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Abstract Gold nanorods are widely used in surface-
enhanced Raman scattering (SERS) applications due
to their strong localized surface plasmon resonance
(LSPR). The self-assembly of gold nanorods fur-
ther expands their applications and introduces new
ensemble properties. In this paper, two types of gold
nanorods with similar lengths but significantly dif-
ferent diameters were used for making superparti-
cles. The gold nanorods were first surface-modified
with thiol-terminated polystyrene (PS-SH), and then
assembled into superparticles through emulsion vola-
tilization. To test the SERS performances of the gold
nanorod superparticles, Nile red was used as a dye
molecule to test the localization of the SERS perfor-
mance of the single superparticles. It was found that
as the size of the superparticles increased, the SERS
performances also improved, with the final Raman
signal intensity reaching up to 2 x 10°. When the size
of the superparticles was the same, the SERS perfor-
mance was stronger for superparticles composed of
gold nanorods with larger diameters. Additionally, a
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structure similar to the superparticles was designed
for FDTD simulations, and the simulated results were
highly consistent with the experimental results, fur-
ther supporting our conclusions.
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Introduction

Raman detection technology can non-destructively
analyze the chemical structure, morphology, crystal-
linity, and interactions of substances [1-3]. However,
the Raman spectrum of the object itself is often par-
ticularly weak, making Raman detection technology
very challenging [4]. In recent years, increasing atten-
tion has been paid to the surface-enhanced Raman
scattering (SERS) technique, which can increase the
intensity of the Raman spectrum by several orders of
magnitude [5-7]. The most commonly used approach
involves using precious metal nanoparticles as SERS
substrates, which enhance Raman scattering through
the localized surface plasmon resonance (LSPR)
properties of the nanoparticles [8—12].

The LSPR of noble metal nanoparticles is highly
dependent on their morphology [13]. However, due
to the limited morphology of individual nanoparti-
cles and the difficulties in synthesizing them [14],
research has gradually focused on the self-assembly
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of nanoparticles. In the assembled nanostructures,
there were plasmonic coupling effect between nano-
particles’ positioned gap less than 10 nm [15-18],
which generates a strong electric field in the inter-
stices of the nanoparticles. This narrow and strong
electric field is typically referred to as a SERS hot-
spot. Although the hotspot only occupies a small part
of the entire SERS substrate [19-21], most of the
enhancement comes from these hotspots, making the
creation of more hotspots a key research focus. Addi-
tionally, when using precious metal nanoparticles as
SERS substrates, their stability is crucial [22-24].
For example, gold nanoparticles can remain stable in
water after CTAB surface modification and become
lipophilic after thiol-terminated polystyrene (PS-SH)
modification [25-28], allowing them to stabilize in
oily liquids, such as toluene. Surface modification
thus extends the application range of SERS for pre-
cious metal nanoparticles. Gold nanorods (GNRs) are
widely used in SERS substrates primarily because
they have strong LSPR properties in the visible and
near infrared range [29, 30]. Additionally, the ani-
sotropy of GNRs facilitates the generation of more
SERS hotspots [31]. Over the years, research and
development have led to mature methods for growing
GNRs, with many synthesis techniques now available
to produce GNRs with good monodispersity [32].
This advancement provides a solid foundation for the
self-assembly of GNRs, as high-purity gold nanopar-
ticles are crucial for successful self-assembly, espe-
cially for ordered structures [33].

In recent years, significant progress has been made
in the self-assembly of GNRs [34], with the most
common method being the formation of gold nanorod
arrays. For example, in 2021, Albarghouthi et al. uti-
lized the self-assembly of GNRs to form two-dimen-
sional arrays [35]. These nano-arrays, when used as
SERS substrates, performed well in tests with para-
aminothiophenol (p-ATP). However, the utility of 2D
self-assembled structures as SERS substrates is lim-
ited due to the constant area available for assays [36,
37]. Only self-assembly in three dimensions can fur-
ther enhance the SERS performance of these assem-
blies [38, 39]. Superparticles are structured particles
assembled from smaller particles, forming a complex
three-dimensional structure [40]. This increases the
number of hotspots significantly [41]. In the self-
assembly of superparticles from GNRs, Li et al. cre-
ated superparticles with broadband absorption peaks
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by self-assembling through emulsion evaporation
after coating mesoporous silica on the surface of
GNRs and modifying them with OTMOS [42]. How-
ever, their application in SERS is limited because the
thick mesoporous silica layer on the surface of the
GNRs restricts the interaction between the substrate
and the target material, and the LSPR properties of
the GNRs are partially weakened by the silica shell.

In this study, we used a simple method to form
superparticles by employing the emulsion evapora-
tion self-assembly method with surface-modified
GNRs. We used two types of GNRs with different
aspect ratios to form superparticles, aiming to explore
the impact of the nanorod dimensions on SERS per-
formances. Additionally, we tested the SERS perfor-
mances of superparticles with different sizes formed
from these two types of nanorods. The PS-SH-
modified GNRs exhibited good binding with hydro-
phobic dyes, so we used Nile red as the dye in our
experiments. By measuring the Raman signal inten-
sity of Nile red, we observed that the Raman signal
increased with the size of the superparticles. More-
over, when comparing superparticles of the same
diameter but composed of GNRs with different aspect
ratios, we found that superparticles made of larger
diameter nanorods exhibited better SERS perfor-
mances. To substantiate our findings, we conducted
FDTD simulations. Despite the overall irregular-
ity of the superparticle surfaces, many small regions
formed arrays of GNRs, primarily arranged side-
by-side. Based on this observation, we designed the
structures for the simulations. The simulated results
indicated that as the size of the simulated assemblies
increased, the electric field strength around the GNRs
also increased, and the number of SERS hotspots
gradually increased. Since the increase in the size of
the superparticles was not limited to the horizontal
direction, we also increased the number of particles
in the vertical direction in our simulations. We found
that adding nanorods in the vertical direction sig-
nificantly enhanced the electric field strength, which
aligned well with our experimental results.

Experimental
All chemicals were used as received without fur-

ther purification. Hexadecyltrimethylammonium
bromide (CTAB,>99.0%) was purchased from
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TCI America. Chloroauric acid (HAuCl,), L-ascor-
bic acid (AA,>99.99%, hydrochloric acid (HCI,
37 wt% in water), sodium dodecyl sulfate (SDS,
92.5-99%), dextran, rhodamine 6G (R6G, 95%),
Nile red, and methanol (99.5%) were purchased
from Shanghai Macklin Biochemical Technology
Co., Ltd. Silver nitrate (AgNO;,>99.8%), sodium
oleate (NaOL,>99.88%), sodium borohydride
(NaBH,,>98%), and tetrahydrofuran (THF, 99.0%)
were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Thiol-terminated polystyrene
(average M,=5000, PDI<1.1, named PS-SH-5 k)
was purchased from Sigma-Aldrich. Thiol-terminated
polystyrene (average M,=11000, PDI<1.1, named
PS-SH-11 k) was purchased form MKCH?2403. Tol-
uene (TOL,>99.5%) was purchased from National
Pharmaceutical Group Chemical Reagent Co., Ltd.
Ultrapure water (> 18.2 MQ) obtained from a Milli-Q
water system was used in all experiments. All glass-
ware were cleaned using freshly prepared aqua regia
(HCI in a 3:1 ratio by volume) followed by rinsing
with copious amounts of water.

Synthesis of GNRs

GNRs with aspect ratios of 3.5 and 6.0 were syn-
thesized using a seed-mediated growth method [43].
First, the seed solution was synthesized. Specifi-
cally, 0.25 mL of 0.01 M HAuCl, solution was added
to 10 mL of 0.1 M CTAB solution, then 0.6 mL of
freshly prepared ice-cold 0.01 M NaBH, was added.
The solution was stirred vigorously at 1200 rpm
for 2 min, then the stirring was stopped. The color
changed from golden yellow to brown, and the solu-
tion was left to stand for 30 min.

Next, the growth solution was prepared. Spe-
cifically, 7.0 g of CTAB and 1.24 g of NaOL were
added to 400 mL of water. After complete dissolution
and clarification of the solution, 24 mL (18 mL for
aspect ratio 6) of 4 mM AgNOj; solution and 25 mL
of 0.01 M HAuCl, solution were added. The solu-
tion was stirred at 500 rpm for 90 min, during which
it gradually became colorless, completing the prepa-
ration of the growth solution. Subsequently, 2.8 mL
(4.8 mL for aspect ratio 6) of 12.1 M HCl was added
to the growth solution. After stirring at 400 rpm for
15 min, 1.25 mL of 64 mM AA and 0.8 mL (0.4 mL
for aspect ratio 6) of the seed solution were added.
The solution was stirred at 1200 rpm for 1 min and

then left to stand overnight for 12 h to complete the
growth process. The resulting gold nanorod solution
was centrifuged at 8000 rpm and washed twice to
obtain the final product. After removing the super-
natant twice, the gold nanorod solution is finally dis-
persed in 500 mL of 1.5 mM CTAB aqueous solution
(If subsequent purification is required, it is not nec-
essary to perform two washes, but can be purified
directly).

Purification of GNRs

The method was based on that proposed by Kyoung-
weon Park et al. with slight changes [33]. Due to the
higher impurity content in GNRs with an aspect ratio
of 6, further purification was required before use.
Specifically, 21.7 g of CTAB (to be adjusted) was
added to 250 mL of the synthesized gold nanorod
solution (final concentration approximately 275 mM).
After standing for 24 h, the supernatant was decanted
to obtain the final product.

Surface modification of GNRs with PS-SH

A simple and efficient surface-modified method was
used but with some improvements [28, 44]. First,
0.4 mg of PS-SH was dissolved in 2 mL of THF solu-
tion. Then, the synthesized GNRs (8 mL) were cen-
trifuged and washed twice, concentrated to 200 pL,
and added to the THF solution. After sonication for
90 min, PS-SH successfully replaced the original
CTAB on the surface of the GNRs, completing the
surface modification. The solution was then centri-
fuged at 8000 rpm and the supernatant was removed.
Then, 5 mL of methanol was added, and centrifuged
and washed again. Finally, 5 mL of toluene was added
and the solution was centrifuged and washed once
more to obtain the final product (5 k and 11 k molec-
ular weight of PS-SH using the same procedure).

Self-assembly of GNRs-(PS-SH)

An emulsion volatilization self-assembly method was
used for making superparticles [45]. Firstly, 80 mg
of dextran and 3 mg of SDS were added to 2 mL of
ultrapure water. After completely dissolving, the pre-
viously synthesized 5 mL of GNRs@PS-SH (in tolu-
ene) solution was concentrated to 150 pL and added
to an aqueous emulsion. The solution was sonicated
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at 40.0 kHz for 2 min. Then, let the solution stand at
room temperature for 3 days to ensure complete evapo-
ration of toluene. Finally, the solution was centrifuged
at 5000 rpm once, then at 3000 rpm twice to obtain the
final product, which was then dispersed in water.

SERS performances test for superparticles

Raman detection was performed using a LabRAM
HR Evolution model system. The sample fabrica-
tion procedure was shown in Fig. S6. Specifically, a
silicon wafer was used as a substrate and was ultra-
sonically cleaned once with acetone and subsequently
twice with ethanol. After drying the silicon wafer, 20
uL of 2.75x 1075 M Nile red solution was dropped
onto it. After drying again, 10 pL of superparti-
cle solution was dropped on it. Once dry, the wafer
was covered with a copper mesh with a scale. The
superparticles for testing were first confirmed under
a scanning electron microscope and then tested with
the Raman detection equipment. A 50X objective
was used, and the laser spot size was about 1 pm, and
150 g/mm grating. Typically, 1% of the laser power, a
10-s integration time, and 1 integration were used in
the SERS measurements.

The equipment and wafer cleaning procedures for
R6G Raman testing are the same as described above.
The cleaning procedure for the test equipment and
wafers is the same as above. Afterwards, 20 ul of
1% 107> M R6G solution was added to the clean sili-
con wafer, waited for the wafer to dry, and then added
the super particle solution again, and the silicon wafer
was dried again and ready for testing.

FDTD simulations

The electric field simulations of superparticle regions
were conducted using the finite-difference-time-
domain (FDTD) method. The FDTD simulations
were performed using a software package from FDTD
Solutions (Lumerical Solutions, Inc.). A total-field
scattered-field (TFSF) was used as the light source
to simulate the interaction between a plane light
wave and GNRs, with the light wavelength set to be
633 nm. The dimensions of the GNRs were set based
on the average values obtained from experimental
measurements. Within the boundary, the GNRs and
the surrounding medium were divided into 1-nm
grids. The gap between the GNRs is set according
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to the actual situation, and the refractive index of the
surrounding medium was set to be 1.33 (water).

Characterizations

All absorption measurements were captured on a
UV-1900i spectrophotometer (SHIMADZU, Japan)
with a 10-mm optical path, whereby a glass cuvette
filled with Milli-Q water or toluene was used as the
reference. Transmission electron microscopy (TEM)
images were captured on a HT-7700 microscope
(HITACHLI, Japan) operating at 100.0 kV. Energy dis-
perse spectroscopy (EDS) mapping were performed
by a Fei-Talos-F200S operated at 200 kV. Scan-
ning electron microscopy (SEM) images were cap-
tured using Sigma 500 operating at 3 kV. The SERS
test was conducted using a LabRAM HR Evolution
instrument with a laser wavelength of 633 nm and
a laser power of 1%. The microscope images were
captured using the built-in optical microscope of the
Raman equipment with a 50 X objective lens.

Results and discussion

In this study, we surface-modified two types of GNRs
with different aspect ratios and then used the emul-
sion evaporation self-assembly method to form super-
particles with SERS effects. The specific steps are
shown in Fig. 1. Figure la shows the GNRs during
synthesis, where the surface of the GNRs was coated
with CTAB and dispersed in water. Figure 1b shows
the GNRs after being modified with PS-SH, enabling
them to be well-dispersed in toluene. In Fig. Ic, the
toluene solution of the modified GNRs was concen-
trated and mixed with water. Due to the oleophilic
nature of the GNRs, a clear phase separation could
be observed. After sonication, the toluene formed
small droplets and created an emulsion, as shown in
Fig. 1d. Following evaporation, the GNRs aggregate
and eventually formed superparticles. We then con-
ducted a series of tests on the SERS performances
of these superparticles and performed corresponding
FDTD simulations on these nanostructures.

GNRs synthesis, purification, and modification

To explore the properties of superparticles formed
by the self-assembly of GNRs with different aspect
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Fig. 1 Schematic diagram
of the superparticle synthe-
sis. a Initially synthesized
gold nanorods (dispersed in
water); b PS-SH modified
gold nanorods (dispersed
in toluene); ¢ Au-(PS-SH)
toluene solution mixed with
a certain amount of SDS
and dextran (before sonica-
tion); d water emulsion
formed after sonication and
its partial magnified view.
For ease of understanding,
the molecular sizes in the
diagram are not drawn to
actual scale
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ratios, we synthesized two types of GNRs with dif-
ferent aspect ratios. The TEM images and spectra of
the GNRs are shown in Fig. 2a and b. We measured
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Fig. 2 Extinction spectra and TEM characterization of gold
nanorods. a TEM image of lo-GNRs; b TEM image of hi-
GNRs; ¢ aspect ratio distribution of lo-GNRs; d aspect ratio
distribution of hi-GNRs; e spectra of hi-GNRs before (Au-
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31.1+5.0 nm, and the average length of the GNRs in
Fig. 2b is 109.1 £12.7 nm with an average diameter
of 17.0+£2.3 nm. It is evident that the average length
difference between the two types of GNRs is only
4 nm, but the diameter difference is 14 nm, result-
ing in significantly different aspect ratios. The aspect
ratio of the GNRs in Fig. 2a is about 3.5, which we
refer to as low aspect ratio GNRs (lo-GNRs), while
the aspect ratio of the GNRs in Fig. 2b is about 6.0,
referred to as high aspect ratio GNRs (hi-GNRs).

We used a lower pH for the synthesis of hi-GNRs,
which reduces the reaction rate and makes it easier
to form gold nanorods with high aspect ratios, but
after synthesis we found that many impurities were
generated (such as gold nanospheres and gold nano-
cubes) [46—48]. Therefore, purification was neces-
sary before the self-assembly of GNRs. We added
an excess amount of CTAB to the synthesized gold
nanorod solution, which induces the larger GNRs
to precipitate preferentially, while the smaller by-
products remain in the supernatant. After remov-
ing the supernatant, the purified GNRs are obtained.
The spectra before and after purification were shown
in Fig. S1. The spectra indicated that the absorption
peaks at 500 nm and 560 nm, corresponding to gold
nanospheres and gold nanoplatelets, respectively,
were significantly reduced after purification [49]. The
comparison of the actual solutions in Fig. S1b also
showed that the color of the gold nanorod solution
changed from purple-red to brown after purification.

When conducting SERS tests, the binding degree
between the substrate and the dye was crucial. Ini-
tially, synthesized GNRs were modified with CTAB,
which is hydrophilic, allowing for tight binding with
water-soluble dyes. However, the binding affinity of
GNRs to hydrophobic dyes was not as good. Addi-
tionally, GNRs typically required surface modifica-
tion before self-assembly because they were inher-
ently unstable and tend to aggregate, especially in
organic solvents [50].

To expand the application range of GNRs and
increase their stability, we used PS-SH to modify
the surface of the GNRs. After modification with
PS-SH, the GNRs can remain dispersed in toluene
for extended periods. During self-assembly, because
PS-SH is a macromolecule, the distance between
GNRs can be easily adjusted by regulating the molec-
ular weight of PS-SH. By controlling the molecular
weight of PS-SH, the outcome of the self-assembly
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process can be effectively tuned [51]. The shorter the
distance between the GNRs, the stronger the coupling
effect. To achieve a stronger coupling effect, PS-SH
with a molecular weight of 5 k was used for surface
modification.

The sulthydryl group’s binding to GNRs is much
stronger than that of CTAB, allowing PS-SH to eas-
ily replace CTAB on the surface of the GNRs in THF
solution [51, 52]. However, since the replacement
process took time, 200 pL of water was left in the
solution when adding the GNRs to the PS-SH solu-
tion, enhancing the stability of the GNRs. Continuous
sonication was used during the replacement process
to prevent agglomeration until the PS-SH modifica-
tion was successful. We refer to the CTAB-coated
GNRs as Au-(CTAB), and the PS-SH-modified
GNRs as Au-(PS-SH). The solution spectra of GNRs
before and after surface modification are shown in
Fig. 2¢ (lo-GNRs) and Fig. 2f (hi-GNRs). Note that
the spectra of Au-(CTAB) were detected in an aque-
ous solution, while the spectra of Au-(PS-SH) were
detected in toluene. Taking lo-GNRs as an example,
one can see from the spectra that the absorption peak
wavelength of Au-(PS-SH) was 893 nm, while that of
Au-(CTAB) is 828 nm, indicating a redshift of 65 nm.
This shift was mainly due to the change in the refrac-
tive index of the medium around the GNRs after
replacing CTAB with PS-SH. The refractive index is
related to the optical dielectric constant of the exter-
nal medium (solvent, surfactant, carrier).

Additionally, the half-height width of the absorp-
tion peaks of the Au-(PS-SH) spectra remained
almost unchanged, indicating that the modified GNRs
were stably dispersed in toluene without agglom-
eration. To further prove that PS-SH successfully
replaced CTAB, we dispersed the PS-SH-modified
GNRs in toluene and mixed them with water. As
shown in Fig. S2a and S2b, the dark liquid is Au-
(PS-SH), and the colorless liquid is water. The clear
phase separation of the two liquid layers indicates
that the surface modification was successful, chang-
ing the hydrophilicity of the GNRs to lipophilicity.
The HAADF-STEM images as well as EDS mapping
of the gold nanorods are shown in Figure S3. Since
the surface of the PS-SH-modified gold nanorods
contains sulfur element, it is intuitively obvious that
PS-SH has been successfully modified on the surface
of the gold nanorods by observing the distribution of
Au and sulfur.
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Self-assembly of GNRs-(PS-SH)

An emulsion volatilization self-assembly method was
employed to form superparticles from GNRs. After
surface modification with PS-SH, the GNRs became
lipophilic and could be well dispersed in toluene.
First, the Au-(PS-SH) particles were dispersed in
toluene and then mixed with an aqueous solution, fol-
lowed by sonication to form an oil-in-water emulsion.
A certain amount of SDS with dextran was added to
the aqueous solution to facilitate better emulsion for-
mation. After 2 min of sonication, the toluene turned
into small droplets. The mixture was then left to stand
for 3 days, during which the strong volatility of tolu-
ene caused it to evaporate gradually, bringing the
GNRs in the toluene droplets closer together until the
toluene was completely volatilized, and the particles
stabilized.

Due to the uneven size of the toluene droplets
obtained by ultrasonication, the sizes of the resulting
superparticles were quite polydisperse, ranging from
several hundred nanometers to a few micrometers
(microscope images of the emulsion are shown in
Fig. S4). Although this self-assembly method might
result in some dispersed GNRs, most of them could
be removed in subsequent low-speed centrifugation
(2500 rpm). The final product derived from lo-GNRs
was shown in Fig. 3a. After self-assembly, the GNRs
were tightly bound together, forming stable super-
particles that could be stored in aqueous solution for
a long time (the particles in the figure were photo-
graphed after being stored for two months). Figure 3b
shows the size distribution of the superparticles, with
statistical data sourced from Fig. 3a. Although the
overall size was relatively small, mostly distributed
between 200 and 300 nm, there are also many larger
particles (up to 10 um). As a result of the extensive
aggregation of GNRs into superparticles, their prop-
erties changed significantly. As shown in Fig. 3c,
compared to the gold nanorod solution, the absorp-
tion peak wavelength of the superparticle solution
shifts to blue (from 893 to 793 nm). This was mainly
because the GNRs were primarily bounded in a
shoulder-to-shoulder configuration, which effectively
reduced their aspect ratio, leading to the blue shift of
the absorption peak. Additionally, due to the vary-
ing sizes of the superparticles and their widespread
dispersion in the solution, the absorption peak of the
superparticle aqueous solution broadened, with high

absorption across wavelengths from 500 to 1100 nm.
This indicated that superparticles could be suitable
for a wider range of environments.

Figure 3d shows the SEM image of the super-
particles formed by the self-assembly of hi-GNRs.
Figure 3e presents the size distribution of the super-
particles, with statistical data sourced from Fig. 3d.
The sizes of the superparticles were mainly distrib-
uted between 400 and 500 nm. Figure 3f shows the
spectrum of their aqueous solution, where a similar
blue shift and broadening of the absorption peak are
observed, for the same reasons mentioned earlier.

Superparticles with size-dependent SERS
performances

To investigate the SERS performances of superparti-
cles with different sizes and morphologies, we con-
ducted localized testing of the superparticles. Given
that the GNRs were modified with PS-SH, they can
bind more tightly with Nile red, whereas other hydro-
philic dyes such as 4-MBA and methylene blue have
difficulty binding. Fig. S5 shows the Raman spectra
of three dyes after passing through the superparticles
following the same procedure. The differences were
quite significant. Therefore, we chose Nile red as the
dye for testing.

The specific procedure of SERS test involved first
applying a drop of Nile red dye onto a clean silicon
wafer and allowing it to dry. Subsequently, a drop
of the superparticles aqueous solution was added to
the silicon wafer and dried again. Finally, a copper
grid with scales was placed over the dried sample.
The superparticles to be tested were first observed
under a scanning electron microscope (SEM), and
their positions were recorded. Next, the copper mesh
scale was observed under low magnification and
recorded. Finally, the same point was located on the
SERS test instrument using a microscope for testing.
The specific steps were shown in Fig. S6a. Fig. S6b
is the SEM image of the superparticle to be tested
under the electron microscope, Fig. S6¢ was the SEM
image of the copper mesh under low magnification,
and Fig. S6d was the image observed under the opti-
cal microscope during the actual test. The scale and
the special pattern in the middle of the copper mesh
allowed us to determine the position of the particles
to be tested.
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Fig. 4 SERS tests of superparticles and the corresponding
SEM characterization. a Superparticles testing composed of
lo-GNRs. The size of the superparticles gradually increased
from 1 to 10 um, and the color of the Raman signal curves cor-
responds to the color of the borders of the SEM images of the
superparticles. b Superparticle testing composed of hi-GNRs.

First, we selected ten superparticles composed
of lo-GNRs for testing. The SEM images of the ten
superparticles correspond to Fig. 4a(1)—4a(10),
with corresponding diameters ranging from 0.66 to
9.35 um. The Raman spectra corresponding to the
superparticles were shown in the middle of Fig. 4a,
with a one-to-one correspondence between the super-
particles and the spectrograms indicated by color. The
excitation wavelength used was 633 nm. The peaks at
590 nm in the figure were the characteristic peaks of
Nile red dye, and the peaks at 500 nm were the char-
acteristic peaks from the silicon wafer. By compari-
son, we found that the intensity of the characteristic

The size of the superparticles gradually increases from 1 to
7 um. ¢ The relationship between particle size and Raman sig-
nal intensity for particles in Fig. 4a (red) and Fig. 4b (black).
Nile red was used for SERS testing, with the Raman charac-
teristic peak at 589 cm™!. All scale bars in the SEM images are
1 pm

peaks of Nile red dye gradually increased with the
size of the superparticles. When the diameter of
the superparticles was 0.66 um, the intensity was
only 1090, but when the diameter was 9.35 um, the
intensity exceeded 200,000, an enhancement of 183
times. We also examined the intensity of eight addi-
tional superparticles with diameters between 0.66
and 9.35 pm. We have entered more specific values in
Table S1. We observed that the intensity of the Nile
red characteristic peaks increased with increasing
diameter. This was mainly because, as the diameter of
the superparticles increased, more Nile red molecules
could interact with their surfaces. Additionally, the
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increase in volume was accompanied by an increase
in the number of SERS hotspots, greatly enhancing
the Raman signal intensity.

Correspondingly, we performed similar tests on
hi-GNRs superparticles using the same methodology
and concentration of Nile red. Again, ten superparti-
cles were selected, with diameters gradually increas-
ing from 0.62 to 6.91 um. The corresponding SEM
images are shown in Fig. 4b(1)-b(10). In the mid-
dle of Fig. 4b are the Raman spectra of the super-
particles, with a color correspondence between the
superparticles and the spectra. The same pattern was
observed: as the size of the superparticles increased,
the intensity of the characteristic peaks of Nile red
dye gradually increased. When the diameter of the
superparticles was 0.62 um, the intensity was only
160, but when the diameter was 6.91 um, the inten-
sity exceeded 47,250, an enhancement of 295 times.
We have compiled the sizes of all superparticles and
recorded them in detail in Table S2.

Figure 4c illustrated the relationship between the
diameter of the two types of superparticles and their
Raman signal intensity. It was evident that as the size
of the superparticles increased, the Raman signal
intensity also increased. Additionally, by comparing
superparticles composed of different GNRs, it could
be observed that when the sizes were similar, the
Raman signal of superparticles made from lo-GNRs
is significantly stronger than that of those made from
hi-GNRs. In Fig. 4a(1), the superparticle has a diam-
eter of 0.66 um, corresponding to a Nile red Raman
signal intensity of 1090, while in Fig. 4b(3), the
superparticle has a diameter of 0.68 pum, with a cor-
responding Nile red Raman signal intensity of 525.
Despite the close size of the two superparticles, the
Nile red Raman signal intensity differed by nearly a
factor of two. To make it easier to observe the surface
morphology of the superparticles, we provide magni-
fied images, as shown in Fig. S7 and Fig. S8.

We hypothesized that these intensity differences
were primarily due to the different diameters of the
GNRs composing the superparticles. As mentioned
earlier, we used two types of GNRs for self-assem-
bly: hi-GNRs with a diameter of 17 nm and lo-
GNRs with a diameter of 31.1 nm. Despite a small
difference in length (only 4 nm), the significant dif-
ference in diameter led to distinct properties of the
resulted superparticles. According to our experi-
mental findings, larger diameter GNRs, when length
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was held constant, resulting in superparticles with
superior SERS performances.

The electric field strength of individual particles
is highly dependent on the morphology, and the
presence of sharp regions usually produces a higher
electric field [9]. In the case of gold nanorods,
which are both used in this paper, the difference in
morphology between the two gold nanorods is very
small, but a larger volume of gold nanorods usually
results in a stronger electric field [53]. At the same
time, we simulated the electric field strength at sin-
gle particles of the two gold nanorods in the paper
using FDTD. As shown in Fig. S9, Fig. S9a is lo-
GNRs with the highest electric field strength of 31,
and Fig. S9b is hi-GNRs with the highest electric
field strength of only 25. However, in the forma-
tion of superparticles, smaller constituent particles
required more particles to achieve the same vol-
ume, potentially increasing the number of hotspots
through coupling effects. Nevertheless, particles
with larger diameters, which inherently possessed
stronger electric fields, could generate more sub-
stantial electric fields when coupled together. While
increasing the number of hotspots in superparticles
was beneficial, the impact might be marginal due to
existing numerous hotspots within the superparti-
cles themselves. Thus, superparticles composed of
lo-GNRs demonstrate stronger SERS performances
due to their larger diameter, which enhanced their
overall electric field strength and thus their SERS
capability.

In addition, as we mentioned before, the reason for
choosing 5 k molecular weight PS-SH is that smaller
molecular weight PS-SH will result in smaller spac-
ing between nanoparticles and thus better SERS
performance. As a comparison we used PS-SH-
11 k-modified gold nanorods to form super particles
for SERS testing. As shown in Fig. S10, it can be
found that although the Raman signal improves with
the increase of the size of the superparticles, but it is
limited, the largest particle is 1.2 pm, but the Raman
signal intensity is only 1100, whereas the same size of
superparticles modified by PS-SH-5 k reaches 4300
(The corresponding superparticles are Fig. 4a(3)). All
three superparticles have weaker Raman signals than
the corresponding size of superparticles modified by
PS-SH-5 k. This proves that the SERS performances
of the PS-SH-5 k-modified gold nanorods do perform
better than of the PS-SH-11 k samples.
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In order to further prove our conclusion, we also
carried out the corresponding simulation experi-
ments, as shown in Fig. S11, the pitch of the gold
nanorods in S10a is 4 nm, and the pitch in S10b
is 2 nm, and the highest electric field strength in
S10a is 9.1, while the highest electric field strength
in S10b is 21.5, the difference between the two is
huge. This demonstrates that as the distance of
the gold nanorods decreases, it is more favorable
to generate stronger electric fields and thus better
SERS performance.

To prove the universality of the superparticles,
we added the Raman test of R6G dye molecules.
Superparticles composed of lo-GNRs were used
in this experiment. The main Raman characteristic
peaks of R6G are at 1359 cm™! and 1507 cm™". The
green spectrum in Fig. S12 is tested without super-
particles, and it can be found that the intensity is
very low, and the intensity is greatly improved
after the addition of superparticles, and the strong-
est signal can reach 7000. This proves that super-
particles can be applied to a wider range of Raman
detection.

Diameter

Fig. 5 FDTD simulations of the electric field intensity in spe-
cific regions of superparticles. a, b, ¢, d Increasing number of
GNRs in a single layer. e Graph of the relationship between
diameter and electric field intensity. f, g, h, i Increasing num-
ber of GNRs in two layers. j Graph of the relationship between
diameter and electric field intensity. k, 1, m, n, o, p, q, r, s, t

FDTD simulations

To wvalidate our conclusions, we also conducted
FDTD simulations. Upon examining the structure of
the superparticles, we observed that the local gold
nanorods were arranged side by side in a very orderly
manner (as shown in the magnified SEM image of
the superparticles in Fig. S13). Therefore, we used
ordered layer(s) in our simulations. A 633-nm laser
was used for excitation in the simulations, to closely
match the experimental conditions. For the polariza-
tion direction of the incident light, we selected two
orientations: one perpendicular to the longitudinal
axis of the gold nanorods and the other parallel to
it. This was necessary because the orientation of the
nanorods on the surface of the superparticles was not
uniform in practice, requiring simulations in multiple
directions.

The simulated results are shown in Fig. 5, where
Fig. 5a—j displays the FDTD simulated electric field
intensity when the polarization direction of the inci-
dent light was parallel to the longitudinal axis of the
GNRs. The number of GNRs increased gradually
from Fig. 5a—e, and as this number increased, the

Diameter

] ] .
./

Diameter

1 /

Diameter

Diameter

Same structures as (a, b, ¢, d, e, f, g, h, i, j) but with a differ-
ent light polarization direction. In (a, b, ¢, d, e, f, g, h, i, j), the
polarization direction of the light is parallel to the longitudinal
axis of the gold nanorods, while in (k, I, m, n, 0, p, q, 1, s, t),
the polarization direction is perpendicular to the longitudinal
axis of the gold nanorods
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diameter of the structure composed of GNRs also
increased. Despite fluctuations in the electric field
intensity, the overall intensity was enhanced with the
increased in diameter. The highest electric field inten-
sity is 10.1 at a diameter of 96 nm in Fig. 5a and 13.3
at a diameter of 288 nm in Fig. 5d. The relationship
between the electric field and the diameter of the gold
nanorod structure is shown in Fig. Se.

Figure 5f—j has an additional layer of GNRs com-
pared to Fig. 5a—e, making the structure closer to
that of the superparticles. As the number of GNRs
increased in these figures, so did the diameter and
the electric field intensity. For instance, Fig. 5f has
a diameter of 96 nm with the highest intensity of
13.3, while Fig. 5i had a diameter of 288 nm with
the highest intensity of 29.9. It was worth noting that
although the structure in Fig. 5f had only one addi-
tional layer of GNRs compared to Fig. 5a, the elec-
tric field strength increased significantly from 1.96
to 3.68. The same pattern was observed for Fig. 5b
vs. Figure 5g, Fig. 5c vs. Figure Sh, and Fig. 5d vs.
Figure 5i.

Figure 5k-n showed the electric field strength
of the FDTD simulation when the direction of inci-
dent light polarization was parallel to the longitudi-
nal axis of the GNRs. In these figures, as the number
of GNRs increased, the electric field strength raised
from 1.96 to 10.4. The trend is illustrated in Fig. So.
Figure 5p—s, which added a layer of GNRs, showed a
similar increased in electric field strength from 3.68
to 14.4. The trend was shown in Fig. 5t.

Summarizing the above, we found that regardless
of the polarization direction of the incident light,
increasing the number of GNRs enhanced the elec-
tric field strength. However, if the number of GNRs
was increased only in two dimensions, the electric
field enhancement was limited. In contrast, a three-
dimensional increased in the number of GNRs, such
as adding a layer, results in a significant enhancement
of the electric field strength. Since the superparticle
itself was a three-dimensional structure, not a simple
two-dimensional plane assembly, the electric field
strength increased with the size of the superparticle,
thereby improving SERS performances. This obser-
vation Aligned closely with our experimental results,
which were detailed in Table S3.

Additionally, we performed the same FDTD
simulations for the structures composed of hi-
GNRs, as shown in Fig. S14. To closely match
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the experiments, the overall size of the simulated
structures in Fig. S14a-S14t and Fig. 5a-t were
similar, with a diameter difference of less than
20 nm and the same height. Apart from the size
similarity, other simulation conditions were identi-
cal, except that the smaller diameter of the GNRs
in Fig. S14 resulted in more nanorods. After com-
parison, we found that the highest E-field intensity
of Fig. S14a-S14t is 14.5, whereas for Fig. Sa—t it
is 29.5. This result was consistent with our experi-
ments, demonstrating that structures formed by hi-
GNRs had stronger SERS performances than those
formed by lo-GNRs. Detailed values are recorded in
Table S4.

Conclusion

In summary, we synthesized two types of gold
nanorods with different aspect ratios. By modifying
them with PS-SH and employing an emulsion evapo-
ration self-assembly method, we successfully formed
superparticles with strong SERS performance. Our
investigations revealed that the SERS performances
of these superparticles improved with increasing size.
This enhancement can be attributed to the larger sur-
face area available for dye molecule interaction as
well as the increased volume that creates more SERS
hotspots, thereby amplifying Raman signal intensity.
Specifically, when superparticles are of the same size,
those composed of larger-diameter GNRs exhibit
superior SERS performances due to their larger vol-
ume, which generates a stronger electric field upon
coupling. To substantiate our findings, FDTD simu-
lations were conducted based on a shoulder-to-shoul-
der arrangement of GNRs within the superparticles.
These simulated results demonstrated that as the size
and number of GNRs in the simulated assemblies
increased, the electric field strength and number of
SERS hotspots also increased. At the same time, the
maximum electric field strength of the larger diam-
eter gold nanorods is greater than that of the smaller
diameter gold nanorods, aligning well with our exper-
imental observations. The self-assembly method
employed here is straightforward and effective, yield-
ing superparticles with diverse size distributions and
robust SERS capabilities. These attributes underscore
its potential for various SERS substrate applications.
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Figure S1 Extinction spectra characterization and physical comparison of gold nanorods before and
after purification. (a) Extinction spectra of gold nanorods before purification (black), after
purification (red), and the supernatant (blue). (b) Physical comparison of gold nanorods before
purification, after purification, and the supernatant. The extinction peaks were both at 1074 nm for

the spectra before and after purification.
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Figure S2 Comparison of Au-(CTAB) Aqueous Solution and Au-(PS-SH) Toluene Solution. (a) The
upper layer is toluene, and the lower layer is the Au-(CTAB) aqueous solution. (b) The upper layer
is the Au-(PS-SH) toluene solution. The distinct phase separation indicates that the surface

modification of the gold nanorods was successful.



Figure S3 HAADF-STEM image and EDS mapping of PS-SH modified gold nanorods. (a)
HAADF-STEM image (b) spatial distribution of Au (c) spatial distribution of S (d) spatial

distribution of S and Au.
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Figure S4 Microscope images of the water-in-toluene emulsions formed after ultrasonic mixing of

toluene and water.
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Figure S5 Comparison of SERS test results of superparticles using different dyes.
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Figure S6 Localized SERS testing of superparticles. (a) Schematic illustration of the localized

testing steps. First, Nile red dye is dropped onto a clean silicon wafer. After drying, a superparticle
aqueous solution is added. After drying again, a copper grid with scales is placed on top for testing.
(b) Scanning electron microscope (SEM) image of superparticles. (c) Magnified SEM image

showing the copper grid scales clearly. (d) Optical microscope image taken during the actual testing.
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Figure S7 Enlarged images of the superparticles in Fig. 4a, corresponding to 4al-4al0, respectively.

All scale bars in the SEM images are 1 pm.

Figure S8 Enlarged images of the superparticles in Fig. 4b, corresponding to 4b1-4b10, respectively.

All scale bars in the SEM images are 1 pm.



Figure S9 Single gold nanorod particle FDTD simulation. (a) lo-GNRs. (b) hi-GNRs.
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Figure S10 SERS test of superparticles assembled from gold nanorods modified with 11 k
molecular weight of PS-SH (the dye used was Nile Red and all scale bars in the SEM images are

200 nm).
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Figure S11 Comparison of the electric field strength of gold nanorods before and after increasing
the spacing. (a) Electric field strength of gold nanorods at 4 nm spacing from each other. (b) E-field
strength of gold nanorods with 2 nm spacing between them. The highest electric field strength is 9.1

in Fig. S10a and 21.5 in Fig. S10b.
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Figure S12 Raman test using R6G. Where the red, blue and black lines represent different super
particles tested. The intensity is different because it is affected by the morphology of the
superparticles. The green color is the data of the measurements performed when no superparticles

were present.
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Figure S13 SEM images of superparticles and simulation structures. The image reveals many
regions with gold nanorod arrays. This observed structure was used as the basis for designing the

FDTD simulation structure.
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Figure S14 FDTD simulations of the electric field intensity in specific regions of superparticles.
(a)-(d) Increasing number of GNRs in a single layer. (¢) Graph of the relationship between diameter
and electric field intensity. (f)-(i) Increasing number of GNRs in two layers. (j) Graph of the
relationship between diameter and electric field intensity.(k)-(t) Same structures as (a)-(j) but with
a different light polarization direction. In (a)-(j), the polarization direction of the light is parallel to
the longitudinal axis of the gold nanorods, while in (k)-(t), the polarization direction is perpendicular

to the longitudinal axis of the gold nanorods.



Table S1 Table of specific values for the size of superparticles assembled from lo-GNRs and the

corresponding Raman signal intensity of Nile red.

Superpartical | Nile Red Raman
Diameter (um) | signal strength
0.66 1090
0.87 3000
1.12 4300
1.32 7000
1.54 15000
2.7 22500
4.2 35000
4.76 75000

8 160000
9.35 200000

Table S2 Table of specific values for the size of superparticles assembled from hi-GNRs and the

corresponding Raman signal intensity of Nile red.

Superpartical | Nile Red Raman
Diameter (um) | signal strength
0.62 160
0.67 250
0.68 525
0.85 1400
1.24 4900
2.28 11000
2.57 12000
3.72 25000
6.1 30000
6.91 47250




Table S3 The highest electric field intensities simulated for each structure in Figure 5.

Highest electric Highest electric
Number Number
field strength field strength
Sa 10.1 5f 23.2
5b 10.2 S5g 21.5
5c 9.1 Sh 21.1
5d 10.7 51 26.5
Highest electric Highest electric
Number Number
field strength field strength
Sk 2 5p 3.7
51 23 5q 4.1
S5m 4 Sr 8.6
5n 7.2 Ss 13.7

Table S4 The highest electric field intensities simulated for each structure in Figure S7.

Highest electric Highest electric
Number Number
field strength field strength
S7a 6.8 S7f 14.1
S7b 8.01 S7¢g 12.2
S7c 8.26 S7h 11.3
S7d 14.5 S7i 12.2
Highest electric Highest electric
Number Number
field strength field strength
S7k 1.96 S7p 2.4
S71 2.29 S7q 4.07
S7m 4.06 S7r 8.55
S7n 7.19 S7s 13.7
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