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Acute myocardial infarction (AMI) is a severe cardiovascular disease, for which early diagnosis is critical for
reducing mortality and improving patient outcomes. Cardiac troponin | (cTnl) is widely recognized as the
“gold standard” biomarker for AMI due to its high specificity and sensitivity. The concentration of cTnl cor-
relates directly with different stages of AMI. Therefore, the accurate detection of cTnl concentration is of
paramount importance. However, the low concentration of cTnl in biological fluids requires ultrasensitive
detection methods. In this study, we developed a sandwiched surface enhanced Raman scattering
(SERS)-based biosensor composed of SERS-immune substrate, target antigen, and SERS nanotags and
realized sensitive and accurate detection of cTnl. The SERS-immune substrate features an ordered, multi-
tipped monolayer of Au nanostars fabricated using a three-phase interfacial self-assembly method and 4-
(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid (HEPES) buffer modification. Compared to Au nano-
sphere SERS substrates, the Au nanostar SERS substrates exhibited about a 3-fold increase in Raman
enhancement and demonstrated good uniformity and batch stability. This novel SERS detection platform,
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leveraging dual plasmonic enhancement from both the SERS-immune substrate and SERS nanotags,
achieves detection of cTnl with a limit of detection (LOD) as low as 9.09 pg mL™ and a relative standard
deviation (RSD) as low as 11.24%. Thus, the Au nanostar SERS substrates developed in this study demon-

rsc.li/analyst strate significant potential for rapid and accurate detection of cTnl.

Currently, the determination of AMI relies primarily on
measuring the concentration of biomarkers in blood samples.

Introduction

Cardiovascular diseases (CVD) are the leading cause of death
worldwide. According to the World Health Organization
(WHO), over 23.3 million people are projected to die from CVD
annually by 2030." Acute myocardial infarction (AMI), a clinical
manifestation of CVD, is characterized by myocardial necrosis
(cell death) resulting from prolonged ischemia and reduced
cardiac blood supply. This condition leads to irreversible myo-
cardial damage caused by hypoxia and is a leading cause of
CVD-related mortality.” Therefore, early diagnosis is crucial for
effective treatment of AMI patients.
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The diagnosis of AMI depends on the detection of multiple
biomarkers, including cardiac troponin T (c¢TnT), cardiac tro-
ponin I (cTnl), and creatine kinase MB (CK-MB).>”® Previous
studies have demonstrated that although both cardiac tropo-
nins are closely related to CVD mortality, cInl exhibits a
higher correlation with AMIL® Therefore, c¢Tnl is regarded as
the “gold standard” for AMI diagnosis and is recommended as
a Class I indication. In healthy individuals, cTnlI levels are typi-
cally around 0.4 ng mL™", while levels exceeding 2.0 ng mL™"
are indicative of an increased risk of future cardiac events.”
These events may include recurrent AMI, heart failure, cardiac
arrest, or the need for cardiac surgery. Once AMI occurs, cTnl
levels rise rapidly within 4 hours and remain in the blood for
about 4-10 days.® Accurate quantification of c¢Tnl levels and
prompt diagnosis within this golden window can substantially
enhance treatment efficacy and save lives.

Currently, various detection and quantification methods
have been developed for different protein biomarkers of AMI,
including enzyme-linked immunosorbent assay (ELISA), che-

Analyst, 2025, 150, 2239-2250 | 2239


http://rsc.li/analyst
http://orcid.org/0000-0002-2255-4261
http://orcid.org/0000-0002-2804-9346
http://orcid.org/0000-0003-0373-5873
https://doi.org/10.1039/d5an00171d
https://doi.org/10.1039/d5an00171d
https://doi.org/10.1039/d5an00171d
http://crossmark.crossref.org/dialog/?doi=10.1039/d5an00171d&domain=pdf&date_stamp=2025-05-21
https://doi.org/10.1039/d5an00171d
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN150011

Published on 18 April 2025. Downloaded on 4/12/2026 12:24:33 AM.

Paper

miluminescent immunoassay (CLIA), fluorescent immuno-
assay (FIA), electrochemical immunoassay, and surface-
enhanced Raman scattering (SERS) techniques. ELISA offers
several advantages, including good specificity, cost-effectiveness,
and reproducibility.” However, its complexity, time consump-
tion, limited sensitivity, and susceptibility to interference are
significant limitations.'® CLIA is widely used in clinical AMI
detection due to its light source independence and broad
dynamic range,'™"? yet the relatively high costs of instruments
and reagents are significant drawbacks.'® FIA is preferred for
AMI detection due to its non-destructive nature, high sensitivity,
and ease of labeling.'*'> However, fluorescence methods still
face limitations such as high cost, poor photostability, and
photobleaching.'®'” Electrochemical immunoassay has advan-
tages like good selectivity, simple equipment, and fast
response.'®'® However, its preparation process is complex and
involves multiple sample handling steps, which can limit its
widespread application in routine clinical settings.>

The SERS technique, characterized by its high sensitivity
and non-destructive nature, provides a novel approach to over-
come the limitations of traditional in vitro diagnostic methods
such as fluorescence and chemiluminescence.>"*> SERS-based
biosensors offer several significant advantages: (1) Exceptional
sensitivity: capable of detecting down to the single-molecule
level. (2) Excellent selectivity: provides detailed molecular fin-
gerprints through functionalization of SERS substrates with
specific ligands, antibodies, or aptamers, enabling highly
specific and selective binding to target molecules. (3)
Multiplex detection: allows simultaneous detection of multiple
analytes using a single excitation wavelength. (4) Minimal
sample requirement: requires only trace amounts of samples,
enabling rapid detection and facilitating emergency and on-
site testing.>® In recent years, SERS biosensors have been used
for the detection and bioanalysis of various diseases, including
different types of cancer,>**> neurodegenerative diseases,”®?’
cardiovascular diseases, infectious diseases, and parasitic
infections.”® As a powerful analytical tool, SERS shows great
application potential in the field of biochemical detection and
is expected to play a more critical role in future biomedical
research and clinical diagnostics.*™"

To date, researchers have proposed various SERS probes
and SERS immuno-substrates based on noble metal nano-
structures for the detection of myocardial biomarkers. Cheng
et al. used SERS immunoprobes (Au@Ag core-shell nano-
particles with bilayer MGITC as Raman reporter molecules)
and gold array chips to achieve sensitive detection of ¢TnI and
CK-MB, with limits of detection (LODs) estimated to be 8.9 pg
mL™" and 9.7 pg mL™", respectively.>*> Gao et al. developed a
new plasmonic nanostripe microcone array substrate inte-
grated microfluidic chip for the simultaneous SERS-based
immunoassay of the CK-MB and cTnl cardiac markers. This
chip achieved an impressively low LOD of 0.01 ng mL ">
Wang et al. used 5,5-dithiobis-(2-nitrobenzoic acid)-labeled
gold arrays as a SERS signal to effectively achieve signal self-
calibration. In addition, an aptamer targeting cTnlI and 4-mer-
captobenzoic acid (4-MBA) as a secondary SERS signal were
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anchored onto porous gold (pAu) to form a pAu-based signal
probe. The resulting ratiometric aptasensor exhibited a low
LOD down to 0.27 pg mL™'.** Additionally, Lee et al. immobi-
lized Raman reporter molecules Cy5 and aptamers with strong
affinity for ¢Tnl on gold nanoplates to prepare SERS aptamer
probes for c¢Tnl detection. By detecting the SERS signals of the
sandwich immunoassay structure, they achieved LODs of 2.4 fg
mL™" and 2.4 pg mL™" for cTnl in buffer solution and serum,
respectively.”® These results clearly demonstrate that SERS bio-
sensors based on immunorecognition or aptamer recognition
exhibit extremely high sensitivity in c¢Tnl detection, highlight-
ing their significant technical advantages.

In SERS-based immunoassays, the Raman scattering
signals of reporter molecules are significantly enhanced at
SERS-active sites, commonly referred to as “hot spots”.*® The
formation of these “hot spots” is closely related to the size,
shape, and arrangement of the nanoparticles on the sub-
strate.>” Therefore, constructing substrates with high-density
and high-enhancement SERS “hot spots” is crucial for achiev-
ing excellent SERS performance.*® Among all the fabrication
techniques, solid-state SERS substrates fabricated using self-
assembly techniques offer several key advantages, including
uniformity, stability, and portability. Moreover, they enable
large-area production, making them the most widely used
SERS substrates to date. Common self-assembly methods
include chemical adsorption, physical adsorption, and inter-
facial self-assembly. Chemical adsorption self-assembly is a
technique that forms ordered films spontaneously through
chemical bonding based on intermolecular interactions.*®
Physical adsorption self-assembly utilizes electrostatic inter-
actions to uniformly assemble nanoparticles onto the substrate
surface.*® However, both methods have high requirements for
the micromorphology and surface properties of the substrate
and face limitations in constructing dense and ordered
nanoarrays. The random distribution of substrate-loaded Au or
Ag nanoparticles leads to poor reproducibility, which poses a
major challenge to the performance and application of SERS
substrates.

In contrast, interfacial self-assembly is straightforward and
operationally simple. The resulting substrates exhibit dense
nanoparticle compositions, with nanoscale gaps between
nanoparticles serving as highly sensitive SERS “hot spots” that
are uniformly distributed.*" Therefore, monolayers of nano-
particles assembled by interfacial self-assembly are considered
one of the most promising SERS substrates. However, pre-
loaded noble metal nanoparticles, such as gold nanoparticles,
are challenging to grow continuously on substrates using tra-
ditional room-temperature growth processes and common
reducing agents like ascorbic acid to form nanostructures with
controlled shapes. To date, devising an effective strategy that
can preserve the initial arrangement of seed particles while
enabling their controllable growth into morphologically
diverse, substrate-supported nanoparticles remains a signifi-
cant challenge in the field of nanotechnology.**

In this work, we developed a SERS biosensor featuring mul-
tiple “hot spots” for the quantitative detection of cTnl. As
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Fig. 1 Schematic diagram of the preparation process of the SERS-active immunoassay biosensor.

shown in Fig. 1, we first constructed an ordered, multi-tipped
monolayer of Au nanostars as the SERS substrate using a
three-phase interfacial self-assembly method.** Subsequently,
the primary antibody was immobilized on the SERS substrate
via 11-mercaptoundecanoic acid (11-MUA). Then, we used
4-MBA as the Raman reporter molecule to label Au nano-
particles (Au NPs) as SERS nanotags for antigen recognition.
When the target antigen is present in the sample, a sandwich
immunoassay structure is formed among the SERS-immune
substrate, target antigen, and SERS nanotags. Finally, the
target antigen is detected through the SERS signal of the
4-MBA Raman reporter molecule. This novel SERS detection

This journal is © The Royal Society of Chemistry 2025

platform, leveraging dual plasmonic enhancement from both
the substrate and SERS nanotags, achieves detection of c¢Tnl
with a LOD as low as 9.09 pg mL™" and a relative standard
deviation (RSD) as low as 11.24%.

Materials and methods
Materials

Chloroauric acid (HAuCly), polyvinyl pyrrolidone (PVP),
11-mercaptoundecanoic  acid (11-MUA), cetyltrimethyl-
ammonium chloride (CTAC), bovine serum albumin (BSA) and
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4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid (HEPES)
were purchased from Sigma-Aldrich. Ascorbic acid (AA) was
purchased from Sinopharm Chemical Reagent Co.
4-Mercaptobenzoic acid (4-MBA), sodium borohydride
(NaBH,), cetyltrimethylammonium bromide (CTAB), 1-ethyl-(3-
dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were purchased from Aladdin
Reagent Co., Ltd. Hexane and dichloromethane were pur-
chased from Macklin Chemical. Reagent Co. Phosphate-
buffered saline (PBS) was purchased from White Shark
Biotechnology Co. c¢TnlI-Ag5, cTnI-McAb-29 and c¢TnI-McAb-30
were purchased from Fapon Biotech Inc. Alpha fetoprotein
(AFP) was purchased from ANEWBiosystems. All water used in
experiments was ultrapure water.

Instruments

Scanning electron microscope (SEM) images were obtained by
field emission scanning electron microscopy (Hitachi, SU8100)
under accelerating voltage conditions of 5.0 kV. Ultraviolet-
visible absorption (UV-vis) spectra were recorded using a
microplate reader (BioTek, 800 TS). Size distribution maps and
zeta potential maps were obtained using a multi-angle particle
size and high-sensitivity zeta potential analyzer (Brookhaven
Instruments Corporation, Omni). Raman spectra were
obtained by a Raman spectrometer (Renishaw, invia™ con-
focal Raman microscope) using a 785 nm excitation laser and
a 50x objective lens. The laser power was 10%, the integration
time was 5 s, and all spectra were baseline corrected.

Synthesis of Au nanopolyhedra

Au nanopolyhedra of various sizes were synthesized using a seed-
mediated growth method.** Initially, HAuCl, (10 mM, 0.25 mL)
and CTAB (0.1 M, 9.75 mL) were vigorously stirred and mixed, fol-
lowed by the rapid addition of freshly prepared NaBH, (0.01 M,
0.60 mL). After the reaction was complete, CTAB-capped gold
clusters were obtained. Subsequently, CTAC (0.2 M, 2 mL), AA (0.1
M, 1.5 mL), and 50 pL of the CTAB-capped gold cluster solution
were sequentially added to a beaker and mixed, followed by a
one-time injection of HAuCl, aqueous solution (0.5 mM, 2 mL).
The reaction was carried out at room temperature for 15 minutes
to obtain 10 nm Au nanosphere seed solution. Finally, CTAC (0.1
M, 20 mL), AA (0.01 M, 1.3 mL), and 400 pL of the 10 nm seed
solution were mixed, and then HAuCl, aqueous solution
(0.5 mM, 20 mL) was slowly injected. After the injection, the reac-
tion was allowed to proceed at room temperature for 10 minutes.
The reaction mixture was then centrifuged at 8000 rpm for
10 minutes and re-dispersed in CTAB solution (0.02 M, 40 mL) to
obtain Au nanopolyhedra.

Synthesis of Au NPs

Au NPs were prepared by oxidizing Au nanopolyhedra with
HAuCl, aqueous solution.* In a constant temperature water bath
at 40 °C, HAuCl, aqueous solution (5 mM, 0.4 mL) was added to
the Au nanopolyhedron solution and gently stirred for 0.5 hours.
After the reaction was complete, the resulting Au NPs were centri-
fuged (8000 rpm, 10 min) and re-dispersed in water for storage.
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Preparation of SERS nanotags

SERS nanotags were prepared using the aforementioned Au
NPs. First, Au@4MBA was obtained by adding 4-MBA ethanol
solution (0.1 mM, 80 pL) to the Au NP solution (4 mL), stirring
overnight, and then centrifuging at 8000 rpm for 10 minutes.
Subsequently, 50 pL of ¢cTnI-McAb-30 antibody solution (25 pg
mL™") was added to the Au@4-MBA and incubated at 4 °C for
6 hours. After incubation, the mixture was centrifuged at 6500
rpm for 10 minutes and then blocked with 4 mL of PBS buffer
containing 0.1% BSA to obtain the SERS nanotags. The pre-
pared SERS nanotags were stored in the refrigerator at 4 °C for
later use.

Preparation of Au nanosphere arrays

Au nanosphere arrays were assembled on hydrophilic silicon
wafers treated with Piranha solution using an oil/water/oil
three-phase liquid-liquid interfacial self-assembly method.*?
First, the hydrophilic surface ligand CTA" on Au NPs (40 mL)
was replaced with PVP by adding PVP ethanol solution
(1 wt%). The PVP-protected Au NPs were then centrifuged at
8000 rpm for 10 minutes, and the resulting precipitate was re-
dispersed in 4 mL of ethanol. Next, 0.40 mL of the PVP-coated
Au NPs dispersion was mixed with 1 mL of dichloromethane,
followed by the addition of 1.6 mL of water. The mixture was
vigorously shaken for 1 minute to form a yellow film at the di-
chloromethane/water interface. Then, 400 pL of n-hexane was
slowly added along the wall of the centrifuge tube. After
slightly tilting and rotating the centrifuge tube, the Au NPs
were transferred to the n-hexane/water interface, forming a
metallic luster monolayer film. The upper n-hexane layer was
removed with a pipette, and after the n-hexane completely
evaporated, the Au NPs were transferred onto the pre-treated
hydrophilic silicon wafer. Finally, Au nanosphere arrays were
obtained.

Preparation of Au nanostar arrays

The modification process with HEPES buffer referenced pre-
vious work.”® The Au nanosphere array was immersed in a
mixture of HEPES solution (75 mM, 30 mL) at pH 7.4 and
HAuCl, aqueous solution (25 mM, 0.61 mL) in an ice bath at
10 °C for 1.5 h and 3 h to grow short branches. After washing
three times with ultrapure water and drying, Au nanostar
arrays were obtained.

Preparation of the SERS-immune substrate

The SERS immuno-substrate was prepared by modifying the
Au nanostars surface with primary antibodies. The Au nano-
star array was soaked in a 20 pM 11-MUA ethanol solution
overnight and then rinsed three times with ethanol. EDC
(10 pL, 25 mM) and NHS (10 pL, 25 mM) were dropped onto
each silicon wafer and incubated for 30 minutes to activate the
carboxyl groups. Then, 50 pL of ¢TnI-McAb-29 antibody solu-
tion (25 pg mL™") was dropped onto the substrate and incu-
bated at 37 °C for 4 hours. Unbound antibodies were removed
with PBS buffer. Finally, 50 pL of BSA solution (5% w/v) was

This journal is © The Royal Society of Chemistry 2025
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dropped onto the substrate and incubated at 37 °C for 1 hour
to block excess active sites. Excess BSA was removed with PBS
buffer, yielding the cTnI-McAb-29 antibody-modified SERS
immuno-substrate, which was stored at 4 °C for later use.

Sandwich immunoassay

To quantify c¢Tnl, the cTnl-Ag5 protein was first diluted to
various concentrations. Then, 50 pL of each diluted antigen
sample was dropped onto the SERS immuno-substrate and
incubated at 37 °C for 2 hours. The substrate was then rinsed
three times with PBS buffer. Next, 50 puL of the SERS nanotags
was added to the substrate and incubated at 37 °C for 2 hours
to form the sandwich immunoassay structure. Finally, after
rinsing the substrate with PBS buffer, it was stored at 4 °C for
subsequent detection.

Results and discussion
Preparation and characterization of SERS nanotags

Au nanopolyhedra were synthesized via a seed-mediated
method.** The SEM image of the prepared Au nanopolyhedra
shown in Fig. S1T reveals a polyhedral shape with relatively

(b)
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sharp vertices and edges. The polydispersity index (PDI) was
0.226 (Fig. S27), indicating an initially non-uniform size distri-
bution. Previous work has shown that mild oxidation can effec-
tively reshape gold nanocrystals, enabling precise control of
their shape and size.*” This process selectively etches high-cur-
vature surface sites, which is particularly beneficial for the
preparation of Au nanospheres. Based on this principle, we
transformed Au nanopolyhedra into spherical structures
through a mild oxidation process. The color change observed
in the etched Au NP solution (Fig. S31) indicates a change in
the surface morphology of the Au nanopolyhedra, which leads
to altered optical properties. Further SEM analysis revealed
that the etched nanoparticles exhibited a spherical shape with
a smooth surface (Fig. 2(a)). Size distribution analysis further
confirmed that, compared to the unetched Au nanopolyhedra,
the etched nanoparticles had a narrower size distribution (PDI
= 0.085), indicating a more uniform size distribution with an
average size of approximately 59.40 nm (Fig. 2(b)). Thus, Au
NPs with a size of 59.4 nm were successfully obtained.

During the synthesis of SERS nanotags, UV-vis spectra of
Au NPs at different stages were measured to monitor the
surface modification process (Fig. 2(c)). The as-prepared Au
NPs exhibited a strong UV absorption peak at 526 nm. Upon
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Fig. 2 (a) SEM image of Au NPs. (b) Particle size distribution of Au NPs. (c) UV-vis absorption spectra of Au NPs, Au@4-MBA, and SERS nanotags. (d)
Zeta potentials of Au NPs, Au@4-MBA, and SERS nanotags. () SERS spectra of 4-MBA and SERS nanotags. (f) Hydrated particle size of Au NPs,

Au@4-MBA, and SERS nanotags.
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modification with the Raman reporter molecule 4-MBA, the
peak slightly red-shifted to 527 nm. Further mixing with the
c¢Tnl-McAb-30 antibody solution led to a significant red shift
from 527 nm to 531 nm, confirming the successful anchoring
of cTnI-McAb-30 on Au NPs@4-MBA.*” Meanwhile, the
changes in the zeta potential also verified the successful conju-
gation of 4-MBA and cTnI-McAb-30 on Au NPs (Fig. 2(d)). The
zeta potential of Au NPs shifted from 30.80 mV to 25.53 mV
following the coupling of 4-MBA. This change is attributed to
the formation of Au-S bonds between the thiol group (-SH) in
4-MBA and the Au NPs. This interaction alters the surface
charge. Additionally, the carboxyl group (-COOH) in 4-MBA
ionizes in aqueous solution to form negatively charged carbox-
ylate ions. These ions neutralize some of the positive charges
on the Au NPs, thereby reducing the overall zeta potential.
After incubation with ¢TnI-McAb-30, the zeta potential further
decreased to 9.85 mV. This suggests that the binding of the
antibody likely covers the original positive surface charges,
reducing their exposure and thereby further lowering the zeta
potential. Furthermore, the presence of 4-MBA was confirmed
by the appearance of its characteristic Raman peaks at
1077 em™" and 1586 cm™' observed in the Raman spectra
(Fig. 2(e)). These peaks are attributed to the in-plane ring
breathing mode »(C-S) and aromatic ring v(C-C) vibration
modes, respectively.*® This further verifies the successful syn-
thesis of the SERS nanotag. Notably, the Raman signal of the
SERS nanotag was significantly stronger than that of 4-MBA of
the same concentration on bare Si, which served as a control.
This enhanced signal suggests the presence of the locally
enhanced electromagnetic field on the Au NPs surface.

The particle size of the SERS nanotag was characterized by
the dynamic light scattering instrument (Fig. 2(f)). The par-
ticle size increased from 59.4 nm to 61.07 nm after Au NPs
were combined with 4-MBA and further increased to
162.78 nm after the incubation with ¢TnI-McAb-30 (Fig. S47).
After the 4-MBA molecules attached to the Au NPs, the
increased surface hydrophobicity led to a tendency for aggrega-
tion.*® Additionally, slight aggregation may also occur during
the multiple processing steps of the SERS nanotags, such as
reagent addition, continuous purification, and centrifu-
gation.’® As a result, the size of the SERS nanotag is signifi-
cantly larger than that of the bare Au NPs. Meanwhile, the
SEM image of the SERS nanotags also confirmed their success-
ful preparation (Fig. S51).

Preparation and optimization of SERS-immune substrate

The reproducibility of SERS substrates is crucial for the accu-
racy and reliability of SERS immunoassays. Traditional
methods of chemical and physical adsorption self-assembly
not only involve time-consuming preparation processes, but
also lead to random distribution of Au or Ag nanoparticles on
substrates, which results in poor reproducibility of detected
signals. Herein, we used etched Au NPs with an average size of
59.4 nm (Fig. 2(a)) to fabricate Au nanosphere arrays via a
Marangoni effect-driven three-phase self-assembly method.*?
Initially, an ethanol solution of Au NPs was mixed with di-
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chloromethane and water. After vigorous shaking for
1 minute, a non-close-packed golden film was obtained at the
dichloromethane/water interface (process I in Fig. 3(a)).
Subsequently, n-hexane was carefully added along the wall of
the centrifuge tube, and the tube was gently rotated. This
resulted in a dense monolayer of Au NPs at the n-hexane/water
interface (process II in Fig. 3(a)). After the upper oil phase was
removed, the monolayer of Au NPs was transferred onto a
silicon wafer that had been treated to be hydrophilic to obtain
an Au nanosphere array (process III in Fig. 3(a)). SEM results
revealed significant differences between the etched Au nano-
sphere array (Fig. 3(b)) and the unetched Au nanopolyhedron
monolayer (Fig. S61). The Au nanosphere array exhibited a
highly uniform arrangement with no obvious aggregation or
large gaps, achieving a coverage rate approaching 100%
(Fig. S77). In contrast, the monolayer of unetched Au nanopo-
lyhedra showed inconsistent particle shapes and noticeable
gaps. This significant difference arises from the key role of the
non-template-guided self-assembly process. In this process,
various non-covalent interactions between nanoparticles, such
as van der Waals forces and Coulomb forces,”*> as well as
external fields (such as electric, magnetic, and flow fields),*?
are crucial for guiding disordered suspended particles into
ordered structures. Moreover, the uniform size and mor-
phology of nanoparticles are of paramount importance, as
these homogeneous particles serve as the fundamental build-
ing blocks for constructing ordered nanostructures.** This uni-
formity and compactness are essential for creating efficient
SERS-active substrates, as they directly affect the distribution
and density of “hot spots”, thereby influencing the reproduci-
bility of SERS signals.

It is widely recognized that the significant enhancement of
SERS signals of noble metal nanostructures is primarily attrib-
uted to the localized surface plasmonic resonance (LSPR).*®
The highest LSPR intensities primarily occur in narrow spatial
regions, such as tips, particle gaps, and the interfaces between
particles and substrates—areas commonly referred to as “hot
spots”. It has been reported that Au nanostars with sharp tips
can generate stronger LSPR compared to other shapes, such as
Au nanospheres, nanorods, nanotriangles, and nanobipyra-
mids.>® Therefore, we transformed the substrate-supported
monolayer of Au nanospheres into an ordered monolayer of
multi-tipped Au nanostars through HEPES buffer modifi-
cation. The alkanesulfonate group in HEPES has been pro-
posed to promote the anisotropic growth of branches.>” This
approach enabled the construction of a highly sensitive SERS
substrate. We optimized the soaking time of HEPES buffer on
the surface of Au nanospheres. As shown in Fig. 3(c), after
soaking in HEPES buffer for 1.5 hours, short spines were
clearly observed on the surface of Au nanospheres. With the
soaking time reaching 3 hours, the number of short spines sig-
nificantly increased, and the surface of nanoparticles became
rougher (Fig. 3(d)), while the nanoparticles still maintained a
highly ordered array structure. This indicates that during the
morphological evolution, the relative positions and arrange-
ment patterns of the particles were well preserved.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Photographs of the three-phase self-assembly process for preparing the Au nanosphere array (I: vigorously shaking, Il: adding n-hexane,
IlI: transfer of Au nanosphere array on silicon wafer). (b) SEM image of the Au nanosphere array. (c) SEM image of the Au nanostar array after HEPES
buffer soaking for 1.5 hours. (d) SEM image of the Au nanostar array after HEPES buffer soaking for 3 hours. (€) Raman intensity of 4-MBA (10~* M)

obtained from three different arrays.

Additionally, the Au nanostar array obtained after soaking in
HEPES buffer for 3 hours exhibited significantly stronger
enhancement for 4-MBA compared to the other two and was
therefore selected for subsequent performance analysis and
Raman immunoassay (Fig. 3(e)).

This journal is © The Royal Society of Chemistry 2025

To verify the morphology-related SERS performance, the
Raman spectra of the reporter molecule 4-MBA were collected
at 100 random points both on the Au nanosphere and Au
nanostar substrates. As shown in Fig. 4(a), (b), and (c), for the
Au nanosphere array, the Raman intensity of the characteristic
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Fig. 4 (a) Raman intensity of characteristic peaks at 1077 cm™ and (b) 1586 cm™ for 4-MBA (10™* M) on Au nanosphere array. (c) Raman spectra
from 20 random spots on Au nanosphere array. (d) Raman intensity of characteristic peaks at 1077 cm™ and (e) 1586 cm™ for 4-MBA (10~* M) on Au
nanostar array. (f) Raman spectra from 20 random points on Au nanostar array. (g) Photograph of five different batches of Au nanostar arrays on Si
wafers with each size of 0.8 x 0.8 cm?. (h) Raman intensity at peak 1077 cm™ and (i) Raman spectra of 4-MBA (10~* M) obtained from five different

batches of Au nanostar arrays.

peaks at 1077 cm™' and 1586 cm™' exhibited low RSD of
6.24% and 6.12%, respectively, indicating good uniformity and
high reproducibility. As for the Au nanostar array, as shown in
Fig. 4(d), (e), and (f), the RSD of the Raman intensity of the
characteristic peaks at 1077 cm™" and 1586 cm™" were 9.91%
and 10.62%, respectively. The decrease in substrate uniformity
is attributed to the fact that HEPES reduces Au®" to achieve the
seedless synthesis of Au nanostars, and a small amount of Au
nanostars remain on the substrate after immersion, resulting
in slightly higher local signals during Raman detection.
However, this has no significant interference with the experi-
mental results. The intensity of the characteristic peaks in the
Au nanostar array was significantly higher than that in the Au

2246 | Analyst, 2025, 150, 2239-2250

nanosphere array. The peak intensity of the Au nanostar array
at 1077 cm™" was calculated to be 3.08 times of that on the Au
nanosphere array. This enhancement is attributed to the gene-
ration of short branches on the surface of the nanoparticles,
which create more “hot spots” to enhance the SERS signal. To
further verify the enhancement performance of the prepared
substrate, the enhancement factor (EF) was calculated using
the equation: EF = (Isgrs/Csers)/(IRaman/Craman), Where I and C
represent the signal intensity at 1077 cm™" and the concen-
tration of 4-MBA, respectively. As shown in Fig. S8,f the EF of
the prepared Au nanostar array was calculated to be 2.11 x 10,
which is comparable to those reported for similar array
substrates.>®

This journal is © The Royal Society of Chemistry 2025
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To further evaluate the reproducibility of the Au nanostar
array, we investigated the SERS performance of different
batches of substrates to assess the batch consistency. Five
batches of Au nanostar arrays were transferred onto silicon
wafers with a size of 0.8 x 0.8 cm?” (Fig. 4(g)). These wafers
were then soaked in a 0.1 mM 4-MBA ethanol solution for
2 hours. SERS spectra from 100 random points on each sub-
strate were collected. The RSD of the SERS intensities at
1077 cm ™" and 1586 cm™" for the five batches were 8.16% and
8.18%, respectively (Fig. 4(h) and Fig. S9t), indicating excellent
batch uniformity (Fig. 4(i)).

Performance of the SERS sensor for ¢cTnl detection

Further, the performance of the prepared SERS sensor for AMI
biomarker detection was thoroughly investigated. First, the
cTnI-McAb-29 antibody was immobilized on the SERS-active
substrate. Subsequently, antigen proteins and SERS nanotags
were sequentially incubated on the SERS immuno-substrate to
form a sandwich structure through specific antigen-antibody
binding. The morphological change of the SERS substrate
after immune binding was observed using SEM. As shown in
Fig. 5(a), compared to the unincubated SERS immuno-sub-
strate (Fig. S71), the surface of the incubated substrate showed
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significant changes, including the appearance of new nano-
structures and increased surface coverage. Many small spheri-
cal structures could be seen on the chip substrate, consistent
in size and shape with the SERS nanotags, indicating that the
SERS nanotags were successfully adsorbed onto the SERS
immuno-substrate through specific antigen-antibody reactions
(Fig. S10%). Thus, a sandwich immunoassay structure was suc-
cessfully constructed.

Before quantitative analysis of cTnl, we optimized the incu-
bation time of SERS nanotags to maximize signal intensity. As
the incubation time of SERS nanotags increased, the intensity
of the 4-MBA characteristic peaks gradually increased, reach-
ing a plateau at 90 min and stabilizing at 120 min (Fig. 5(b)
and (c)). Therefore, the optimal incubation time for SERS
nanotags was determined to be 120 min.

Under optimal experimental conditions, the quantitative
capability of the prepared SERS sensor was verified by incubat-
ing different concentrations of target antigens on the SERS
immuno-substrate. The Raman peak intensity at 1077 cm ™,
corresponding to the reporter molecule 4-MBA, was recorded
to monitor the concentrations of ¢Tnl. A control experiment
was conducted without adding any antigen in the SERS
immunoassay. As shown in Fig. 5(d), within the concentration
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Fig. 5 (a) SEM image of the SERS substrate after immune reaction binding at a cTnl concentration of 100 ng mL™. (b) Raman spectra and (c) peak
intensity at 1077 cm™ for different incubation times. (d) Raman spectra of different concentrations of cTnl. (e) Enlarged Raman spectra at a concen-

tration of 0.01 ng mL™* and the blank sample in (d). (f) Calibration curve of the peak intensity at 1077 cm™.
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range of 0.01 ng mL™" to 100 ng mL™', the SERS signal
increased continuously with the increasing concentration of
the target antigen. Notably, the characteristic peak of 4-MBA
could be detected even at a low concentration of 0.01 ng mL ™"
(Fig. 5(e)). A calibration curve (Fig. 5(f)) was constructed by
plotting the SERS intensity of the characteristic peak at
1077 em™" against the logarithm of ¢Tnl concentration, yield-
ing a correlation coefficient (R*) of 0.9948. The error bars in
the figure represent the standard deviation of five replicate
measurements. The detection limit of c¢Tnl was calculated
using the International Union of Pure and Applied Chemistry
(IUPAC) standard method (LOD = Ypjani + 3 X SDpjank, Where
Yblank 1S the average value of the blank signal and SDpjank is the
standard deviation of the blank sample signal),>® resulting in
a LOD of 9.09 pg mL™". The sensitivity of our SERS detection
method is on par with that of the previously reported works,
which enables it to fulfill most practical detection require-
ments (Table S17).

1
800 1000 1200 1400 1600
Raman Shfit (cm™)

(c)
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——BSA
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Intensity (counts)
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Reproducibility and specificity of SERS sensors

The reproducibility and specificity of SERS sensors are crucial
for their accurate detection of targets in complex samples. The
reproducibility of the SERS biosensor was examined by
measuring the Raman spectra at 15 random locations on the
sandwich immunoassay structure. As shown in Fig. 6(a) and
(b), the RSD of the Raman intensity of the characteristic peak
at 1077 cm™" was 11.24%. The reproducibility of the SERS
immunoassay platform was slightly lower than that of the Au
nanostar array on the Si wafer. This is attributed to the non-
uniform distribution or aggregation of SERS nanotags after
multiple purification and centrifugation steps. However, com-
pared to other reported SERS immunoassay platforms
(10.29%),°° our results showed comparable reproducibility,
indicating the reliability of our SERS sensor in practical appli-
cations. Additionally, our SERS substrate demonstrates reason-
able stability under ambient temperature storage conditions,
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Fig. 6 (a) Raman spectra of 15 random spots on the SERS sensor immersed with the cTnl concentration of 0.1 ng mL™ and (b) their RSD of peak
intensities at 1077 cm™. (c) Raman spectra of cTnl, BSA, AFP, and house serum incubated on the SERS sensor and (d) their peak intensities at

1077 cm™.
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with a moderate decrease in signal intensity (approximately
30%) over the four-month period (Fig S117).

To verify the specificity of the SERS-based immunoassay plat-
form, we selected AFP, horse serum, and BSA as targets for speci-
ficity evaluation. These substances can not only simulate the
environment of multiple disease markers that may exist in clinical
testing and avoid cross-reactions, but also serve as complex bio-
logical matrices to comprehensively assess the anti-interference
ability and specificity of the detection method.***"**> The concen-
tration of the target protein was 10 ng mL ™", while those of the
interfering proteins were 1 pg mL™". The Raman intensity of the
characteristic peak at 1077 cm ™" was used as a reference to evalu-
ate the specificity of the SERS sensor. As shown in Fig. 6(c) and
(d), only the AMI biomarker ¢TnI showed a strong SERS response
due to the formation of specific sandwich immunoassay struc-
tures. In contrast, the interfering proteins, even at a concentration
of 1 pg mL ™", exhibited only weak responses. The results indicate
that the SERS-based biosensor possesses high specificity for the
target antigen.

Conclusions

In summary, we developed a SERS immunoassay featuring high-
density hot spots and excellent reproducibility. Au nanosphere
arrays with high uniformity were prepared via a three-phase
liquid-liquid interfacial self-assembly method, which ensures the
even distribution of hot spots and lays the foundation for high
reproducibility of the target SERS immunosensor. To further
increase the sensitivity, the Au nanosphere arrays were modified
and transformed into multi-tipped Au nanostars, which possess
intense hot spots and higher Raman enhancement. Compared to
the unmodified Au nanosphere array, the SERS signal intensity of
the Au nanostar array was significantly enhanced by about 3
times. Using this SERS immunosensor, we successfully detected
the cardiac biomarker ¢Tnl with a LOD as low as 9.09 pg mL ™.
The SERS immunosensors exhibit high reproducibility, with an
RSD of 11.24%, and high selectivity in the presence of other inter-
fering proteins, including AFP, BSA, and Horse Serum. The devel-
oped SERS-active immunoassay demonstrates great promise and
is anticipated to be practically applied to the early diagnosis of
cardiovascular diseases, holding significant potential in the fields
of biology and medicine.
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