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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are significant environmental contaminants with considerable health 
risks, emphasizing the need for effective monitoring and identification. On-site detection of PAHs using surface- 
enhanced Raman scattering (SERS) remains challenging due to their weak adsorption on substrates and potential 
interference from the substrates themselves. To address these challenges, we developed hollow raspberry-like 
plasmonic nanoaggregates made of functionalized-polystyrene hollow microspheres (HM) decorated with gold 
nanoparticles (Au NPs). These nanoaggregates feature a hydrophobic inner cavity that effectively enriches PAHs, 
improving detection sensitivity. Through enhanced plasmonic coupling by carefully controlling Au NPs coverage 
on polystyrene (PS) surfaces, functionalizing the amino groups on the microsphere surface, and fine-tuning the 
Au NP to PS ratio, our method achieved detection limits of 4 × 10− 8 M for pyrene, 6 × 10− 7 M for fluorene, and 
4 × 10− 7 M for benzo[a]anthracene. Moreover, this approach was effectively utilized for detecting PAHs in both 
Yellow River water and tap water. This study highlights the capabilities of hollow raspberry-like plasmonic 
nanoaggregates for qualitative and quantitative analysis of PAHs, thereby broadening the use of advanced 
nanomaterials in monitoring environmental water quality.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic 
pollutants mainly produced by the incomplete burning of fossil fuels and 
organic substances [1–3]. Human activities contribute significantly to 
PAHs contamination in both terrestrial and aquatic ecosystems [4], 
resulting in considerable environmental damage [5]. Long-term expo
sure to low concentrations of PAHs is associated with severe health 
problems, including asthma, cardiovascular disease, and dementia- 
related disorders [6–8]. Given their carcinogenic nature at low con
centrations, there is an urgent need for precise and efficient methods to 
detect PAHs [9].

Surface-enhanced Raman spectroscopy (SERS) is an effective method 
for identifying molecular fingerprints. This technique significantly 

amplifies signals at the single-molecule level through plasmonic “hot
spots”, which arise from strong local electromagnetic fields generated at 
the gaps between nanostructures or certain anisotropic nanostructures 
[10,11]. Creating these hotspots is essential for attaining single- 
molecule sensitivity in Raman detection. However, producing these 
hotspots necessitates a particular nanoparticle configuration, which 
restricts the broader applicability of SERS [12–15]. Drawing inspiration 
from raspberry structures, researchers have created raspberry-like ma
terials featuring evenly spaced nanoparticles. The gaps between these 
particles can produce Raman signal enhancements ranging from 104 to 
108, contingent on the distance between the nanoparticles [16–20].

Despite these advancements, Raman spectroscopy is notably sensi
tive to the highly polarizable C–C and C=C bonds present in PAHs, 
making it a powerful tool for elucidating their structural and 
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compositional characteristics [21]. However, strong fluorescence is 
often associated with PAHs that possess extensive π-conjugated ring 
systems or functional groups that enhance electronic transitions [22], 
causing fluorescence emission to shift into the spectral region where 
Stokes shifts are observed [23]. PAHs typically exhibit electronic tran
sitions in the 200–400 nm spectral region [24,25], resulting in weak 
Raman scattering under non-resonance conditions such as 532 nm, 633 
nm, 785 nm, compared to other compounds. Additionally, the aquatic 
matrix, including water and dissolved substances, can significantly 
impact SERS performance. Matrix components may interfere with the 
interaction between PAHs and the SERS substrate, leading to signal 
attenuation or masking. Furthermore, competition adsorption between 
PAHs and other molecules can further reduce the observed Raman sig
nals. Another major challenge for SERS detection is the limited affinity 
of PAHs for nanostructured gold or silver surfaces continues to pose a 
significant challenge for SERS detection, resulting in high detection 
limits [9,26]. One approach to address this challenge is to enhance the 
concentration of PAHs at SERS hotspots [27]. Various methods have 
been utilized to increase the concentration of analytes on SERS sub
strates. At molecular level, cage-like molecules featuring hydrophobic 
cavities, such as cucurbiturils (CBs), β-cyclodextrin (β-CD), and calix[4]
arene, have been employed to enhance SERS signal by creating host–
guest complexes that capture analytes [28–30]. In addition, multifunc
tional adsorption materials like graphene and carbon nanotubes can aid 
the detection of aromatic analytes, such as pyrene and anthracene, by 
capturing them through π-π electronic interactions [31,32].

Furthermore, hollow structures composed of gold or silver enhance 
SERS signals by providing increased surface areas for analytes adsorp
tion [33–35]. Similarly, hollow polymer microspheres enhance the 
adsorption of hydrophobic compounds in aqueous environments due to 
their inherent hydrophobic cavities [36–39]. For example, Yang et al. 
showed a notable enrichment of organic molecules inside hollow mi
crospheres, reaching an almost 400-fold concentration of 1-phenyletha
nol in water [40]. Among numerous polymers, polystyrene (PS) 
microspheres exhibit excellent adsorption of PAHs compared to similar 
polymers such as polyethylene terephthalate (PET), high-density poly
ethylene (HDPE), polyvinyl chloride (PVC), low-density polyethylene 
(LDPE), and polypropylene (PP) [41,42].

In this study, we report hollow raspberry-like nanoaggregates 
composed of hollow PS microspheres and gold nanoparticles (Au NPs) as 
SERS substrates for the detection of PAHs. Compared to conventional 
core–shell structures, hollow hydrophobic PS microcavities offer sig
nificant advantages in enhancing the accumulation of PAHs on SERS 
substrates. The inherent hydrophobicity of these cavities promotes an
alyte enrichment, while the raspberry-like structure provides a larger 
specific surface area and additional adsorption sites. This results in a 
significantly increased local analyte concentration at SERS hotspots, 
thereby enhancing signal intensity. Furthermore, the electrostatic self- 
assembly of raspberry nanoaggregates enables precise control over the 
surface coverage of Au NPs on the hollow PS microspheres. This allows 
fine-tuning of interparticle spacing, optimizing hotspot formation for 
improved SERS sensitivity, enhanced detection performance, and 
greater colloidal stability.

2. Experimental and simulation section

2.1. Materials

Gold chloride trihydrate (HAuCl4⋅3H2O), sodium citrate (> 98 %) 
and styrene (St > 99 %) were purchased from Aladdin Reagent 
(Shanghai) Co. Sodium 4-vinylbenzenesulfonate (Svb > 90 %), 
divinylbenzene (DVB > 80 %), 2,2′-azobis[2-methylpropionamidine] 
dihydrochloride (AIBA > 99 %), 2-(acetoacetoxy)ethylmethacrylate 
(AEMA > 95 %), 2-aminoethyl methacrylate hydrochloride (AEMH >
90 %), potassium persulfate (K2S2O8 > 99.5 %) were purchased from 
Shanghai Macklin Biochemical Technology Co., Ltd. Milli-Q water was 

used in all experiments. Environmental water for testing included the 
Yellow River water and tap water. The Yellow River water underwent 
pre-treatment, where the suspensions were filtered three times using a 
0.22 μm microporous filter. The tap water did not require this step. Both 
types of water were then spiked with PAHs at different concentrations 
(1, 5, and 10 μM).

2.2. Characterization

UV–visible (UV–Vis) spectroscopy was performed using a Tecan 
spark 10 M enzyme-labeled instrument to characterize the synthesized 
Au NPs and nanoaggregates. Dynamic light scattering (DLS) and zeta 
potential (ζ–potential) measurements were performed using a Broo
khaven 90Plus Pals instrument. Centrifugation was performed with a 
CENCE H1650 centrifuge. Transmission electron microscopy (TEM) 
images were captured with a JEM-2100 at an accelerating voltage of 
200 kV. Scanning electron microscopy (SEM) images were obtained with 
Hitachi S-4800 and JSM-6701F.

2.3. SERS detection

Raman spectroscopy was performed using a Raman spectrometer 
(Lab RAEMHR, Evolution-HORIBA FRANCE SAS) with a 633 nm heli
um–neon laser. The SERS substrates of functionalized hollow raspberry- 
like nanoaggregates were prepared by mixing a solution of Au NPs with 
functionalized hollow microspheres (h-PSb

+) in a 150:1 vol ratio. After 
observing a color transition from red to purple, a specific concentration 
of analyte solution (R6G, Pyr, Flu, and BaA) was introduced, resulting in 
a total solution volume of 300 μL. The mixture was incubated for 5 min 
before being transferred to a quartz cuvette with a 2 mm optical path for 
detection. Each sample underwent three repeat measurements, and the 
results were averaged for analytical purposes. Laser power was moni
tored using a THORLABS PM100A laser power meter after each exper
iment. The resultant signal intensity was expressed as counts s− 1 mW− 1 

after data conversion. Data processing employed the asymmetric least 
squares (ALS) technique for baseline correction, and a calibration curve 
was established based on characteristic peak intensities.

2.4. Synthesis of Au NPs

Au NPs of varying sizes were synthesized via a seeded growth 
strategy [43]. Initially, 150 mL of 2.2 mM sodium citrate was dissolved 
in deionized water and heated to boiling with magnetic stirring and a 
reflux condenser in an oil bath. After boiling for 5 min, 1 mL of HAuCl4 
(25 mM) was injected and reacted for about 30 min to form Au seeds. For 
the synthesis of Au NPs-1 (10 nm), the reaction mixture was cooled to 
90 ◦C after the Au seeds synthesis, followed by injecting 1 mL of HAuCl4 
(25 mM) and reacting for 30 min, a process repeated twice. Au NPs-2 
(23 nm) was prepared using Au NPs-1 as the seed solution. In this 
step, 55 mL of Au NPs-1 was mixed with 53 mL of deionized water and 2 
mL of sodium citrate (60 mM). The solution was heated to 90 ◦C, 1 mL of 
HAuCl4 (25 mM) was injected and reacted for 30 min, with this process 
repeated twice. For the synthesis of Au NPs-3 (33 nm), Au NPs-4 (42 
nm), and Au NPs-5 (54 nm), dilution growth steps were repeated using 
previous-generation Au NPs as the seed solution. All solutions were 
protected from light and stored at 4 ◦C.

2.5. Synthesis of seed PS microspheres

Amino-functionalized positively charged PS microspheres (PS+) 
were synthesized by adding 0.15 mmol of AEMA and 0.75 mmol AIBA to 
150 mL of deionized water. This mixture was degassed under nitrogen at 
room temperature for 60 min before heating to 80 ◦C, and then 75 mmol 
of St was added via syringe under nitrogen atmosphere. Polymerization 
proceeded vigorously at 80 ◦C for 24 h. The resulting PS+ microspheres 
were purified by centrifugation, washed thrice with deionized water, 
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and re-dispersed in 150 mL of deionized water.
To synthesize carbonyl-functionalized negatively charged PS mi

crospheres (PS-), 0.075 mmol Svb and 0.75 mmol K2S2O8 were added to 
150 mL of deionized water. The mixture underwent nitrogen degassing 
at room temperature for 60 min, followed by heating to 80 ◦C. St (75 
mmol) was added dropwise using a syringe needle under nitrogen at
mosphere, and polymerization proceeded vigorously at 80 ◦C for 24 h. 
The resulting PS- microspheres were purified by centrifugation, washed 
thrice with deionized water, and re-dispersed in 150 mL of deionized 
water.

2.6. Synthesis of functionalized core–shell microspheres

Functionalized core–shell microspheres were synthesized to control 
the ratio of carbonyl and amino groups on the microsphere surfaces with 
specific amount of AEMA and AEMH (Fig. 1a). Initially, an aqueous 
dispersion of PS+ colloids (45 mL) and 0.5 mmol of AIBA were added to 
55 mL of deionized water. After nitrogen degassing for 60 min at room 
temperature, the mixture was magnetically stirred at 80 ◦C, with sub
sequent steps generating core–shell microspheres with crosslinked PS 
shell. Amino-functionalized core–shell microspheres (cs-PSa

+) were 
synthesized by adding a mixture of 15 mmol St, 0.5 mmol of AEMH, and 
1 mmol of DVB. Bifunctionalized core–shell microspheres with an amino 
to carbonyl ratio of 2:1 (cs-PSb

+) was produced by combining 15 mmol of 
St, 0.5 mmol of AEMH, 0.25 mmol of AEMA, and 1 mmol of DVB. For 
bifunctionalized core–shell microspheres with a 1:1 amino to carbonyl 

ratio of (cs-PSc
+), a mixture of 15 mmol of St, 0.5 mmol of AEMH, 0.5 

mmol of AEMA and 1 mmol of DVB was used. Bifunctionalized core–
shell microspheres with a 1:2 amino to carbonyl ratio of (cs-PSd

+) were 
synthesized by adding 15 mmol of St, 0.25 mmol of AEMH, 0.5 mmol of 
AEMA and 1 mmol of DVB. Finally, carbonyl-functionalized core–shell 
Microspheres (cs-PSe

+) were obtained by adding 15 mmol of St, 0.5 mmol 
of AEMA, and 1 mmol of DVB. Each mixture was added dropwise using a 
syringe over a 10-minutes period.

2.7. Preparation of hollow microspheres

Functionalized core–shell microspheres were dispersed in DMF and 
placed in a centrifuge tube at room temperature. DMF was replaced 
every 4 h, repeated four times to ensure complete dissolution of the 
linear PS core. Following three washes with DMF, the hollow micro
spheres were rinsed thrice with deionized water and dispersed in 
deionized water.

2.8. Adsorption performance of core–shell and hollow microspheres for 
pyrene (Pyr)

Core-shell and hollow microspheres were separately mixed with a 
200 μM Pyr ethanol solution at 1:1 vol ratio. After 3 h of static mixing, 
the mixture underwent centrifugation, and the concentration of Pyr in 
the supernatant was measured using UV–Vis absorbance.

Fig. 1. (a) Schematic diagram of hollow raspberry-like plasmonic nanoaggregates synthesis. TEM characterization of (b) core–shell microspheres (cs-PS); (c) hollow 
microspheres (h-PS); (d) hollow raspberry-like plasmonic nanoaggregates (scale bar: 200 nm); (e) UV–Vis spectrum of 100 μM Pyr and the supernatant after 
adsorption by core–shell polystyrene (cs-PS) and hollow polystyrene (h-PS) microspheres, respectively; (f) UV–Vis spectrum of Au NPs and raspberry-like nano
aggregates (PS+@Au NPs) and (g) hydrodynamic diameters of PS+ and raspberry-like nanoaggregates (PS+@Au NPs).
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2.9. Adsorption and repolymerization of styrene (St) by hollow 
microspheres

A mixture of 5 mL of hollow PSb
+ microspheres (h-PSb

+) and 45 mL of 
deionized water was degassed under nitrogen at room temperature for 
60 min. The solution was then heated to 80 ◦C after adding 0.8 mmol St 
and 0.007 mmol AIBA. Polymerization continued 24 h, followed by re- 
dispersion of the product in 50 mL deionized water for subsequent 
experiments.

2.10. Synthesis of raspberry-like PS@Au NPs nanoaggregates

In a centrifuge tube, 150 μL of Au NPs solution was mixed with 1 μL 
of PS microspheres stock solution. A visible colour change from ruby red 
to purple indicated self-assembly into raspberry-like PS@Au NPs 
nanoaggregates.

2.11. Calculation of adsorption capacity (q)

According to Beer-Lambert’s law [44], which states that absorbance 
is directly proportional to concentration under specific conditions, 
measurements were taken at the maximum absorption wavelength of 
334 nm. A standard curve was constructed based on the UV–Vis ab
sorption spectra for Pyr ethanol solutions at different concentrations 
(Fig. S1a). Subsequently, UV–Vis absorption spectra of supernatants 
from both core–shell (cs-PS) and hollow polystyrene (h-PS) micro
spheres were measured (Fig. 1e), and concentrations were calculated by 
reference to the standard curve. The adsorption capacity (q) was 
calculated using the formula: 

q =
(c0 − c1)VM

W 

Where q represents the adsorption capacity, c0 and c1 represent the 
initial and final Pyr concentrations respectively, V represents the solu
tion volume, M represents the molar mass of Pyr, and W stands for 
adsorbent mass.

2.12. Calculation of Au NPs coverage rate (%) on PS microspheres

The coverage rate (%) was quantified by analyzing a 200 nm square 
area on each microsphere and calculating the number of Au NPs (NAu 

NPs) within it. The coverage rate (%) was calculated using the formula: 

%Coveragerate =
SAu NPs

Ssquare area
=

NAu NPs × Ssingle Au NP

Ssquare area
=

NAu NPs × πr2

l2 

where r represents the radius of Au NPs, and l represents the length of 
the selected square area (l = 200 nm).

2.13. Calculation of interparticle distance of Au NPs on PS microspheres

The interparticle distance of Au NPs on PS microspheres was deter
mined based on the surface area occupied by each Au NP (Soccupied by each 

Au NPs ), calculated using the coverage ratio. Given that l = 200 nm (the 
length of the selected square area of interest) and r is the radius of the Au 
NPs, the interparticle distance (nm) can be estimated using the formula: 

Interparticledistance(nm) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Soccupied by each Au NPs

√
− 2r 

2.14. Numerical simulation of raspberry-like plasmonic nano-aggregates

The optical properties of raspberry-like plasmonic nano-aggregates 
were simulated using a commercial finite-difference time-domain 
(FDTD) software package (Ansys Lumerical). To match experimental 
conditions, 54 nm Au NPs were randomly distributed in varying 
numbers (ranging from 10 to 500) along the surface of a PS hollow 

microsphere (inner diameter: 180 nm, outer diameter: 350 nm). The 
optical constant of Au was extracted from the literature [45],while the 
refractive index of PS was assumed to be 1.58 for the calculation 
simplicity. A linearly polarized plane wave (total-field scattered-field, 
TFSF source) was used as the illumination source, spanning a wave
length range of 400–800 nm. The source was positioned 100 nm from 
the nanoaggregate, which was centered inside a 500 nm × 500 nm ×
500 nm simulation box. The incident wave propagated toward the core 
of the nanoaggregate, with the polarization angle set as depicted in the 
corresponding schematics. The inner refractive index of the PS hollow 
microsphere was assumed to be 1 (air), while the surrounding envi
ronment was modelled as water (refractive index: 1.33) to simplify the 
simulations. A perfectly matched layer (PML) with dimensions of 1500 
nm × 1500 nm × 1500 nm was applied to mathematically simulate an 
infinite water environment, eliminating boundary interactions. For the 
3D visualization of the optical near-field enhancement in the plasmonic 
nano-aggregate, the ratio of |E/E0| within the simulation domain at 633 
nm was visualized using a scatter plot. The interval between scatter 
points was set to 5 nm, and 101 layers of 2D cross-sectional near-field 
distributions were computed along the nano-aggregate. To enhance the 
visibility of the near-field enhancement, regions where |E/E0| < 1.5 
were rendered transparent.

3. Results and discussion

3.1. Synthesis and adsorption properties of hollow microspheres

Fig. 1a illustrates the formation of linear PS seed microspheres 
through emulsion polymerization. These seed microspheres are utilized 
as sacrificial templates for the formation of functional core–shell mi
crospheres with a crosslinked shell layer by incorporating monomers 
with distinct functional groups. TEM was employed to investigate 
morphological changes. Fig. 1b illustrates the morphology of the cor
e–shell microspheres, whereas Fig. 1c displays the hollow microspheres 
created by removing the seed microsphere template. The unique hollow 
structure of these microspheres offers a significant advantage, as their 
cavities can effectively capture and enrich hydrophobic analytes in a 
hydrophobic microenvironment. This enhances the interaction between 
PAHs and the adsorption surface, facilitating π-cloud overlap between 
aromatic polystyrene and the adsorbed PAHs [42]. However, adsorption 
behavior may vary among different PAHs due to differences in their 
chemical structures. PAHs with lower hydrophobicity and molecular 
weight are expected to reach saturation faster than those with higher 
hydrophobicity and heavier molecular weight [46].

To demonstrate the enrichment capability for hydrophobic sub
stances, core–shell and hollow microspheres were used to adsorb a 100 
μM pyrene (Pyr) ethanol solution. The calculated adsorption capacities 
of Pyr for core–shell and hollow microspheres were 3.62 mg/g and 5.96 
mg/g, respectively, highlighting the enhanced enrichment potential of 
hollow microspheres.

To further visualize adsorption of hydrophobic substances within the 
cavity of hollow microspheres, the hollow microspheres were dispersed 
in 45 mL of deionized water and heated to 80 ◦C after the adsorption of 
styrene (St) monomers. Unlike PAHs, St contains polymerizable double 
bonds, allowing the enrichment effect of hydrophobic substances to be 
visualized by TEM following thermally induced crosslinking. Fig. S1b 
indicates that the initially empty microsphere cavity became filled with 
PS as a result of the enriched St. This transformation from the core–shell 
microsphere structure (Fig. 1b) clearly demonstrates the effectiveness of 
the experimental approach in demonstrating the adsorption capability 
of hollow microspheres for trace amounts of St in aqueous solutions.

3.2. Synthesis of raspberry-like plasmonic nanoaggregates via aqueous 
self-assembly

The synthesis of Au NPs is achieved through the surface-catalyzed 
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reduction of Au3+ by sodium citrate, resulting in a citrate capping layer 
that provides electrostatic stabilization to the Au NPs [43]. The UV–Vis 
spectrum (Fig. 1f, solid line) exhibits a localized surface plasmon reso
nance (LSPR) band centered around 529 nm, which aligns with the ex
pected optical properties of Au NPs with a TEM-determined diameter of 
approximately 54 nm [47].

Upon introducing positively charged microspheres (PS+) into the Au 
NPs solution, a noticeable redshift in the LSPR peak occurs, shifting from 
529 nm to 567 nm (Fig. 1f dotted line). This shift indicates significant 
plasmonic coupling and the formation of raspberry-like nanoaggregates. 
Based on Prashant’s theory [48], the fractional shift in plasmon reso
nance wavelength, specifically when polarized along the interparticle 
axis, decreases exponentially with the interparticle gap. The observed 
redshift is attributed to the significant reduction in interparticle distance 
among Au NPs on the microspheres surface, leading to enhanced plas
monic interactions compared to isolated Au NPs.

Dynamic light scattering (DLS) measurements (Fig. 1g) further 
confirm the successful self-assembly of Au NPs onto PS+ microspheres. 
The PS+ microspheres exhibit an average hydrodynamic diameter of 356 
± 4 nm, which increased to 459 ± 5 nm after Au NPs attachment. This 
size increase validates the formation of stable raspberry-like nano
aggregates, reinforcing the effectiveness of the electrostatic self- 
assembly process.

The formation of these raspberry-like nanoaggregates arises from the 
interplay between electrostatic attraction and van der Waals forces 
among Au NPs, leading to localized clustering rather than a uniform 

monolayer attachment. The structural arrangement enhances the SERS 
signal by increasing the number of plasmonic hotspots, although it may 
slightly reduce the accessible surface area for analyte binding.

To illustrate the role of electrostatic interactions between micro
spheres and Au NPs, negatively charged core–shell microspheres (PS-) 
were synthesized and mixed with Au NPs (Fig. S2a). The mutual 
repulsion arising from identical negative charges Au NPs and PS- mi
crospheres prevented the formation of raspberry-like nanoaggregates. 
This observation is supported by DLS measurements (Fig. S2b), which 
show no significant increase in the hydrodynamic diameter of PS- mi
crospheres compared to monodisperse PS- microspheres, with a peak at 
67 nm indicating the presence of isolated Au NPs. The UV–vis absorption 
spectrum confirms the absence of a redshift in the LSPR peak, further 
supporting the lack of nanoaggregate formation (Fig. S2c). Additionally, 
the appearance of a shoulder peak at 736 nm in the PS-@Au NPs spec
trum suggests that negatively charged microspheres destabilize the so
lution, leading to uncontrolled aggregation of Au NPs.

3.3. Tunable surface coverage of raspberry-like plasmonic nanoaggregates

The synthesis of hollow raspberry-like plasmonic nanoaggregates 
involves creating a polymer shell layer composed of cross-linked poly 
[styrene-co-2-(acetoacetoxy)ethylmethacrylate-co-2-aminoethyl meth
acrylate hydrochloride] (PS-co-PAEMA-co-PAEMH) (Fig. 1a). The 
amino groups in AEMH facilitate electrostatic interactions with citrate- 
stabilized Au NPs, while the carbonyl groups from the PAEMA section 

Fig. 2. (a 1–5) SEM images of nanoaggregates formed by Au NPs and five different core–shell microspheres (cs-PSa
+, cs-PSb

+, cs-PSc
+, cs-PSd

+, cs-PSe
+). Panels (a 6–10) 

show SEM images of nanoaggregates formed by centrifuged and re-dispersed Au NPs with the same microspheres (cs-PSa
+, cs-PSb

+, cs-PSc
+, cs-PSd

+, cs-PSe
+); (b) DLS 

results and ζ-potential measurements of the five core–shell microspheres; (c) Coverage rate of Au NPs on PS surface; (d) Corresponding interparticle distance of Au 
NPs obtained from SEM images. (scale bar: 500 nm).
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regulate the density of these amino groups on the surface of the hollow 
microspheres. The attachment of 54 nm Au NPs to the microsphere 
surface can be adjusted by varying the content of functional monomers, 
as shown in the TEM images in Fig. 1d, which highlight both the Au NPs 
and the hollow cavity.

The optical characteristics of hollow raspberry-like plasmonic 
nanoaggregates are significantly influenced by the spacing between Au 
NPs on the microsphere surface. Tunable coverage of Au NPs was ach
ieved by varying the molar ratio of functionalized monomers (AEMH 
and AEMA) in the hollow microsphere shell and adjusting the Au NPs: PS 

Fig. 3. Formation of hollow raspberry-like plasmonic nanoaggregates at different Au NPs: PS ratios. (a) Schematic illustration the formation process of hollow 
raspberry-like plasmonic nanoaggregates at Au NPs: PS volume ratios of 1, 5, 50, 150, along with the corresponding SEM images (scale bar: 500 nm); (b) Normalized 
UV–Vis spectrum showing the formation of hollow raspberry-like plasmonic nanoaggregates at various Au NP: PS volume ratios (experiment) and (c) corresponding 
simulations at various Au NP: PS number ratios;(d) LSPR peak wavelength of hollow raspberry-like plasmonic nanoaggregates as a function of the Au NPs: PS ratio 
(top: experimental results, bottom: numerical simulations). Red lines represent trend guidelines fitted with a Gaussian profile. (e) Optical near-field enhancements of 
hollow raspberry-like plasmonic nanoaggregates with varying numbers of Au NPs (10, 50, 100, 150, 200). The top panel shows 3D near-field distributions, while the 
bottom panel presents 2D cross-sectional views. (f) Corresponding number of spatial points within the simulation domain (500 nm × 500 nm × 500 nm, among a 
total of 1,030,301 points) where the near-field enhancement exceeds |E/E0| > 1. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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ratio during the self-assembly process. Amino groups, known for their 
favorable adsorption properties towards Au NPs [49,50], were incor
porated into the microspheres using AEMH, which contains an acrylate 
unit capable of polymerizing with styrene and features an amino group 
for Au NPs binding. AEMA, extensively employed as a scaffold for 
transitional metal catalysts [51–53], indicates its potential for loading 
metal nanoparticles as well. Incorporating AEMA into microsphere 
synthesis results in a modest reduction in surface potential due to the 
presence of carbonyl groups at AEMA terminals. Unlike monomers with 
carboxylic acid groups [19], the carbonyl group in AEMA exerts a 
relatively weaker negative charge density, minimally affecting surface 
potential. Therefore, AEMA was selected to adjust the amino group 
density on microsphere surfaces to control over Au NPs surface 
coverage. This design strategy allowed for the synthesis of core–shell 
microspheres denoted as cs-PSa

+ (AEMH), cs-PSb
+ (AEMH: AEMA = 2:1), 

cs-PSc
+ (AEMH: AEMA = 1:1), cs-PSd

+ (AEMH: AEMA = 1:2) and cs-PSe
+

(AEMA). cs-PSa
+ and cs-PSe

+ represent microspheres predominantly 
featuring amino and dense carbonyl groups on their surfaces, respec
tively. The density of amino groups on the surface of the hollow mi
crospheres was monitored by ζ- potential measurements, a reliable 

method for evaluating PS microsphere surface chemistry [54]. As 
illustrated in Fig. 2b, cs-PSa

+ exhibited an average ζ-potential of + 51.26 
mV, which reduced to + 2.73 mV in cs-PSe

+ with higher AEMA content, 
demonstrating effective control over surface potential by adjusting the 
ratio of functionalized monomer.

Au NPs successfully bound to the surface of all five cs-PS+ micro
spheres (Fig. 2a 1-5), albeit with varying degrees of coverage. Analysis 
of SEM images (Fig. 2a 1-5) allowed for the calculation of coverage rate 
and interparticle distance for each of the five cs-PS+ microspheres. 
Surprisingly, cs-PSb

+ microspheres, with a small number of carbonyl 
functional groups, exhibited the highest coverage at 68.1 %, which 
gradually decreased from cs-PSb

+ (68.1 %) to cs-PSe
+ (51.5 %). Notably, 

cs-PSb
+ nanoaggregates achieved a minimum interparticle distance of 

approximately 4 nm, demonstrating dense packing facilitated by 
AEMA’s uniform distribution of surface amino groups. Fig. 2a-1 illus
trates microspheres without AEMA addition, while Fig. 2a 2-5 show 
microspheres with AEMA. The additional of the carbonyl functionalized 
monomer (AEMA) resulted in a more uniform distribution of surface 
amino groups, enhancing the uniformity and density of Au NPs 
coverage. This finding aligns with existing literature highlighting 

Fig. 4. SERS detection using hollow raspberry-like plasmonic nanoaggregates. (a) Schematic diagram of the detection process; (b) SERS spectrum of 100 μM Pyr 
using both core–shell and hollow raspberry-like plasmonic nanoaggregates as the SERS substrate; (c-f) SEM images of hollow raspberry-like plasmonic nano
aggregates (h-PSb

+) formed with Au NPs of different sizes (23 nm, 33 nm, 41 nm, 54 nm) (scale bar: 500 nm); (g) SERS spectrum of 1 μg/mL R6G detected using 
hollow raspberry-like plasmonic nanoaggregates with different Au NPs sizes (23 nm, 33 nm, 41 nm, 54 nm, 62 nm); (h) Comparison of the SERS spectrum of 1 μg/mL 
R6G (black line) using hollow raspberry-like plasmonic nanoaggregates (h-PSb

+@Au NPs) with the normal Raman spectrum of 1000 μg/mL R6G (blue line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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AEMA’s role in improving particle stability during emulsion polymeri
zation [55].

To validate the role of citrate on Au NP surface interactions during 
the self-assembly of raspberry-like nanoaggregates, a centrifugation and 
redispersion cycle was performed to reduce the effective thickness of the 
citrate layer on Au NPs [56]. Fig. 2a 6–10 shows the formation of 
raspberry-like nanoaggregates using centrifuged and re-dispersed Au 
NPs with the five different microspheres. The diminished citrate layer on 
the Au NPs surface weakened electrostatic interactions, resulting in an 
overall reduction in coverage. Additional investigations varying sodium 
citrate concentrations (1.2 mM, 2.4 mM, 3.2 mM and 4.0 mM) directly 
added to the centrifuged and redispersed Au NPs solution (Fig. S3) 
showed no significant improvement in surface coverage. This un
derscores the necessity of citrate during Au NPs synthesis for effective 
oxidized and stably attachment to their surface.

Adjusting the Au NPs: PS ratio allows precise control over the 
coverage percentage of nanoaggregates. The h-PSb

+ microspheres, with 
an AEMH: AEMA ratio of 2:1, exhibited optimal performance in forming 
hollow raspberry-like nanoaggregates (henceforth abbreviated as PS in 
the following description). We investigated the impact of the Au NPs: PS 
ratio on solution stability and nanoaggregates morphology by varying 
the PS content while keeping a constant amount of Au NPs, evaluating 
coverage and stability. Hollow raspberry-like plasmonic nanoaggregates 
were successfully formed across Au NPs: PS ratios ranging from 1 to 
1000. UV–Vis spectra recorded after 5 min of self-assembly (Fig. 3b-d) 
revealed the LSPR wavelength of hollow raspberry-like plasmonic 
nanoaggregates at various Au NPs: PS ratio.

At Au NPs: PS ≤ 1, PS microspheres dominated as the major 
component (Fig. 3 a-i). The presence of Au NPs minimally affected the 
solution’s ionic strength, enabling robust electrostatic repulsion among 
PS microspheres. A slight increase in Au NPs content disrupted the 
electrostatic balance between PS-PS repulsion and Au NP-PS attraction, 
leading to extensive aggregation and rapid precipitation within 10 min 
(Fig. 3 a-ii).

In the range of 10 ≤ Au NPs: PS ≤ 100, increased Au NPs content 
enhanced surface coverage on PS microspheres, maintaining stability 
through electrostatic repulsion between Au NPs surface and adjacent PS 
microspheres. This reduced the adhesion of individual Au NPs to mul
tiple PS microspheres, maintaining colloidal stability for up to 30 min 
without precipitation. A redshift in wavelength indicated reduced 
spacing between adjacent Au NPs on the PS surface (Fig. 3 a-iii).

Upon reaching an Au NPs: PS volume ratio of 100–150, the wave
length experienced the furthest redshift at 562 nm (Fig. 3b), indicating 
saturated Au NPs coverage on PS surface. Further increases in Au NPs: 
PS reduced the redshift due to isolated Au NPs, indicating saturation of 
Au NPs coverage. Fig. S4 presents the extinction LSPR peaks of hollow 
raspberry-like plasmonic nanoaggregates, which reflect the extent of 
plasmonic coupling between Au NPs within the nanoaggregates. The 
most pronounced redshift occurs at a volume ratio of 150, signifying the 
strongest plasmonic interactions.

This redshift in plasmonic resonances is further supported by nu
merical simulations (Fig. 3c). As the Au NPs: PS number ratio increases 
from 10 to 100, the plasmonic resonance redshifts. However, beyond a 
ratio of 100, a blueshift is observed, consistent with experimental re
sults. This behavior arises from the finite density of optical hotspots 
(near-field enhancements, Fig. 3e), which is constrained by the 
maximum number of Au NPs that can physically attach to the available 
PS microsphere surface.

As shown in Fig. 3d, both experiment and simulation results align, 
demonstrating that the LSPR peak can be precisely tuned by adjusting 
the Au NPs: PS ratio. A more detailed visualization of near-field distri
butions is provided in Fig. S5, showing 2D cross-sectional slices of op
tical near-field enhancements at different sections of each raspberry-like 
plasmonic nanoaggregate. Notably, an analysis of coordinate positions 
with near-field enhancements exceeding the incident field at 633 nm 
(the laser wavelength used for SERS) reveals that number ratios above 

80 generate the highest hotspot density per aggregate (Fig. 3f). This 
configuration maximizes SERS signal enhancement, making it the most 
effective structure for achieving strong Raman signals.

To experimentally validate the optimal Au NPs to PS ratio for SERS 
applications, volume ratios ranging from 50 to 1000 were evaluated 
using 1 μg/mL R6G. As show in Fig. S6, the strongest signal was 
observed at a volume ratio of 150, aligning with maximum redshift 
observed in Fig. S4. Therefore, this ratio was selected for subsequently 
SERS measurements. Additionally, Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) and Energy Dispersive Spectroscopy (EDS) an
alyses were conducted to determine the actual mass ratio of Au NPs: PS 
(Fig. S7). The ICP-MS data indicate an Au mass concentration of 0.205 
g/L, confirming an actual mass ratio of Au NPs: PS of approximately 
153:1.

3.4. SERS detection of PAHs using hollow raspberry-like plasmonic 
nanoaggregates

In the detection procedure, analytes are introduced into the mixture, 
followed by SERS detection in a quartz cuvette (Fig. 4a). Compared to 
Au NPs [57–61], the hollow raspberry-like plasmonic nanoaggregates 
exhibit significantly reduced uncontrolled aggregation upon analytes 
addition over several hours, ensuring stable SERS signals throughout the 
testing period (Fig. S8a). The relative standard deviation (RSD) of the h- 
PSb

+@Au NPs remained at 1.16 % over 90 days (Fig. S8b), demonstrating 
excellent long-term storage stability and readiness for rapid use. Addi
tionally, SERS analysis of the hollow raspberry-like plasmonic nano
aggregates reveals minimal background noise and no interference peaks 
in the Raman spectrum (Fig. S8c). The use of a liquid-based SERS sub
strate ensures a homogeneous distribution of analytes. Analyzing 10 
randomly selected points from a 1 μg/mL of Rhodamine 6G (R6G) so
lution confirms high reproducibility, with an RSD value of 5.62 % 
(Fig. S8d).

To assess the impact of cavity enrichment on SERS enhancement, we 
compared the adsorption characteristics and SERS performance of hol
low and core–shell raspberry-like plasmonic nanoaggregates. Both types 
were tested under identical conditions by adsorbing 100 μM Pyr 
(Fig. S9). The hollow nanoaggregates exhibited a 7.38 % higher 
adsorption rate than the core–shell structures, confirming that the cavity 
design improves adsorption efficiency for hydrophobic analytes. As a 
result, the detection of 100 μM Pyr showed a 2-fold amplification in the 
SERS signal for hollow nanoaggregates (Fig. 4b), highlighting the 
impact of enrichment effects. Although the inner cavities are not directly 
adjacent to the hotspots, they influence the local concentration of ana
lyte across the entire nanoaggregates, including the hotspot regions 
where most SERS signals originate.

The size and morphology of Au NPs significantly affect Raman 
characteristics. In this study, four different hollow raspberry-like 
nanoaggregates (h-PSb

+@Au NPs) were characterized by SEM, 
revealing that Au NPs of different particle sizes can form raspberry-like 
nanoaggregates with hollow PS microspheres (Fig. 4c-f). Previous 
studies simulating the electric field enhancement of Au NPs of different 
sizes at 633 nm demonstrated that Au NPs around 50 nm exhibit the 
strongest field enhancement, which directly correlates with superior 
SERS performance [62]. Using R6G as a Raman probe, we systematically 
examined the relationship between SERS properties and Au NPs size 
(ranging from 23 nm to 62 nm) in these nanoaggregates. Our experi
mental results confirm that Au NPs around 50 nm provide the optimal 
electric field enhancement (Fig. 4g). Specifically, analysis of two char
acteristic peaks of R6G at 1361 cm− 1 and 1508 cm− 1 revealed 
enhancement factor (EF) of 1.02 × 105 and 1.48 × 105, respectively, 
underscoring the significant signal enhancement achieved through the 
raspberry-like nanostructures (Fig. 4h).

The hydrophobic cavities within the hollow raspberry-like plasmonic 
nanoaggregates facilitate the successful detection of ultra-low concen
trations of PAHs, such as pyrene (Pyr), fluoranthene (Flu) and benzo[a] 
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anthracene (BaA). Table 1 and Fig. 5 show the ultra-low detection limit 
for these PAHs, demonstrating the combined effects of cavity enrich
ment and built-in hotspots. Specifically, detection limits were deter
mined to be 4 × 10− 8 M for Pyr, 6 × 10− 7 M for Flu and 4 × 10− 7 M for 
BaA. Existing Pyr detection methods often rely on analyte-induced ag
gregation strategies [60,61], which compromise solution stability and 
repeatability (Table S1). Moreover, alternative enhancements ap
proaches using pillar[5]arene [63], β-cyclodextrin [64], graphene oxide 

(GO) [65], alkyl chain [66] and humic acids [67] require complex 
modification process. While the coffee ring effect [68] induced by 
evaporation can efficiently concentrate analytes, it inevitably reduce 
substrate uniformity, further limiting reproducibility. In contrast, our 
hollow raspberry-like plasmonic nanoaggregates achieves ultra-low 
LOD while ensuring remarkable repeatability due to their stable, 
solution-based SERS substrate, significantly enhances reliability and 
consistency in detection (Table S1 - S3).

To further understand the detection mechanism, we analyzed the 
relationship between analyte concentration and Raman intensity 
revealing distinct behaviors for different PAHs. At low concentrations, 
Raman intensity exhibited a linear relationship with analyte concen
tration. However, as the concentration increased, Pyr exhibited a loga
rithmic trend, indicating a diminishing rate of peak intensity increase 
due to the fixed number of hotspots. At low analyte concentrations, 
analyte molecules efficiently access these hotspots, resulting in a strong 
signal. However, as concentration increases, additional molecules 
accumulate at the periphery of saturated hotspots, leading to reduced 
signal amplification. Conversely, Flu and BaA showed segmented trends 
across the measurement range, with Flu showing two distinct linear 
relationships. The slope in the higher concentration range was more 

Table 1 
SERS detection of Pyr, Flu and BaA, and fitting relationships.

Fitting relationship
Analytes LOD Low concentration Broad concentration

Pyr 4 × 10-8 

M
0.3–1.0 μM 
y = -0.3301 + 3.2070x (R2 

= 0.9912)

0.04–100 μM Logistic 
fitting  
(R2 = 0.9988)

Flu 6 × 10-7 

M
0.6–1.0 μM 
y = -0.5629 + 1.8145x (R2 

= 0.9675)

1–100 μM 
y = 2.3401 + 0.1131x (R2 

= 0.9995)
BaA 4 × 10-7 

M
0.4–1.0 μM 
y = -0.2710 + 1.3930x (R2 

= 0.9929)

1–80 μM 
y = 1.0240 + 0.1365x (R2 

= 0.9926)

Fig. 5. Raman spectrum of analytes (Pyr, Flu, BaA), (a-c) concentration-dependent SERS signal of analytes using hollow raspberry-like plasmonic nanoaggregates (h- 
PSb

+@Au NPs) as the SERS substrate, and (d-i) fitting relationships for SERS intensity at characteristic Raman shift.
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than an order of magnitude smaller than in lower concentrations, 
highlighting the higher sensitivity of SERS for detecting trace number of 
analytes.

To assess the capability of our SERS substrate in distinguishing in
dividual PAHs within a mixture, we conducted experiments using an 
aqueous solution containing equal concentrations (50 µM) of Pyr, Flu, 
and BaA. By selecting distinct, non-interfering Raman characteristic 
peaks at 592, 740, and 714 cm− 1 for Pyr, Flu, and BaA, respectively, we 
successfully identified each PAHs within the mixture without spectral 
interference (Fig. S10). These results demonstrate that our sensor 
effectively differentiates individual PAHs based on their unique Raman 
spectral signatures.

3.5. SERS detection of PAHs in environmental water using hollow 
raspberry-like plasmonic nanoaggregates

To evaluate the effectiveness of our nanoaggregates as a SERS sub
strate for detecting PAHs in environmental water samples, we spiked the 
Yellow River water and tap water with 1, 5, and 10 μM concentrations of 
Pyr, Flu and BaA. SERS analysis of the unspiked environmental water 
samples revealed no detectable PAHs, confirming that the original water 
samples were free of these compounds (Fig. S11a). Follow spiking, we 
calculated the recoveries of PAHs using characteristic fitting equations 
(Fig. S11 b-d), with detailed results in Table 2. The recoveries for Pyr, 
Flu, and BaA ranged from 90 % to 115 %, demonstrating the method’s 
high accuracy. These findings confirm that our approach is highly 
effective for detecting PAHs in environmental water samples.

4. Conclusions

In summary, the hollow PS@Au NPs plasmonic nanoaggregates 
synthesized in this study demonstrate dual functionality, enabling both 
the enrichment and detection of analytes. Their application in surface- 
enhanced Raman spectroscopy (SERS) in solution form effectively 
overcomes the inconsistencies associated with solid SERS substrates and 
significantly enhances the detection of hydrophobic analytes, such as 
polycyclic aromatic hydrocarbons (PAHs), by leveraging hollow poly
mer microspheres as the adsorption material. The detection limits for 
pyrene (Pyr), fluorene (Flu) and benzo[a]anthracene (BaA) were 
determined to be 4 × 10− 8 M, 6 × 10− 7 M and 4 × 10− 7 M, respectively. 
This approach was successfully applied to environmental water samples, 
including the Yellow River water and tap water, demonstrating high 
sensitivity and accuracy in PAHs detection, thereby highlighting the 
potential of these nanoaggregates for identifying hydrophobic analytes 
at ultra-low concentrations. Additionally, the capacity to control the size 
of the assembled metal nanoparticles and adjust the interstitial gaps 
within the raspberry-like structure enhances the accessibility of active 
sites. This study highlights the capabilities of hollow raspberry-like 
plasmonic nanoaggregates for quantitative analysis of PAHs, thereby 
broadening the use of advanced nanomaterials in monitoring environ
mental water quality.
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