@SiO, (black,
LSPR at 760 nm) and their corresponding superparticles (red). (b) TEM images of narrowband superparticles with

average size 1.1 pm.
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Fig. S10 GNRs@SiO, picture in darkfield mode and its corresponding single-particle scattering spectrum. (a) Fig.
2al of the GNRs@SiO, were prepared on a silicon wafer after dilution of 1000 times, followed by photographs taken

with an Olympus BX53M optical microscope with the objective (100%, NA= 0.80). (b) The darkfield single-particle
scattering spectrum of the GNRs@Si0,, and the inset is the picture of corresponding particle taken under dark field

condition.
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Fig. S11 Darkfield single-particle scattering spectra of broadband superparticles and corresponding photographs. The
photograph was taken with an Olympus BX53M optical microscope with the objective (100x, NA= 0.80).
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Fig. S12 The extinction spectra and electric field distributions obtained by FDTD simulations illustrate that the
plasmonic coupling effect between the GNRs@SiO, can be ignored. (a, b) extinction spectra (a) and electric field
distribution (b) of the GNRs@SiO, with the LSPR of 990 nm in Fig. S2b. (c, d) (c) is two GNRs@SiO, of the same
size as the model in (a) arranged side-by-side and (d) is the corresponding electric field distribution. (e, f) (e) is two
GNRs@SiO, of the same size as the model in (a) arranged head-to-head and (f) is the corresponding electric field
distribution. (g, h) (g) is the GNRs@Si0, arranged side-by-side and head-to-head together, the peak position is similar

to (a), and (h) is the electric field distribution.
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Fig. S13 Effect of removal of CTAB template on SERS performance of GNRs@SiO,. The Raman measurements
were recorded with a 785 nm laser, 200 mW laser power, 50 x air objective (NA= 0.75), 10 s exposure time and 1

accumulation per spot.
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Fig. S14 SERS performance of different sizes of the GNRs@SiO, superparticles. The Raman measurements were

recorded with a 785 nm laser, 200 mW laser power, 50 x air objective (NA= 0.75), 10 s exposure time and 1

accumulation per spot.
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Table S1. Preparation parameters of 6 different sizes of GNRs and related data of measured sizes. The concentrations

of AgNO,;, HAuCly, HCI, and AA solutions were 4 mM, 0.01 M, 12.1 M, 0.064 M.

CTAB | NaOL | AgNO; | HAuCl, | HC1 | AA | Seed | Average (ﬁ:::tg; Average Fig.
(8) (8) (mL) (mL) | (mL) | (mL) | (mL) | length (nm) (nm) AR number
70 | 123 | 120 | 250 | 20 | 125 | 08 | 1175564 | 563426 | 2102 | '€
70 | 123 | 240 | 250 | 15 | 125 | 04 | 868483 | 282420 | 31404 | 'S
90 | 123 | 240 | 250 | 15 | 125 | 01 | 8414140 | 21438 | 3904 | '
00 | 123 | 240 | 250 | 21 | 125 | 0.1 | 901454 | 205515 | 4405 | D&
70 | 123 | 240 | 250 | 36 | 125 | 08 | 8404176 | 170610 | 4911 | '€
70 | 123 | 240 | 250 | 54 | 125 | 08 | 10304133 | 157418 | 66209 | '€
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