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Highly sensitive SERS-active substrate with uniform
gold nanostructures on heat-treated Ni foam for
detection of cardiovascular disease biomarkery

Sunghoon Yoo,1¢ Jaejun Park, 12 Dong Hwan Nam,?® Sumin Kim,?® Dongtak Jeong,®
Moon-Keun Lee® and Seunghyun Lee (2 *ab¢

Surface-enhanced Raman scattering (SERS) immunoassays for biomarker detection have attracted
considerable attention owing to their high sensitivity and selectivity. In this study, we fabricated hotspot-
rich SERS-active substrates by depositing gold after forming a protruding structure on the surface via
high-temperature heat treatment. The structure formed by the heat treatment enabled a more uniform
and dense gold nanostructure, which provided more hotspots within the focal volume of the Raman
laser, thereby enhancing the SERS signal. This was verified by calculating the electromagnetic field using
a finite element method. The fabricated SERS-active substrates and 50 nm gold nanoparticles were used
to perform a competitive assay for the detection of cardiac troponin | (cTnl). The assay demonstrated
a cTnl detection range of 10°-10° pg mL~! with a detection limit of 5.8 [o]e] mL~L. This indicates that the
SERS-active substrate fabricated from the Ni foam has the potential to be used as a sensitive and
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Introduction

Acute myocardial infarction (AMI) is a serious cardiovascular
disease that requires rapid and accurate diagnosis. Cardiac
troponin I (cTnI) has been identified as a more specific and
sensitive biomarker for diagnosing acute MI than other
biomarkers. c¢Tnl reaches detectable concentrations within 3 to
6 h after AMI and remains in the bloodstream for up to 10 days,
necessitating the use of rapid and sensitive detection
technology.*

Nanotechnology-based biosensors employing various meth-
odologies, including electrochemistry,** fluorescence,'***> and
enzyme-linked immunosorbent assay (ELISA),'° are currently
being investigated for the purpose of detecting biomarkers,
including cTnl. Electrochemical methods exhibit high detec-
tion sensitivity but are susceptible to instability, inefficiency,
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selective tool for the detection of various biomarkers in complex biological samples.

and electrode passivation. Fluorescence assays demonstrate
high specificity but are limited by low detection accuracy and
poor sensitivity to photobleaching. ELISA, on the other hand,
offers the advantages of simplicity and rapidity, but it is
dependent on enzyme activity and lacks sensitivity. Although
the aforementioned assays have been extensively utilized to
detect cTnl, these shortcomings have prompted considerable
interest in surface-enhanced Raman scattering (SERS) tech-
nology, an alternative nanotechnology-based biosensor that can
compensate for these shortcomings.

SERS is a highly sensitive molecular detection technique that
enhances Raman scattering of molecules adsorbed on metal
surfaces or nanostructures.”* Simply put, SERS is a surface
analysis technique that overcomes the disadvantages of
conventional weak Raman signals by using signals amplified by
plasmonic nanoparticles or nanostructures to detect small
amounts of analytes quickly and with high sensitivity. SERS has
several advantages over conventional analytical techniques.
First, it is non-destructive, allowing repeated analyses without
damaging the sample; second, the analysis time is short; third,
it can identify and analyze biomarkers based on the fingerprint
information inherent in biomolecules; fourth, it has a high
specificity at the molecular level; and fifth, it has high analytical
accuracy owing to a much narrower peak bandwidth. These
advantages make SERS an excellent sensor to replace the
aforementioned analytical methods. Many studies have used
SERS to detect cTnl. The Khlebtsov et al. developed a SERS-
based lateral flow immunoassay using gold nanorod cores
with GERTs between the gold shell, achieving a detection limit
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of 0.1 ng mL™".>* The Cheng et al. reported a detection limit of
8.9 pg mL™" using Au@Ag core-shell nanoparticles and gold
patterned chips." Additionally, the Bai group demonstrated
a detection limit of 0.09 ng mL ' using Au@Ag-Au nano-
particles as nanoprobes in their SERS-based lateral flow anal-
ysis.*” Consequently, SERS-based immunoassays have been
extensively employed to identify a plethora of biomarkers in
analytical research, clinical diagnostics, and environmental
monitoring, including DNA, RNA, peptides, and proteins.

To achieve the greatest SERS effect, it is necessary to create
a significant number of hotspots, which are highly localized
regions with intense local field enhancement. This phenom-
enon is thought to be caused by local surface plasmon
resonances.>**® The formation of hotspots is contingent on the
strength of the plasmonic coupling between metal nano-
particles or nanostructures. The size, shape, spacing, and
distribution of metal structures influence the formation of
hotspots. The key to amplifying the Raman signal in SERS is to
control these factors to create uniform hotspots on a large
surface area. Therefore, to achieve the greatest amplification of
surface plasmon intensity, it is of paramount importance to
select and place appropriate structures that can form hotspots.
Various research groups have reported the development of
highly sensitive SERS substrates. The Lee group successfully
detected benzene thiol at 10° M by creating ring-shaped hot
lines between the substrate and gold nanoparticles using a V-
shaped anodic aluminum oxide (AAO) template.> The Tan
group achieved detection of rhodamine 6G at 1 uM concentra-
tion by systematically arranging nanostructure arrays and
optimizing the spacing between nanostructures using CMOS-
compatible silicon technology.’” Additionally, the Lee group
demonstrated the possibility of detecting 4-mercaptophenol at
10 fM levels by introducing gold nanoparticles to vertically
aligned carbon nanotubes.*® These previous studies showed
good SERS efficiency by controlling the spacing of the hotspots.

A nickel (Ni) foam template with a high specific surface area
and porous structure was employed to fabricate the SERS-active
substrates. A protruding grain structure was formed on the
surface of the Ni foam by high-temperature heat treatment, and
gold was then deposited to form hemispherical structures with

Ni foam
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a diameter of 20 nm and a high density on the grain structure.
The grain structure formed by heat treatment has a lower
surface energy, which allows gold to be uniformly deposited,
resulting in high reproducibility of the signal. When measuring
Raman spectra, it is advantageous to maximize the number of
uniform hotspots in the focal volume of the Raman laser.
Therefore, the formation of hotspots on the grain structure by
heat treatment is a significant advantage for SERS signal
enhancement. In other words, SERS substrates with
a protruding grain structure formed by heat treatment exhibited
a higher level of Raman signal enhancement than those without
heat treatment. The experimental and theoretical results indi-
cate that SERS-active substrates with a grain structure formed
by heat treatment followed by gold deposition are highly
sensitive and reproducible.

In this study, we used a Ni foam-based three-dimensional
SERS-active substrate with uniform and dense hotspots to
detect cardiac biomarkers for heart failure prognosis. A
competitive assay was used to detect cTnl by employing
a monoclonal antibody to detect cTnl. While sandwich assays
employing polyclonal antibodies can provide relatively high
sensitivity, competitive assays utilizing monoclonal antibodies
have the advantages of high specificity and selectivity, as they
react solely with a single site (epitope) on the target molecule.*
In this experiment, the competitive assay confirmed a linear
relationship between cTnl concentration and SERS intensity,
and a limit of detection (LOD) of 5.8 pg mL ™' was obtained.

Results and discussion

We fabricated SERS-active substrates with high density and
uniform hotspots using Ni foam with a high specific surface
area and porous structure as a template. The fabrication process
involved the formation of protruding grains on the surface via
high-temperature heat treatment, followed by the deposition of
gold. Fig. 1 schematically depicts this process, showing the
formation of the SERS-active substrate. Prior to the use of the Ni
foam in this process, the surface was cleaned with HCI to
remove impurities. This process is known to improve the
surface roughness of Ni foam and strengthen the adhesion
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Fig. 1
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Schematic showing the development of the SERS-active substrate based on Ni foam.
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between Ni foam and gold during gold deposition.*’ Subsequent
heat treatment at 800 °C using TCVD changes the surface
roughness of the Ni foam, resulting in the formation of
a protruded grain structure.** Because oxygen exposure during
the heat-treatment process caused a nickel oxide layer to form
on the surface of the Ni foam, Ar gas was used to prevent the
formation of the oxide layer. The surface morphology of the Ni
foam transformed over time during heat treatment. After
30 min of heat treatment at 800 °C, a small grain structure
(=100 nm) was formed on the surface of the Ni foam. However,
after 7 h, a large grain structure (=400 nm) formed. With
increasing heat-treatment time, the change in the surface
morphology became more pronounced as the surface of the Ni
foam melted. Gold was deposited on the Ni foam by sputtering
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for 600 s at 20 mA with a thickness of 0.6 A s™*, forming varying
grain structures depending on the heat-treatment time.

Fig. 2a and b show SEM images of the grain structure formed
on the Ni foam surface as a function of heat-treatment time
(Fig. 2a;-as) and SEM images of gold deposited on the surface
for 600 s after heat treatment (Fig. 2b;-bs). The shape of the
deposited gold depends on the size of the grain structure
formed during heat treatment. The size of the protruding grain
structure varied with heat treatment time, which changed the
geometry of the deposited gold. In the large-grain structure
formed after 7 h of heat treatment, Au was uniformly deposited
in the form of hemispheres. By contrast, in the small-grain
structure formed after 30 min of heat treatment, gold was
deposited unevenly owing to the agglomeration of atoms during
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(a1—as) SEM images of the protruding structure formed on the Ni foam surface according to heat-treatment time (0.5, 1, 3, 5, and 7 h,

respectively). (b;—bs) SEM images of the gold deposited after heat treatment. The scale bar represents 500 nm. (c) Comparison of SERS signals
observed in (b;—bs). (d) Corresponding calibration curves for the SERS peak intensities at 1173 and 1615 cm™, the signature peaks of MGITC. (e)
Average SERS spectrum observed in (bs); (f) corresponding calibration curve for varying concentrations of MGITC.
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deposition. This is because the longer the heat-treatment time,
the lower the surface energy, which results in a more uniform
and dense deposition of gold atoms. SEM image and EDS
spectra of the substrate with gold deposited on the grain
structure formed after 7 hours of heat treatment are shown in
Fig. S1.7 To establish the conditions for fabricating optimal
SERS-active substrates, we deposited gold on Ni foam after
0.5-7 h of heat treatment and compared the SERS signals using
MGITC as a Raman probe molecule. Fig. 2¢ shows that the SERS
signal intensity increased as the heat treatment time increased
from 0.5 to 7 h. To facilitate comparison, the intensity changes
in the SERS spectra at 1173 and 1615 cm ™, the characteristic
Raman peaks of MGITC, were evaluated (Fig. 2d). At 1173 cm ™,
the number of counts increased from 15 391 at 0.5 h to 28 847 at
7 h, representing an =~1.87-fold increase. At 1615 cm ', the
number of counts increased from 19 033 at 0.5 hto 34439 at7 h,
representing an ~1.80-fold increase. In other words, the
intensities of the two main peaks of MGITC (1173, 1615 cm™ )
increased with the increase in heat-treatment time, thereby
confirming that the gold-deposited substrate after 7 h of heat
treatment had a higher SERS efficiency. Fig. 2e and f illustrate
the variation in SERS signal with MGITC concentration, con-
firming that the SERS efficiency was optimal when gold was
deposited after 7 h of heat treatment. A comparison of the SERS
signal as a function of the MGITC concentration revealed the
presence of a considerably low concentration of MGITC (=100
pM). Furthermore, a reasonable trend in the signal was
observed, with an R* value of 0.988 for the concentration-
dependent calibration curve at 1615 cm ™, the peak of MGITC.
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To support the experimental findings, theoretical correction
calculations were conducted using COMSOL Multiplex (wave
optics module). The refractive index of air was set to 1.0, and the
gold data were taken from a report published by Johnson and
Christy.*” The results indicate that gold deposited on the grain
structure formed after 7 h of heat treatment was more uniform
and denser than when the grain structure was formed using
a shorter heat-treatment time. This resulted in a more uniform
and stronger electromagnetic enhancement at the hotspots on
the gold surface (Fig. 3a and b) and indicates that the theoret-
ical and experimental results are in agreement.

To select a suitable Raman laser that can amplify the signal
of the established SERS-active substrates, we conducted exper-
iments to calculate the electromagnetic enhancement distri-
bution and compare the SERS signals. This allowed us to
determine the laser wavelength that enhanced the SERS effi-
ciency of the substrates. The results of the simulation calcula-
tions indicate that the use of lasers with wavelengths of 532,
633, and 785 nm results in electric field (EF) values of 382
960.13, 1278 292.44, and 362 405.65, respectively. The highest
EF was obtained at 633 nm. To experimentally validate the
aforementioned findings, the SERS-active substrates were
immersed in MGITC at a concentration of 1 uM for 12 h. The
SERS signals of the substrate were evaluated as functions of the
Raman laser wavelength. The measured SERS spectra repre-
sented the average of 20 SERS datasets collected at random
locations. As revealed by the simulation results, the SERS
intensity of the 633 nm laser was = 10-fold higher than that of
the other laser wavelengths used in the experiment (Fig. 4).

Fig. 3 FEM-simulated electric field distribution schemes and SEM images of substrates with gold deposited on Ni foam after heat treatment for

(@) 0.5 hand (b) 7 h. The scale bar represents 100 nm.
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Fig. 4 FEM-simulated electric field distribution of the SERS-active substrates at (a) 532, (b) 633, and (c) 785 nm incident light. (d) Average SERS

spectra of SERS-active substrates measured at 532, 633, and 785 nm incident light and (e) comparison of SERS intensity at 1615 cm™.

In this experiment, we fabricated SERS-active substrates by
depositing gold after heat treatment at 800 °C for 7 h and
experimentally and theoretically investigated their performance.
SERS-active substrates with grain structures formed by annealing
can further enhance the SERS signal by providing more hotspots
within the same focal volume. To demonstrate this, we compared
the SERS signals of pure Ni foam, Ni foam with only gold
deposited, and SERS-active substrates. Pure Ni foam was
immersed in MGITC at a concentration of 10~> M and Ni foam
with only gold deposited, and SERS-active substrates were
immersed in MGITC at a concentration of 107’ M for 12 h and
rinsed to quantify the SERS signal. As illustrated in Fig. 5a, the
substrate with the grain structure formed by heat treatment
exhibited a more enhanced SERS signal than the substrate
without heat treatment. In comparison to pure Ni foam, the
SERS-active substrates exhibited an EF value of 2.65 x 10°, which
is comparable to that obtained through simulation calculations.
Details for their determination were described in ESLt Fig. 5b
and d illustrate the Raman spectra and intensity distributions of
MGITC at 20 randomly selected locations on the gold-coated Ni
foam with and without the formation of grain structures through
heat treatment. This comparison allowed for the assessment of
signal uniformity and intensity. Fig. 5c and e present the relative
standard deviations (RSDs) of the Raman peak intensity of
MGITC at 1615 cm™ . The average Raman signals and RSDs of
MGITC at 1615 cm ™" were 139 410.13 (29%) and 34 232.47 (12%)
when measured with and without heat treatment, respectively.
The formation of protruding grain structures via heat treatment

© 2025 The Author(s). Published by the Royal Society of Chemistry

1

provided a larger surface area. Furthermore, the deposition of
gold on the surfaces of the heat-treated structures was more
uniform and exhibited a lower surface energy, which also
contributed to the high reproducibility of the signal. SERS
mapping data for five different substrates are shown in Fig. S2.1
These SERS mapping data clearly demonstrate the reproduc-
ibility and signal uniformity of the SERS substrates fabricated in
this study. In addition, the surface structures formed by high-
temperature annealing are more stable than conventional
chemical etching or template-based methods, which enhances
the reusability of the substrate. To evaluate the reusability of our
SERS substrate, we performed a recyclability test (Fig. S37). First,
SERS signals were measured using MGITC molecules, and then
the substrate underwent a plasma cleaning treatment. After the
cleaning process, we observed that the SERS signals were effec-
tively eliminated, indicating the successful removal of MGITC
molecules from the substrate surface. When the cleaned
substrate was re-exposed to MGITC in the second cycle, it
exhibited SERS intensities similar to those observed in the first
cycle. This consistent signal recovery pattern was maintained
through the third cycle, demonstrating the robust reusability of
the SERS substrate through multiple cleaning and detection
cycles. This approach to SERS substrate fabrication represents
a step forward in the practical implementation of SERS
substrates by achieving high sensitivity without the need for
complex equipment or specialized techniques.

A competitive assay was conducted using a SERS-active
substrate to detect troponin I, a cardiac biomarker that can be

Nanoscale Adv., 2025, 7, 2171-2181 | 2175
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Fig.5 (a) Comparison of SERS signals for pure Nifoam (with 1072 M of MGITC) and SERS-active substrates with and without heat treatment (with
10" M of MGITC). SERS spectra of MGITC were measured for 25 spots chosen randomly from substrates (b) without heat treatment and (d) with
heat treatment. Raman intensity distributions of the peaks at 1615 cm™ for (c) without heat treatment and (e) with heat treatment substrates.

used to predict the prognosis of heart failure. Competitive
assays have the advantages of high specificity and selectivity
owing to the use of monoclonal antibodies that react with only
one epitope on the target molecule. To confirm the antigen—
antibody binding affinity prior to the competition assay, the
anti-cTnl antibody was conjugated to MGITC-labeled 50 nm
AuNPs, and the capture antigen was immobilized on the SERS-

2176 | Nanoscale Adv., 2025, 7, 2171-2181

active substrates to enable the antigen-antibody reaction. As
illustrated in Fig. 6a, the antibody-conjugated AuNPs bound to
the antigen on the SERS-active substrate. To verify the repro-
ducibility of the assay, the aforementioned experiment was
repeated five times; the intensities of the measured SERS
spectra at 1615 cm ™' are compared in Fig. 6b. The RSDs were
calculated to be 4.6%, indicating that the antigen-antibody

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Scheme of the antigen—antibody reaction after modifying the antibody on the particles and arranging the capture antigen on SERS-

active substrates. (b and c) Raman intensity distributions of the 1615 cm ™! peaks (b) repeated five times to confirm the reproducibility of the
experiment and (c) in 20 SERS signals obtained from one substrate to confirm uniformity.

modification on the AuNPs and SERS active substrate was
uniform and specific, resulting in reproducible and accurate
results. Furthermore, when 20 random spots were measured,
the RSD of the Raman peak intensity of MGITC at 1615 cm ™"
was 11.5%, thereby confirming that the antigen-antibody
reaction occurred uniformly (Fig. 6c). To verify whether the
signals were due to non-specific reactions or antigen-antibody
interactions, we have conducted comprehensive specificity
validation experiments. (Fig. S4t) In our control experiments,
when antibody-conjugated gold nanoparticles were introduced
to SERS substrates without immobilized recombinant proteins,
SERS signals were weak. This demonstrates that our optimized
blocking conditions effectively suppress non-specific binding
between the substrate and gold nanoparticles. Therefore, we
can confirm that the observed signals result from specific

antigen—antibody interactions between the immobilized
recombinant proteins and antibodies on the gold
nanoparticles.

In competition assays, the analyte to be detected is pre-
mixed with AuNPs to determine the change in the SERS signal

© 2025 The Author(s). Published by the Royal Society of Chemistry

with analyte concentration before the antibody-conjugated
AuNPs and the SERS active substrate react with the capture-
antigen arranged on it. Fig. 7a illustrates the basic principle
of competition assays. If the concentration of the target antigen
is low at the time of pre-mixing, as illustrated in Fig. 7a, the
antibody conjugated to the AuNPs will possess unoccupied sites
that will bind to the capture antigen on the substrate, resulting
in a robust SERS signal. Conversely, if the concentration of the
target antigen is high at the time of pre-mixing, as in case ii, the
probability of the antibody conjugated to the AuNPs binding
and reacting with the captured antigen of the SERS-active
substrate is low, resulting in a decrease in the SERS signal.
The SERS mapping images obtained at 1615 cm™ ' indicate that
the higher the concentration of the target antigen, the more
likely the antibody conjugated to the AuNPs completed the
reaction and did not react with the captured antigen of the
SERS-active substrate, resulting in a weak SERS signal. In this
study, recombinant human c¢Tnl was used as the target antigen.
Fig. 7b shows that the SERS signal diminishes as the concen-
tration of cTnl increases in the competition analysis. Fig. 7c

Nanoscale Adv., 2025, 7, 2171-2181 | 2177
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of SERS signal intensity at 1615 cm™* for MGITC.

depicts a linear correlation between the respective concentra-
tions and SERS intensity at 1615 cm™*; the R* value is 0.9966,
which is satisfactory. In conclusion, the competitive assay
demonstrated a detection range for ¢Tnl of 10°-10° pg mL ™",
with a LOD of 5.8 pg mL™". These findings confirmed the
effectiveness of SERS-active substrates for cTnl biomarker
detection.

Conclusions

SERS-active substrates were fabricated using a Ni foam to detect
cTnl. The protruding structure was fabricated by heat treat-
ment, and then gold was sputtered to form multiple hotspots on
the Ni foam surface. This structure enhanced the SERS signal by
providing a large number of hotspots within the same laser

2178 | Nanoscale Adv, 2025, 7, 2171-2181

focal volume. This was verified by a finite element method
(FEM) simulation of the electric-field distribution of the SERS-
active substrate in accordance with the incident light and
agreed with the experimental results. This study demonstrates
that a competition assay employing a SERS-active substrate can
be used to detect cTnl in the range of 10°-10° pg mL ™", with
a LOD of 5.8 pg mL ™. In conclusion, the SERS-active substrate
based on the Ni foam has the potential to be highly sensitive
and specific for biomarker detection.

Experimental section
Materials and reagents

Poly(ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-PEG-
COOH, molecular weight = 3500), N-(3-dimethylaminopropyl)-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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N'-ethylcarbodiimide hydrochloride (EDC), 2-(N-morpholino)
ethanesulfonic acid hydrate (MES), bovine serum albumin
(BSA), Triton X-100, and Tween 20 were purchased from Sigma-
Aldrich. Malachite green isothiocyanate (MGITC), N-hydrox-
ysulfosuccinimide (sulfo-NHS), and 3,3’- (sulfosuccinimidyl
propionate) (DTSSP) were purchased from Thermo Fisher
Scientific. Phosphate buffered saline (PBS) packs containing
0.1 M sodium phosphate and 0.15 M NaCl buffer at pH 7.2 when
dissolved in 500 mL of deionized water were also purchased
from Thermo Scientific. Gold-coated magnetic nanoparticles
(50 nm, citrate stabilized) were purchased from Nano-
ImmunoTechnology. Ni foam (porosity = 98%, Ni = 99.9%,
length = 250 mm, thickness = 1.5 mm, pore size = 0.2-0.5
mm, and density = 380 g m” + 20) was obtained from China
(Taiyuan Liyuan Lithium Technology Co. Ltd). The anti-cTnl
antibody [EPR20307] and recombinant human cTnl protein
were purchased from Abcam (Cambridge, UK).

Instruments

Ultraviolet-visible-near-infrared absorption spectra were ob-
tained using a JASCO V-770 spectrophotometer. Field-
emission scanning electron microscopy (FE-SEM) images
were obtained using a Hitachi S-4300 FE-SEM instrument
(SEMIONE, Hanyang University ERICA) at an accelerating
voltage of 15 kV. Thermal treatment was performed using
thermal chemical vapor deposition (TCVD; Scen Tech,
customized instrument) in Ar. An automatic sputter coater
with a film thickness monitor (Agar Scientific) was used to
form hotspots for 600 s at 20 mA. Raman spectra and mapping
images were acquired using confocal micro-Raman spectros-
copy with a dark-field microscope (WEVE, HEDA). The
following excitation sources were used: a 532 nm single
longitudinal mode diode-pumped solid-state laser (DPSS)
laser (50 mW; CNI); a 633 nm He-Ne gas laser (17 mW, New-
port); and a 785 nm single longitudinal mode DPSS laser (130
mW); (Integrated Optics). Raman scattering signals were
collected using a charge-coupled device camera with a high-
resolution grating (1200 grooves mm ') and measured by
focusing a laser spot using a 100 x (NA 0.9) objective lens with
a diffraction limit of =200 nm. The SERS mapping data was
measured as 10 x 10 points along the x-y axis, with a spacing
of 2 uM between points. Spectra were obtained with exposure
times of 1 s and 3 s for verifying the performance of the SERS-
active substrate and for the competition immunoassay,
respectively, both with a laser power of 0.4 mW after applying
a 10% neutral density filter. For the back-ground subtraction,
the mean difference equation was calculated using a window
size of 13.

Fabrication of SERS-active substrates based on Ni foam

The SERS-active substrates on the Ni foam were fabricated by
thermally treating the Ni foam, followed by Au deposition. Ni
foam was first acid-treated to ensure purity. It was sonicated
with 3 M hydrochloric acid (HCI) for 20 min with continuous
stirring, followed by three rinses with water for 5 min, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rinsing twice with acetone for 10 min before being dried in an
oven. The surface of the Ni foam was then modified by
thermal treatment to create a bumpy structure, which was
placed on an alumina boat inside the CVD system and vac-
uumed to a low pressure (=10 torr). The temperature was
raised to 800 °C by flowing 1000 sccm of Ar gas at a slow
heating rate of 5 °C min~" and held for 7 h. Finally, heating
was terminated, and the sample was cooled to room
temperature (25 °C). Subsequently, Au was deposited to
form hotspots on the protruding Ni foam using an
automatic sputter coater with a film thickness monitor for
600 s at 20 mA.

Preparation of antibody-conjugated SERS nanotags

Gold nanoparticles (AuNPs) with a diameter of 50 nm (Merck,
Temecula, USA) were prepared as a solution. Then, 1 mL of
AuNP solution was mixed with 1 uL of 3% Tween 20 and reacted
for 10 min under vortexing to reduce AuNP aggregation. MGITC
(3 pL, 100 uM) was added to the AuNP solution and gently mixed
for 40 min. Afterwards, the solution was treated with 100 uM
SH-PEG-COOH for 2 h to modify the AuNP surface with carboxyl
groups. After the reaction, the solution was centrifuged
(6000 rpm, 10 min) twice and redispersed in MES buffer. To
convert the carboxyl groups to amine groups, 10 pL of 1 mM
EDC/NHS solution was added, and the solution was vortexed for
30 min. Centrifugation (6000 rpm, 10 min) was performed to
remove the unreacted EDC/NHS solution, which was redis-
persed in 10x PBS buffer. Next, 20 pL of ¢Tnl antibodies (100 pg
mL ) were reacted with the solution overnight. The antibody-
conjugated AuNPs were centrifuged (6000 rpm, 10 min) and
redispersed in 1 mL of 10x PBS buffer. Finally, 50 pL of
blocking buffer (1.575% BSA + 1.575% Triton X-100 in 10x PBS
buffer) was added to prohibit non-specific binding on the SERS
nanotags. The SERS nanotags were centrifuged (6000 rpm,
10 min) and redispersed in 500 puL of 10x PBS buffer. For the
competition assay, antibody-conjugated SERS nanotags were
premixed with a specific concentration of the target antigen for
1 h. Unreacted target antigens were removed by centrifugation
(6000 rpm, 10 min), and the sediments were dispersed in 10x
PBS bulffer.

Surface modification of SERS-active substrates on Ni foam

The SERS-active substrates were treated with 5 mM DTSSP as
a linker for 1 h. Then, the substrates were washed thrice with
1 mL of distilled water. The captured antigens for c¢Tnl were
immobilized on SERS-active substrates using linkers. Capture
antigens (10 pg mL ") were added and incubated overnight. The
SERS-active substrates were then washed three times with 1 mL
of 10 x PBS buffer. A blocking buffer solution (1% BSA + 1%
Triton X-100 in 10x PBS buffer) was added and incubated for
1 h to prevent nonspecific binding to the substrates. After
washing thrice with 1 mL of 10x PBS buffer, the SERS-active
substrates were allowed to react with the pre-mixed SERS
nanotags for 1 h. Finally, the substrate was washed thrice with
1 mL of 10 x PBS buffer.
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Data availability

COMSOL Multiphysics® v. 5.6, to perform the modelling can be
found at https://www.comsol.com/support/knowledgebase/
1223. The authors confirm that the data supporting the
findings of this study are available within the article. The
authors will supply the relevant data in response to
reasonable requests.
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