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ABSTRACT

Controlling the tip arrangement and interparticle gaps in gold nanobipyramids (AuNBPs) self-assembled monolayers remains
a critical challenge for achieving uniform surface-enhanced Raman scattering (SERS) hotspots. Herein, we demonstrate a facile
liquid-gas interface self-assembly strategy modulated by a free ligand concentration gradient to precisely engineer tip-overlapping
structures. By tuning the concentration of free thiol-terminated polystyrene (PS-SH) ligands (0-1.2 mg/mL), we achieve a
continuous evolution of AuNBPs tip arrangements—f{rom separated gaps (~6 nm) to tip alignment, and further to tunable tip-
overlapping configurations (overlap length up to 18 nm). Combined experimental and finite-difference time-domain (FDTD)
simulations reveal that the tip-overlapping structure formed at 1.2 mg/mL induces strong electromagnetic coupling, generating
dense and uniform hotspots. Consequently, the optimized substrate exhibits exceptional SERS performance for crystal violet
detection, with a wide linear range (1073-10~7 M, R? = 0.968), and outstanding signal uniformity (RSD = 3.78%). Conversely,
excess ligands (>1.2 mg/mL) trigger entropy-driven three-dimensional disorder, degrading performance. This work provides a
practical strategy for designing sensitive and reproducible SERS substrates through nanoscale structural engineering, while also
highlighting the importance of balancing hotspot optimization and ligand-mediated molecular accessibility.

ventional SERS substrate preparation methods predominantly
rely on the random aggregation of nanoparticles or complex

1 | Introduction

SERS as an ultrahigh-sensitivity detection technique [1-4] in
molecular spectroscopy analysis [5, 6], holds an irreplaceable
position in fields such as chemical analysis [7], biosensing
[8, 9], environmental monitoring [10, 11], and rapid food safety
screening [12, 13] due to its capabilities for single-molecule level
detection, molecular-specific recognition, and non-destructive
testing [14]. Its enhancement mechanisms originate from the
localized surface plasmon resonance (LSPR) effect of noble
metal nanostructures (e.g., gold and silver nanoparticles) and the
“hotspots” effect excited within nanogaps [15-18]. However, con-

© 2026 Wiley-VCH GmbH

chemical modification processes, leading to insufficient signal
reproducibility (relative standard deviation typically exceeding
10%), difficulties in quantitative analysis, and challenges in
achieving large-area uniformity control. These limitations signifi-
cantly hinder their practical application and widespread adoption
[19, 20].

In recent years, the controlled self-assembly technology of
noble metal nanoparticles has emerged as a core approach
for enhancing SERS substrate performance due to its ability
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to precisely regulate the spatial arrangement and interactions
of nanostructures [21]. For instance, Zhang et al. transferred
gold nanorods from aqueous solution into non-polar solvents,
enabling their modification with 3-mercaptopropyl trimethoxysi-
lane and octadecyltrimethoxysilane. The modified particles could
be stably dispersed in toluene and formed self-assembled films at
the air-water interface via self-assembly [22]. Zhou et al. demon-
strated a manipulable method for preparing monolayer structures
composed of gold rough nanocubes derived from gold nanocubes.
This structure exhibited efficient and reproducible SERS activity
for detecting organic pollutants and pesticide residues [23]. How-
ever, neither gold nanorods nor gold nanocubes exhibit enhance-
ment effects as potent as AuNBPs. The significantly enhanced
LSPR effect generated at the tips of AuNBPs renders them
highly promising for SERS substrate construction [24]. Currently,
the controllable synthesis of AuNBPs self-assembled monolayers
faces dual challenges. On one hand, conventional close-packing
or random adsorption methods struggle to effectively suppress
non-specific particle aggregation, leading to increased substrate
surface defects [25, 26]. For example, Li et al. found that
gold nanoparticle arrays assembled at a three-phase liquid-
liquid interface could undergo further contraction of nanogaps
via electrostatic interactions upon immersion in halogen ion
solutions, forming large-scale, tightly packed nanoparticle arrays
with an average adjacent particle gap of less than 3 nm [27].
Li et al. also assembled low-symmetry Kagome superlattices
using DNA-modified AuNBPs. By tuning the bipyramid size
and DNA length, they constructed two types of superlattices
with rhombohedral unit cells; one featured periodically stacked
Kagome lattices showing characteristics like lattice distortion,
bipyramid twisting, and planar chirality [28]. Both approaches
exhibited issues with self-assembly defects. On the other hand,
residual surface ligands (e.g., thiolated benzoic acid) often
require complex post-treatment steps (e.g., acid washing, solvent
extraction), which not only increase process costs but can also
damage the LSPR properties of the particle surfaces [29, 30].
For instance, Shi et al. reported a two-dimensional nanoparti-
cle liquid crystal superstructure self-assembled from AuNBPs,
exhibiting four distinct orientational arrangements: horizontal
(H-NLCS), circular (C-NLCS), slanted (S-NLCS), and vertical (V-
NLCS). Among these, V-NLCS demonstrated the highest Raman
enhancement factor, approximately 77 times higher than H-
NLCS and about 19 times higher than C-NLCS [31]. Ding et al.
proposed a novel strategy to enhance SERS performance by
precisely controlling tip arrangements of AuNBPs within two-
dimensional (2D) superlattices [32]. This method involved ligand
exchange of the AuNBPs followed by regulating the amount of
free ligands during liquid-gas interface self-assembly, successfully
fabricating large-area, transferable superlattice films with various
configurations [33-35].

However, despite significant progress in plasmonic nanostructure
assembly, several critical challenges remain unresolved for practi-
cal SERS applications. Conventional self-assembly methods often
suffer from poor signal reproducibility (relative standard devia-
tion typically exceeding 10%), non-uniform hotspot distribution,
and difficulties in achieving large-area uniformity control, which
significantly hinder their quantitative analysis and widespread
adoption. To address the challenge of controllable synthesis for
AuNBPs self-assembled films, this study proposes an optimized
liquid-gas interface self-assembly strategy combined with the

dynamic modulation of free-state ligands. This approach aims to
achieve precise control over the tip arrangement mode and gap
size of AuUNBPs, to explore their influence on SERS performance,
and to improve the local signal uniformity of AuNBPs-based SERS
substrates within ordered monolayer regions. Furthermore, we
tested the SERS performance of self-assembled films formed from
AuNBPs with different amounts of added free-state ligands. CV
was employed as the probe dye throughout our experiments.
By measuring the Raman signal intensity of CV, we observed
that the Raman signal initially increased and then decreased
with increasing concentrations of free-state ligands. To substan-
tiate our findings, we performed finite-difference time-domain
(FDTD) simulations. The simulation results demonstrated that as
the tip gap between adjacent AuNBPs decreased, the surrounding
electric field strength progressively intensified, and the number
of SERS hotspots gradually increased, showing good agreement
with our experimental observations.

2 | Results and Discussion

2.1 | Synthesis, Purification, and Modification of
AuNBPs

In this study, purified AuNBPs underwent surface modifica-
tion to construct self-assembled monolayers with SERS effects
via liquid-gas interface self-assembly. The specific procedure
is illustrated in Figure 1: Figure la depicts the experimental
process of monolayer formation, where PS-SH-modified AuNBPs
concentrated in toluene were drop-cast onto an ethylene glycol
(EG) surface. Upon slow evaporation of toluene, the AuNBPs
spontaneously assembled into a well-ordered, densely packed
monolayer. Figure 1b shows a schematic of the ligand exchange
process on AuNBPs surfaces, where CTAB was replaced by PS-SH
during modification. Figure 1c presents a transmission electron
microscopy (TEM) image of purified AuNBPs. Statistical analysis
of approximately 150 AuNBPs revealed an average length of
80.7 + 3.3 nm, an average diameter of 27.0 + 0.9 nm, and an aspect
ratio of approximately 3.0.

Figure S1 displays extinction spectra and photographic images of
AuNBPs before and after purification and modification. In Figure
Sla, the black spectrum corresponds to the initially synthesized
AuNBPs via the seed-mediated growth method, exhibiting a
longitudinal plasmon peak at 811 nm with a full width at half
maximum (FWHM) of 65 nm. The red spectrum represents
purified AuNBPs, showing a blue-shifted longitudinal peak at
797 nm with a reduced FWHM of 57 nm. Comparative analysis
of normalized spectra further indicated a significant decrease
in the intensity of the lateral plasmon peak around 500 nm
after purification. These results collectively demonstrate high
purity (>90%) of the purified AuNBPs, as confirmed by TEM
statistical analysis. The blue spectrum corresponds to PS-SH-
modified AuNBPs, with the longitudinal peak remaining nearly
unchanged at 810 nm, indicating stable dispersion in toluene
without aggregation.

To verify successful replacement of CTAB by PS-SH, PS-SH-
modified AuNBPs dispersed in toluene were mixed with water.
Figure SIb contrasts AuNBPs-CTAB aqueous solution (left vial:
toluene upper phase, AuNBPs-CTAB aqueous lower phase)
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FIGURE 1 | Synthesis and self-assembly of AuNBPs. (a) Schematic illustration of the liquid-gas interface self-assembly process for AuNBPs.

(b) Schematic illustration of the ligand exchange process for AuNBPs. (c) Transmission electron microscopy (TEM) image of AuNBPs. (d) High-angle

annular dark-field scanning transmission electron microscopy (HAADF-STEM) image. (¢) EDS mapping of PS-SH modified AuNBPs.

and AuNBPs-PS-SH toluene solution (right vial: AuNBPs-PS-SH
toluene upper phase, water lower phase). The pronounced phase
separation phenomenon confirms successful ligand modification
that converted AuNBPs from hydrophilic to oleophilic.

Further evidence of successful PS-SH modification was pro-
vided by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging (Figure 1d) and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Figure 1le). As PS-SH modified AuNBPs contain sulfur atoms,
the distinct spatial distributions of gold and sulfur elements in
the mapping results unequivocally demonstrate successful PS-SH
functionalization on the AuNBPs surfaces.

2.2 | Self-Assembled Monolayer

We employed liquid-gas interface self-assembly to form mono-
layers. Figure S2 displays a photograph and a low-magnification
scanning electron microscopy (SEM) image of a monolayer self-
assembled from AuNBPs-PS-SH. The photograph reveals that the
self-assembled monolayer spans approximately 1 X 1 cm? and
exhibits a distinctly bright, uniform golden-yellow color, contrast-
ing markedly with the brown hue of the AuNBPs solution. This
color change indicates highly ordered interparticle arrangement
within the monolayer, a pattern further corroborated by the
low-magnification SEM image. Further investigation focused on
modulating the interparticle spacing within the self-assembled

monolayers. We demonstrated that varying the concentration of
added free PS-SH substantially modulates the spacing between
AuNBPs particles in the monolayer. In our experiments, 20 pL
of AuNBPs-PS-SH solution was combined with 10 pL of PS-
SH solution at different concentrations (all in toluene), totaling
30 pL. This mixture was drop-casted onto an ethylene glycol
(EG) surface and covered with a glass slide to facilitate slow
toluene evaporation. Figure 2a-d present transmission electron
microscopy (TEM) images of monolayers formed with increasing
free PS-SH concentrations (0-1.2 mg/mL).

TEM imaging reveals that the monolayers consist of densely
packed rows of AuNBPs aligned along their longitudinal axes,
with these rows arranged in a highly ordered parallel con-
figuration to form the monolayer. Without added free PS-SH
(Figure 2a), significant gaps exist between adjacent AuNBPs
within the same row, with an average measured gap of
6.1 + 0.3 nm. As the free PS-SH concentration increased, adja-
cent AuNBPs within the same row progressively moved closer,
exhibiting a tip overlapping appearance in the two-dimensional
projection. At 0.4 mg/mL free PS-SH (Figure 2b), adjacent
particles predominantly achieved tip-to-tip alignment (exhibiting
a mixture of small gaps and incipient overlap, average tip gap
0.8 + 1.1 nm). At 0.8 mg/mL (Figure 2c), all adjacent AuNBPs
within rows demonstrated clear tip overlap, with an average
overlapping length of 7.9 + 0.8 nm. Further increasing the
concentration to 1.2 mg/mL (Figure 2d) resulted in significantly
enhanced tip overlap, reaching an average overlapping length of
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FIGURE 2 |
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Characterization of the monolayer structure self-assembled from AuNBPs-PS-SH. (a-d) TEM images of self-assembled monolayers

formed with different concentrations of free PS-SH. (e-h) Corresponding scanning electron microscopy (SEM) images.

18.2 + 1.5 nm. Crucially, the inter-row spacing remained largely
unchanged across this concentration range.

A distinct structural transition occurred at higher free PS-SH
concentrations. Figure S3a shows the TEM image of the structure
formed with 2 mg/mL free PS-SH. Here, the AuNBPs lost their
parallel row alignment and adopted a disordered arrangement
with significantly increased spacing (average particle spacing:
length 16.2 + 1.7 nm, width 8.1 + 1.3 nm). Figure S3b reveals
that at 4 mg/mL free PS-SH, disordered multilayered aggregates
formed instead of a monolayer. These observations establish
the principle: precisely modulating free PS-SH concentration
(0-1.2 mg/mL) allows accurate control over intra-row particle
spacing within AuNBPs monolayers. Increasing concentration
substantially enhances interparticle attraction, driving the transi-
tion within a row from separated gaps (6.1 + 0.3 nm at 0 mg/mL)
to progressively increasing tip overlap (up to 18.2 + 1.5 nm
at 1.2 mg/mL). This tunability arises from the dynamic PS-SH
ligand layer formed at the AuNBPs tips: its desolvation effects
and chain entanglement overcome steric hindrance, drawing
particles together [36]. However, exceeding the critical threshold
(>1.2 mg/mL) induces entropy-dominated interparticle repul-
sion, leading to three-dimensional disordered aggregation and
ultimately, collapse of the monolayer architecture. Figure 2e-h
show corresponding high-magnification SEM images for free PS-
SH concentrations from 0 to 1.2 mg/mL. These images exhibit
the same concentration-dependent spacing and tip arrangement
trends observed via TEM. Crucially, the SEM images provide
clear visual confirmation that the tip overlapping structure arises
from a “tip-on-tip” configuration, where the tip of one AuNBPs
physically rests upon the tip of its neighbor.

2.3 | SERS Performance of Self-Assembled
Monolayers

The SERS performance of AuNBPs monolayers was evaluated
by detecting CV (107> M). Figure 3a shows the Raman spectra
of CV (1075 M) adsorbed on self-assembled monolayers formed
with varying concentrations of free PS-SH. A clear trend emerges:
Raman intensity progressively increases from 0 to 1.2 mg/mL
free PS-SH, peaks at 1.2 mg/mL, and subsequently dimin-
ishes when concentration further increases to 4 mg/mL. This
concentration-dependent enhancement is more quantitatively
evident in Figure 3b, which compares the Raman intensities
at 1172 cm™ extracted from the spectra in Figure 3a. Figure 3c
displays the Raman spectra of CV, Rhodamine 6G (R6G), and
Methylene Blue (MB), both individually and as a mixture.
All dye molecules were detected on AuNBPs monolayers self-
assembled with 1.2 mg/mL free PS-SH, which corresponds to the
optimized tip-overlapping configuration exhibiting the strongest
electromagnetic coupling and highest SERS enhancement. Char-
acteristic peaks of all dye molecules remain identifiable in both
pure and mixed states, indicating that the optimized AuNBPs
monolayer can distinguish several representative Raman-active
dye molecules. It should be noted that the spectra of CV, R6G,
MB, and their mixture were acquired under identical Raman
acquisition parameters. The higher signal-to-noise ratio and
sharper peak definition observed for R6G may arise from its larger
Raman scattering cross-section, favorable molecular orientation,
and stronger effective adsorption or retention within the PS-SH-
modified plasmonic environment. Therefore, the present results
demonstrate multi-dye distinguishability for selected dye probes
rather than universal detection capability for all analytes.
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FIGURE 3 | (a)Raman spectra of Crystal Violet (CV, 107> M) adsorbed on self-assembled monolayers formed with varying concentrations of free
PS-SH. (b) Comparison of Raman intensities at 1172 cm™! for CV measured on different monolayer substrates. (c) Raman spectra of three dye molecules

and their mixture.

The intrinsic Raman contribution from the PS-SH ligand layer is
not obvious in the dye-loaded SERS spectra. This is reasonable
because the Raman cross-sections of the dye molecules under
633 nm excitation are much larger than that of the polystyrene
ligand, particularly for strongly Raman-active dyes such as CV,
R6G, and MB. As a result, possible weak vibrational features from
PS-SH, including phenyl-related modes or C-S vibrations, can be
overwhelmed by the dye signals. In addition, only the polymer
segments very close to the AuNBPs surface are located within the
strongest electromagnetic enhancement region, whereas most
PS chains extend away from the hotspot region. The brush-like
conformation of the ligand layer may further weaken well-
resolved ligand-related spectral features. Therefore, the spectral
assignments in this work mainly focus on the characteristic
Raman bands of the probe molecules. These results collectively
indicate that the interparticle electromagnetic (EM) coupling
within AuNBPs monolayers—tunable by the concentration of
free PS-SH—significantly influences SERS enhancement. Nev-
ertheless, the PS-SH ligand layer also introduces an inherent
limitation. Although it is essential for controlling the liquid-
air interfacial assembly and regulating the tip arrangement of
AuNBPs, the ligand layer partially passivates the gold surface
and may hinder the diffusion or adsorption of analytes with
weak affinity toward either gold or the polystyrene environment.
Therefore, the present substrate is expected to be more suitable
for molecules that can be effectively retained near the ligand-
modified hotspot region. For analytes with low surface affinity,
further surface engineering, such as optimizing ligand density,
introducing analyte-enrichment layers, or designing partially
accessible hotspot interfaces, may be required. The demonstrated
capability for selected multi-dye identification underscores the
substantial potential of these substrates for practical sensing
applications.

Figure 4a presents the Raman mapping corresponding to the 1172
cm™! peak for CV (10~ M) adsorbed on the AuNBPs monolayer
formed with 1.2 mg/mL PS-SH. A representative 10 pm X 10 um
square area was scanned across 100 distinct points, providing
compelling evidence for the excellent SERS uniformity within
the selected ordered monolayer region. Figure 4b shows the
Raman spectra of CV acquired at 20 randomly selected positions
on the monolayer. The spectra exhibit remarkable consistency.

Statistical analysis of the Raman intensities at 1172 cm™ yielded a
relative standard deviation (RSD) as low as 3.78% (Figure 4c), con-
firming excellent local signal reproducibility within the selected
ordered monolayer region. It should be emphasized that this RSD
value represents the intra-area uniformity at the micrometer scale
rather than the absolute uniformity over the entire centimeter-
scale transferred film. As suggested by the optical image and
low-magnification SEM image in Figure S2, minor macroscopic
defects and local discontinuities can still exist after liquid-air
interfacial assembly and film transfer. Therefore, inter-region or
inter-sample variations may be larger than the local RSD value
reported here. The high reproducibility demonstrated in this
work mainly arises from the ordered AuNBPs packing and uni-
form hotspot distribution within locally continuous monolayer
domains.

To investigate the relationship between the concentration of CV
deposited on the AuNBPs monolayer and the corresponding
SERS intensity, solutions of CV with varying concentrations
(1073 M to 1077 M) were drop-casted onto monolayers prepared
using 1.2 mg/mL PS-SH. Figure 4d displays the concentration-
dependent Raman spectra. A clear trend emerges: the SERS
intensity progressively increases with higher concentrations of
CV. The prominent peak at 1172 cm™! is primarily attributed
to the in-plane C-C stretching vibration of the benzene ring
backbone. This assignment represents the core and most reliable
vibrational mode for this dye molecule at this wavenumber.
The plot in Figure 4e illustrates the linear correlation between
the Raman intensity at 1172 cm™ and the CV concentration
across the range of 10 M to 1077 M, yielding a coefficient of
determination (R?) of 0.96802. This demonstrates the excellent
SERS sensitivity of the substrate. These results indicate that the
AuNBPs monolayer is capable of sensitive detection for prac-
tical samples, demonstrating considerable potential for diverse
sensing applications.

2.4 | Finite-Difference Time-Domain (FDTD)
Simulations

To validate the experimental findings, we performed finite-
difference time-domain (FDTD) simulations to model the
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FIGURE 4 | (a)Raman mapping corresponding to the 1172 cm™! peak for CV (10~> M) adsorbed on the AuNBPs monolayer formed with 1.2 mg/mL
PS-SH. (b) Raman spectra of CV measured at 20 different spots within the selected ordered monolayer region and (c) their intensities at 1172 cm™!.
(d) Concentration-dependent Raman spectra and (e) plots of SERS intensity vs. concentration for crystal violet collected on the optimized AuNBPs
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FIGURE 5 | FDTD simulations of electric field intensity distributions for AuNBPs monolayers self-assembled with varying concentrations of free
PS-SH ligands (a) 0 mg/mL, (b) 0.4 mg/mL, (c) 0.8 mg/mL, and (d) 1.2 mg/mL.

electromagnetic field distribution of the AuNBPs monolayers. mental conditions, with incident light polarized parallel to the
Computational models were constructed based on the TEM and longitudinal axis of the AuNBPs.

SEM images of self-assembled monolayers in Figure 2. The

dimensions of the AuNBPs particles precisely matched those of =~ This polarization configuration was selected to evaluate the
the synthesized AuNBPs, as depicted in Figure 5. Simulations strongest longitudinal plasmon coupling between adjacent
utilized a 633 nm excitation wavelength to align with experi-  AuNBPs. In the Raman measurements, the sample was tested
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in the standard backscattering configuration of the Raman
microscope without actively rotating the substrate to align the
AuNBPs rows with the incident laser polarization. Therefore,
the experimentally measured SERS signals should be regarded
as an orientation-averaged response from local AuNBPs domains
within the laser spot. Because the longitudinal plasmon mode
of AuNBPs is polarization-sensitive, local variations in the in-
plane orientation of AuNBPs rows may contribute to spot-to-spot
intensity fluctuations. Accordingly, the FDTD results represent
the optimized coupling configuration and provide mechanistic
insight into the trend of hotspot enhancement, rather than a
complete description of all possible in-plane orientations in the
experimental monolayer.

Figure 5 shows the simulated electric field intensity distributions
for AuNBPs monolayers self-assembled with different concen-
trations of free PS-SH. A clear trend emerges: the electric field
intensity progressively strengthened with increasing free PS-SH
concentration, reaching its maximum at 1.2 mg/mL. Specifically,
at 0 mg/mL (Figure 5a), the field intensity is relatively low,
with a maximum value of approximately 12 localized at the
tips. As the concentration increases to 0.4 mg/mL (Figure 5b),
the intensity rises to ~15 due to reduced interparticle gaps. At
0.8 mg/mL (Figure 5c), significant enhancement is observed as
tip overlapping initiates, yielding a field intensity of ~23. The
maximum enhancement is achieved at 1.2 mg/mL (Figure 5d),
where the tight tip-overlapping configuration drives the electric
field intensity to a peak value of ~38. For all AuNBPs monolayers,
intense and concentrated electromagnetic fields are generated
within the nanogaps between particles. This enhancement is
attributed to the dense array of gaps and crevices formed among
the gold nanoparticles within the monolayer, coupled with
progressively reduced interparticle distances, which dramatically
intensified particle-particle plasmonic coupling. These simula-
tions reveal that strong electromagnetic coupling, along with
dense and uniform hotspots, underpins the superior SERS per-
formance. Simulations were extended to configurations formed
with 2 mg/mL and 4 mg/mL free PS-SH (Figure S4). The
resulting electric field intensity significantly weakened, aligning
perfectly with experimental observations. At 2 mg/mL (Figure
S4a), the intensity drops back to ~12, and at 4 mg/mL (Figure
S4b), it further decays to ~8 due to structural disorder. Both
computational and experimental results consistently confirm that
the monolayer self-assembled with 1.2 mg/mL free PS-SH delivers
optimal SERS enhancement.

3 | Conclusions

In summary, we have successfully developed a novel approach for
precise tuning of tip gaps in AuNBPs self-assembled monolayers
via a free ligand concentration gradient. Our study revealed that
increasing the concentration of free PS-SH from 0 mg/mL to
1.2 mg/mL progressively drives the interparticle arrangement
from separated gaps (6 nm) to tip-overlapping configurations
(18 nm), substantially enhancing electromagnetic coupling. The
tip-overlapping structure formed at 1.2 mg/mL yielded maximal
SERS intensity for crystal violet detection and demonstrated
excellent local signal uniformity within ordered monolayer
regions, with an RSD of 3.78%. Furthermore, the AuNBPs
monolayer substrate allowed the identification of characteristic

Raman peaks from crystal violet, Rhodamine 6G, methylene
blue, and their mixture, demonstrating its capability for selected
multi-dye analysis. Nevertheless, because the AuNBPs surface
is modified with a PS-SH ligand layer, analyte accessibility to
plasmonic hotspots may depend strongly on molecular affinity
toward the ligand-modified surface. Future optimization of ligand
density and hotspot accessibility will be important for extending
this platform to weakly adsorbing analytes and more complex
practical samples. Furthermore, FDTD simulations confirmed
that the overlapping geometry generates dense, uniform hotspots,
while supra-threshold ligand concentrations induce hotspot
deactivation through entropy-driven 3D disorder aggregation.
This strategy overcomes the challenge of defect control in self-
assembled monolayers and provides an engineerable solution
for highly reproducible SERS detection in fields such as disease
screening and environmental pollutant monitoring [37, 38].

4 | Experimental Section

4.1 | Materials

All chemicals were used as received without further purification.
Hexadecyltrimethylammonium bromide (CTAB, >99.0%) was
purchased from TCI America. Chloroauric acid (HAuCl,), L-
ascorbic acid (AA, >99.99%), hydrochloric acid (HCI, 37 wt.%
in water), methyl blue, rhodamine 6G (R6G, 95%), crystal violet
(90%), ethylene glycol (98%) and methanol (99.5%) were pur-
chased from Shanghai Macklin Biochemical Technology Co.,
Ltd. Hexadecyltrimethylammonium chloride (CTAC, >99.0%),
sodium borohydride (NaBH4, 98.0%), sodium citrate dihydrate
(SC, 99.0%), silver nitrate (AgNO;, >99.8%), benzyldimethylhex-
adecylammonium chloride (HDBAC 95.0%), and tetrahydrofuran
(THF, 99.0%) were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. Thiol-terminated polystyrene (average
Mn = 5000, PDI < 1.1, named PS-SH-5 k) was purchased from
Sigma-Aldrich. Toluene (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 glassware were cleaned using
freshly prepared aqua regia (HCl in a 3:1 ratio by volume) followed
by rinsing with copious amounts of water.

4.2 | Synthesis and Purification of AuNBPs

AuNBPs samples were prepared using a seed-mediated growth
method [39]. Briefly, a freshly prepared ice-cold sodium boro-
hydride solution (0.025 M, 0.25 mL) was rapidly added under
vigorous stirring to a pre-mixed aqueous solution containing
chloroauric acid (HAuCl,, 0.01 M, 0.25 mL), sodium citrate
dihydrate (SC, 0.01 M, 5.0 mL), and cetyltrimethylammonium
chloride (CTAC, 0.1 M, 5.0 mL). After stirring for 2 min, the
seed solution was transferred to an 80°C water bath and slowly
stirred for 90 min, during which its color gradually changed
from brown to red. The seed solution was then removed from
the water bath and stored at room temperature. Next, 0.1 mL of
the seed solution was added to the growth solution, which was
composed of cetyltrimethylammonium bromide (CTAB, 0.1 M,
20.0 mL), chloroauric acid (HAuCl,, 0.01 M, 1.0 mL), silver nitrate
(AgNO;, 0.01 M, 0.2 mL), hydrochloric acid (HCI, 1.0 M, 0.4 mL),
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and L-ascorbic acid (AA, 0.1 M, 0.16 mL). The mixture was
gently inverted and mixed for 10 s, then left undisturbed at 30°C
overnight. To purify the AuNBPs, the solution was centrifuged
at 8000 rpm for 10 min. After discarding the supernatant, the
precipitate was redispersed in a CTAB solution (1.5 mM, 6.0 mL).
Depletion flocculation was then applied to remove impurity
particles by adding a high-concentration HDBAC solution (0.5 M,
14.0 mL), and the mixture was left undisturbed at 30°C in a
water bath for 24 h. Subsequently, the purple supernatant was
carefully decanted, and the precipitate was re-dispersed in a
CTAB solution (1.5 mM, 5.0 mL), followed by ultrasonication for
1 min to disperse the precipitate. The resulting purified solution
(brown) was centrifuged again at 8000 rpm for 10 min and washed
twice with a CTAB solution (1.5 mM, 5.0 mL) to remove excess
HDBAC. Finally, the purified AuNBPs were dispersed in a CTAB
solution (1.5 mM, 1.0 mL) for subsequent experiments.

4.3 | Surface Modification of AuNBPs With
Polystyrene Thiol (PS-SH)

An improved, simple, and efficient surface modification method
was employed. First, 4 mg of PS-SH was dissolved in 2 mL
of tetrahydrofuran (THF). Subsequently, the purified AuNBPs
solution (1 mL) was centrifuged to remove the supernatant and
then added to the THF solution. After ultrasonication for 120
min, the mixture was allowed to stand at room temperature
for 24 h, during which PS-SH successfully replaced the original
CTAB ligands on the AuNBPs surface, completing the surface
modification. The solution was then centrifuged at 8000 rpm, and
the supernatant was discarded. The precipitate was redispersed
in 5 mL of methanol and centrifuged again for washing. Finally,
5 mL of toluene was added, and the solution was centrifuged and
washed twice to remove excess PS-SH. The purified AuNBPs were
dispersed in 0.15 mL of toluene and stored.

4.4 | Self-Assembly and Transfer of AuNBPs
Monolayer

A liquid-air interfacial self-assembly method was employed to
fabricate AuNBPs monolayer membranes [40]. First, 2 mL of
ethylene glycol solution was added into the square wells of a
polytetrafluoroethylene (Teflon) mold. Subsequently, 30 uL of
PS-SH modified AuNBPs solution was carefully pipetted onto
the ethylene glycol surface. The mold was then covered with a
glass slide and placed in a 30°C environment, allowing toluene
(solvent) to slowly evaporate through the gap between the
Teflon mold and the glass slide. After 24 h, toluene completely
evaporated to form a solid monolayer. For membrane transfer, a
substrate was positioned beneath the floating membrane using
tweezers and gently lifted upward to collect the membrane layer.
Residual ethylene glycol was removed by drying the transferred
membrane in a vacuum desiccator.

4.5 | SERS Performance Test

SERS measurements were conducted using a LabRAM HR
Evolution Raman spectroscopy system with a 633 nm laser
excitation source. Silicon wafers were used as substrates and

were ultrasonically cleaned sequentially in acetone and ethanol,
followed by drying. AuNBPs monolayer films were transferred
onto the substrates via the method described above. Subsequently,
20 pL of a 10~ M crystal violet (CV) solution was drop-cast onto
the AuNBPs monolayer and allowed to dry prior to analysis. All
spectra were acquired using a 100x objective lens, resulting in
a laser spot size of approximately 1 pm, with a grating setting
of 150 g/mm. Typical acquisition parameters included a laser
power of 26 uW (attenuated by a 1% neutral density filter) and an
integration time of 1s. Unless otherwise stated, the Raman spectra
of CV, rhodamine 6G (R6G), methylene blue (MB), and their
mixtures were collected under identical experimental conditions.

4.6 | FDTD Simulations

The electric field in the monolayer film region was simulated
using the FDTD Solutions software package (Lumerical Solutions
Inc.). A total-field scattered-field (TFSF) source was used to
simulate the interaction of a 633 nm plane wave with AuNBPs.
The dimensions of the AuNBPs were set based on average
experimental measured values, with mesh division of 1 nm within
the boundaries. The spacing between AuNBPs was set according
to the actual gap, and the refractive index of the surrounding
medium was set to 1.4.

4.7 | Characterizations

All absorption measurements were captured on a UV-1900i spec-
trophotometer (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 (HITACHI,
Japan) operating at 100.0 kV. Energy disperse spectroscopy (EDS)
mapping was performed by a Fei-Talos-F200S operated at 200 kV.
Scanning electron microscopy (SEM) images were captured 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 26 yW (attenuated by a 1% neutral
density filter). The microscope images were captured using the
built-in optical microscope of the Raman equipment with a 100 X
objective lens.
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Figure S1. Surface modification and phase transfer of AuNBPs. (a) Extinction spectra of as-
synthesized (black), purified (red), and AuNBPs-PS-SH (blue). (b) Photographic comparison of
AuNBPs-CTAB aqueous solution (left) and AuNBPs-PS-SH toluene solution (right). After surface

modification, the AuNBPs-PS-SH can be dispersed well in toluene.



Figure S2. Low-magnification SEM image of the self-assembled monolayer formed from AuNBPs-

PS-SH. Inset: a photograph of the AuNBPs film on DEG.
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Figure S3. TEM images of monolayers self-assembled with different concentrations of free PS-SH

(a) 2 mg/mL (b) 4 mg/mL. When the free PS-SH concentration exceeds the critical threshold (>1.2
mg/mL), the AuNBPs monolayer structure undergoes a distinct structural transition: at 2 mg/mL,
the particles lose their parallel row alignment and adopt a disordered arrangement with significantly
increased spacing; at 4 mg/mL, disordered multilayered aggregates are formed, leading to the

complete collapse of the monolayer architecture.
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Figure S4. Finite-Difference Time-Domain (FDTD) simulations of electric field intensity
distributions for AuNBPs monolayers self-assembled with free PS-SH concentrations of (a) 2
mg/mL, and (b) 4 mg/mL. Simulations in Figure S4 reveal that the disordered structures induced by
excess free PS-SH (2 mg/mL and 4 mg/mL) lead to a significant attenuation of the electric field
intensity to approximately 12 and 8, respectively. This result aligns perfectly with experimental
observations, confirming that excessively high ligand concentrations weaken SERS performance

due to structural disorder.
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