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ABSTRACT: Surface-enhanced Raman scattering (SERS) has
become an advanced spectroscopic analysis method in the fields
of chemistry, biomedical sensing, and imaging, owing to its
excellent vibrational signal recognition and sensitivity for single-
molecule detection. The effectiveness of SERS technology relies on
the development of high-performance substrates, which must
possess high sensitivity, uniformity, and repeatability. In this study,
the enhanced substrates with high Raman activity were successfully
prepared by adopting the three-phase self-assembly method to
assemble gold nanorods (AuNRs) into nanopores of ultrathin
porous alumina (AAO) films. By precisely controlling the pore size
of AAO and the dimensions of AuNRs, the ability of the substrates and the Raman detection limits are enhanced significantly. Probe
molecules, including Rhodamine 6G (R6G), Crystal Violet (CV), and Aspartame (APM), were selected to test the substrates
sensitivity and uniformity, with detection limits of 10−13, 10−12 M, and 7.8 mg/L, respectively. Random sampling was conducted on
the substrate surface to analyze the spectral characteristics of the characteristic peaks of R6G and CV molecules, and the relative
standard deviations (RSD) were 4.3 and 3.18% at characteristic peaks 612 and 1619 cm−1, respectively, demonstrating the enhanced
uniformity of the prepared substrates. This research indicates that assembling AuNRs onto AAO substrates results in significant
Raman activity, providing a more reliable platform for the application of SERS technology.

1. INTRODUCTION
Surface-enhanced Raman scattering (SERS) is a spectroscopic
technique that can significantly amplify the Raman scattering
signals of analyte molecules on rough metal surfaces, achieving
signal enhancements of up to millions of times.1−3 Due to its
highly sensitive vibrational fingerprint information and single-
molecule detection capability in biomedical and chemical
sensing, SERS has emerged as an ideal platform for rapid,
nondestructive testing.4−10 Consequently, the fabrication of
high-performance SERS substrates has attracted increasing
interest from researchers.11 Under specific excitation conditions,
noble metal nanostructures exhibit unique surface plasmon
resonance (SPR) effects, which can significantly enhance the
local electromagnetic field. Nevertheless, numerous deficiencies
exist in disordered nanostructures. These deficiencies can not
only disrupt the optical response but also lead to poor
repeatability and a lack of controllability. In contrast, when
nanostructures possess periodic characteristics, they will exhibit
special surface plasmon resonance properties, which are capable
of generating a uniform and orderly enhancement of the local
electric field on the surface of the nanostructures. This enhanced
effect is particularly important for spectroscopic techniques such
as SERS, as it can significantly increase the intensity of spectral
signals, thereby improving detection limits for molecules and

achieving good reproducibility. Therefore, further research on
the development of periodically ordered SERS substrates is of
great significance in the field of SERS detection.
Local electromagnetic enhancement based on resonance

coupling effects can be achieved by varying the size, spacing and
periodicity of nanoparticles.12−15 Currently, methods for
preparing periodically ordered noble metal micro- and nano-
structures include ion beam etching, photolithography, nano-
imprinting, and template methods. These approaches can yield
SERS substrates with well-defined morphologies and uniform
sizes, such as nanopillar arrays,16,17 grating arrays,18,19 and
nanoparticle arrays.20,21 Among these, the template method has
become a particularly attractive approach for synthesizing
nanostructures and nanostructured arrays in recent years.
Template-based methods can produce nanostructures with
very clear high aspect ratios. Compared to traditional
manufacturing techniques such as photolithography or ion
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etching, this method is cost-effective, easy to operate, widely
applicable, and capable of achieving nanoscale precision,22,23

making it suitable for large-scale production and application
promotion. Among them, anodic aluminum oxide (AAO) is the
most commonly used template. Whether as a porous material
itself or as a template for fabricating various nanostructures,
AAO demonstrates excellent adaptability as a platform for
numerous applications.24 It has flexible and controllable
dimensions, outstanding pore uniformity, and uniformly
arranged porosity, exhibiting significant long-range ordered
characteristics. Additionally, AAO templates have high temper-
ature resistance, good insulation properties, and excellent
stability, making them widely used in the preparation and
study of low-dimensional nanostructural materials, such as
synthesized nanofibers, nanotubes,25 and nanoparticle arrays.
Gold nanorods (AuNRs) with unique optical properties are

widely used in SERS-related applications.26,27 In order to

assemble precious metal nanoparticles such as nanorods into the
gaps of nanostructured templates, previous researchers used
AAO as a template and adopted, electrochemical deposition28,29

and ultrasonic30−32 methods to prepare AuNRs array substrates
and realize SERS applications. In particular, Wang et al.33

realized the restricted assembly of polystyrene-tethered AuNRs
(AuNRs@PS) with different morphologies in the channels of
two-pass AAO by external electric field assistance. However, the
template-assisted substrate preparation methods mentioned
above have high requirements and limitations in terms of
technology and experimental equipment. Therefore, it is
necessary to develop low-cost, reproducible and facile methods
to produce SERS substrates. Song et al.34 overcame the
limitations of traditional methods by employing an assembly
strategy based on interfacial interactions. They utilized the pore
confinement effect of ultrathin AAO templates and regulated
intermolecular forces to achieve an ultradense and orderly

Figure 1. Schematic diagram of the fabrication of AuNR@AAO SERS substrate.

Figure 2. Histograms of the pore size distribution of AAO under different oxidation voltages and the pore expansion times based on SEM
characterization images. (a) 45 V, 40 min; (b) 45 V, 45 min; (c) 45 V, 50 min; (d) 50 V, 40 min; (e) 50 V, 45 min; (f) 50 V, 50 min.
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arrangement of gold nanoparticles. This approach simplified the
preparation process while significantly enhancing the sensitivity
and repeatability of SERS substrates. Their work demonstrates
that the coordinated optimization of interface engineering and
template methods is a crucial direction for developing low-cost,
high-performance SERS substrates.
In this paper, highly efficient and ordered SERS detection

substrates are prepared by a simple and low-cost method, based
on the template method and the three-phase self-assembly
technique. The experimental results show that the AAO pore
size as well as pore depth, and the size of the AuNRs all have a
certain effect on the enhancement effect of the substrate. It
should be noted that the three-phase interfacial self-assembly
technique, highly reproducible and homogeneous nanoparticle
monolayers can be prepared, but the technique does not result in
the directional alignment of the particles. The substrate has high
SERS activity, and exhibits detection limits of 1.0 × 10−13, 1.0 ×
10−12M, and 7.8 mg/L for R6G, CV, and APMprobemolecules.
Moreover, the substrates are highly reproducible and homoge-
neous, with high value and potential for engineering
applications.

2. RESULTS AND DISCUSSION
The periodic arrangement of AuNR arrays can be accomplished
by precisely controlling the preparation conditions of AAO
templates and the deposition process of the AuNRs. This
nanostructure not only displays a highly ordered arrangement
but also reveals distinct geometric shapes at the nanoscale, which
offers a controllable approach for in-depth research on the
properties of nanomaterials and their potential applications.

2.1. Preparation and Characterization of AuNRs@AAO
Substrates. The preparation of AuNRs@AAO substrates
strongly depends on factors, such as temperature, voltage, and
the concentration of colloidal solutions. The schematic synthesis
of this substrate is shown in Figure 1. First, according to previous
researches, it is known that anisotropic nanoparticles have richer
scattering properties than spherical nanoparticles.35,36 AuNRs
possess this characteristic. To achieve significant electro-
magnetic enhancement signals, it is essential to design and
synthesize nanoparticles. By adjusting the aspect ratio of the

nanorods, the position and intensity of their absorption spectra
can be changed enabling them to selectively absorb and scatter
light of different wavelengths. Therefore, in this study, we first
synthesized AuNR colloids with different aspect ratios. Second,
in order to assemble AuNRs into the AAO pores, appropriate
AAO templates need to be prepared. Specifically, an ultrathin
AAO template with different pore diameters was prepared by
adjusting experimental conditions such as the oxidation voltage
of the AAO, secondary oxidation time, and pore widening time.
The preparation procedure of the AAO template is described in
the Supporting Information. The relationship between param-
eters such as the oxidation voltage, expansion time and the pore
size of the generated AAO template is detailed in Figure 2.
Figure S1 shows the vertical section of the naturally fractured
AAO film and measures the average hole depth to be about 88
nm.
During the synthesis of AuNRs, hexadecyltrimethylammo-

nium bromide (CTAB), an amphiphilic molecule, presents
challenges for direct assembly at the oil/water interface.
Consequently, a self-assembly process of CTAB-stabilized
nanoparticles is required to achieve ligand exchange from
CTA+ to poly(vinylpyrrolidone) (PVP), resulting in the
preparation of PVP-coated AuNRs. During the assembly
process, on the one hand, PVP forms a protective layer on the
surface of the nanorods through its hydrophobic chains. This
effectively prevents the nanorods from aggregating in the
ethanol solution and maintains their uniform dispersion by
means of the steric hindrance effect. On the other hand, the
PVP-coated gold nanorods can easily form a dense monolayer
film at the oil/water interface. Moreover, they can facilitate the
transfer of gold nanorods from the lower oil−water interface to
the upper oil−water interface. To assemble the AuNRs into
AAO pores, we developed a highly reproducible gold nano-
particle membrane using a three-phase oil/water/oil system
based on the Marangoni effect. The optical characterization of
the three-phase assembled AuNR film is detailed in Figure S2b.
The preparation process consists of four steps: (1) PVP-coated
AuNRs were added to a mixture of dichloromethane and
absolute ethanol. (2) After a short period of rapid mechanical
shaking, the nanoparticles were transferred to the water-

Figure 3. (a−c) Oxidation voltage was 45 V, and the pore expansion time was 40, 45, and 50 min, respectively. (d−f) The oxidation voltage was 50 V,
and the pore expansion time was 40, 45, and 50 min, respectively.
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dichloromethane interface, forming a gold film layer. (3) After
the addition of n-hexane, the nanoparticles rapidly migrated to
the water-n-hexane interface. (4) A needle tube was used to
remove n-hexane, and single-layer nanoparticles were trans-
ferred to the surface of AAO substrate. In preparation, the
nanoparticles were transferred and aggregated due to the action
of Marangoni force, which arose from the gradient difference in
surface tension between the two interfaces. When the surface
tension at the upper water/oil interface is greater than that at the
lower oil/water interface, the Marangoni force overcomes the
electrostatic repulsion between the nanoparticles, and pulls
them upward to form a highly reproducible monolayer film.37

The monolayer films prepared using the three-phase assembly
method exhibited no clustering, providing a solid foundation for
the uniform SERS substrate (see in Figure S2c).

AAO films prepared under varying experimental conditions
are shown in Figure 2. Additionally, the AuNR particles were
assembled into AAOwith different pore sizes by the three-phase
assembly method, and periodically distributed AuNR arrays
were fabricated as depicted in Figure 3. The scanning electron
microscopy (SEM) characterization confirms that the filling rate
of the AAO pores is almost 100%.
The effective entry of AuNRs into the AAO pores is attributed

to the synergistic effect of several critical factors. First, the
matching of AuNRs size and AAO aperture largely ensures that
the particles can enter the pore smoothly. Second, the capillary
force of the AAO pore induces the AuNRs to move along the
pore wall and fill the pore. The nanopore must be completely
wetted by the nanocolloid to successfully assemble the
nanoparticles into the nanopore.38 Although the concentration

Figure 4. (a) Comparison diagram of R6G Raman spectrum of substrate adsorption under different oxidation voltage when the pore expansion time is
40 min; (b) Raman spectrum of the substrate at R6G of 10−6 M for different oxidation voltages and expansion time.

Figure 5. (a) From left to right, the SEM images of 714, 800, 813, and 880 nm AuNRs taken after being naturally dropped onto a silicon wafer and
dried. Statistical graph of the diameter (b) and length (c) of AuNRs with different aspect ratios.
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and transfer rate of the nanorods may have some impact on their
ordered arrangement in the pores, the films formed by the three
phases interface are able to infiltrate the nanopores, which
contributes to the uniform distribution and deposition of the
nanoparticles. Finally, the pore of Al2O3 material is hydrophilic,
together with the porous structure and ultrathin thickness of
AAO, which not only increases the contact area with water
molecules, but also provides an ideal template for the AuNRs
with its highly ordered structure. It induces the particles to form
an ordered structure, and improves the filling efficiency and
uniformity of the template. The combined effect of the above
factors can enable the AuNR particles to enter the AAO and
form relatively ordered nanostructures.
Figure 3a−f show that the majority of AuNRs enter the

nanopores of the AAO substrate, while a small amount of AuNR
clusters remain outside the pores. This phenomenon could be
attributed to the following reasons. First, the limited pore size
and shape of the AAO restrict the entry of AuNRs, with smaller
pores preventing larger particles from entering. And partially
filled AAO pores hinder the entry of subsequently added
particles. Second, uneven distribution of capillary force leads to
nonuniform adsorption or arrangement of particles within the
holes. Third, according to Redon et al.,39,40 the surface tension of
water is strong enough to overcome the attraction between AAO
and water. As a result, the nanoparticles tend to stick together.
Moreover, the particle surfaces are hydrophilic, which makes
particles easier for them to aggregate with each other to form
stable cluster structures instead of entering the nanopores. The
dynamics of the self-assembly process, including the deposition
rate of the particles and the evaporation rate of the solvent, also
affect the distribution of gold nanorods in the AAO pores.41 In
this regard, some measures have been taken, including adjusting
the concentration of gold nanorods colloidal solution (as shown
in Figure S2a), using filter paper to adsorb excess nanoparticles
timely and rinsing the sample surface with deionized water,
which has reduced the number of external cluster particles
outside the pores to some extent.
The SERS activity of the substrate was investigated under

different pore size conditions. As illustrated in Figure 3, when
the oxidation voltage increases, the pore size of AAO becomes
larger with the subsequent increase in the number of AuNRs
filled in the pore. The substrate was immersed in a solution of
R6Gmolecules at a concentration of 10−6 M and Raman spectra
were acquired as shown in Figure 4. First, the pore expansion
time was set to 40 min, and the oxidation voltage value was

adjusted. The Raman spectrum was collected, as shown in
Figure 4a. It is evident that the substrate exhibited the strongest
Raman activity with AAO prepared at an oxidation voltage of 45
V. Second, the oxidation voltage was adjusted to the optimal
value of 45 V, and the SERS enhancement effect with different
pore expansion times was analyzed. As demonstrated in Figure
4b, the strongest Raman signals of the probe molecules were
obtained when the oxidation voltage was set to 45 V and the
expansion time was 45 min.
It is well-known that the aspect ratio of AuNRs also has an

effect on the substrate enhancement effect. The AuNRs of 714,
800, 813, and 880 nm were selected for exploration. Figure 5a
shows the SEM image of AuNRs, measuring the length and
diameter of AuNRs respectively, and drawing the frequency
histograms, the results are presented in Figure 5b,c. The aspect
ratio of AuNRs for different LSPR peaks is 714 nm gold rod is
about 2.85, 800 nm gold bar is about 3.29, 3.94 for 813 nm, and
880 nm gold rod is about 4.92. The LSPR peaks are gradually
red-shifted with increasing aspect ratio.
The UV-vis absorption spectra of four AuNRs with different

localized surface plasmon resonances (LSPRs) are presented in
Figure 6a, which shows that the absorbance peak of the AuNRs
is red-shifted and the color of the colloid is slowly transformed
from violet to red with the increase of LSPR wavelength. Figure
6b shows the Raman spectrum of a 10−6 M R6G molecular
solution adsorbed onto a substrate with different AuNRs, where
the LSPR wavelengths of the AuNRs used to assemble the
substrate are consistent with the four distinct LSPR wavelengths
shown in Figure 6a. It is evident that when the LSPR of the
AuNR is at 800 nm, the assembled substrate exhibits the best
Raman enhancement effect. The Raman intensity of the
substrate shows an initial increase followed by a decrease with
the size of the AuNRs, rather than exhibiting a continuous
increase. It is noteworthy that the length of the AuNRs with the
LSPR peak of 880 nm (with an average length of 88 nm, as
shown in Figure 5c) precisely matched the pore depth of the
AAO template with a pore expansion time of 2 min (around 88
nm). This geometric compatibility not only facilitated the
vertical alignment of AuNRs within the AAO channels but also
effectively mitigated issues such as significant tilting caused by
insufficient length or clustering outside the pores due to
excessive length. More importantly, the nanorod tips generate
localized electromagnetic field enhancement through the tip
effect, while the sub-10 nm gaps between adjacent AuNRs create
high-density plasmonic “hot spots”. This dual enhancement

Figure 6. (a) UV absorption spectra of AuNRs at different LSPR position. The upper left corner is the color comparison diagram of AuNRs (200 μL)
diluted with deionized water. (b) Comparison graph of Raman signal intensity of AuNRs with different aspect ratios assembled into AAO.
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mechanism further optimizes the uniformity of electromagnetic
field distribution and molecular adsorption sites. Consequently,
the optimal experimental conditions are an oxidation voltage of
45 V, a pore expansion time of 45 min, and an LSPR of 800 nm
for AuNRs. The prepared sample under the conditions will be
used for subsequent research.

2.2. SERS Activity of AuNRs@AAO Substrate. The SERS
performance of the bare AAO, pure AuNRs arrays, and
AuNRs@AAO substrate was compared using 10−6 M R6G as
the probe molecule. As shown in Figure 7, the AuNRs@AAO

substrate exhibited significantly higher Raman intensity than the
other two substrates, with characteristic peaks of R6G clearly
observed, such as 612, 774, and 1363 cm−1. This remarkable
SERS enhancement effect is attributed to the unique
nanostructure of the AuNRs@AAO substrate and its high-
density plasmonic hot spots. In contrast, the bare AAO substrate
showed negligible Raman signals, while the pure AuNRs arrays
fabricated by three-phase self-assembly on a silicon wafer
demonstratedmoderate enhancement due to the lack of ordered
nanostructure.
In order to effectively evaluate the performance of substrate-

enhanced Raman scattering, R6G molecules were used as
detection targets for Raman spectroscopy testing. The AuNRs@
AAO substrate was immersed in R6G solution for 60 min then
removed and left to dry naturally. The blank samples are AAO
without assembling particles, absorbing R6G molecule with a
concentration of 10−3 M, and the Raman spectra are shown in
Figure S3a. It can be seen that AAO itself weakly enhanced the
Raman signal of R6G molecule at this concentration. Figure 8a
shows that Raman spectra of R6G molecules on the AuNRs@
AAO substrate under laser excitation at a wavelength of 532 nm.
It can be seen clearly that the Raman signal of the probe is
effectively enhanced, and the substrate can achieve the detection
of R6G molecules with a concentration of 10−13 M. Figure 8b
displays the amplified Raman spectra for R6G concentrations of
10−12 and 10−13 M in Figure 8a. The laser excitation power was
set to 2.5 mW, with an integration time of 5 s. In the range of 500
to 1700 cm−1, the characteristic Raman peaks of R6G are
distinctly observed at 612, 774, 1182, 1311, 1361, 1509, and
1649 cm−1, which approximately coincide with the previous
report.42

The detection limit of the substrate was studied. As the
concentration decreased, the Raman signal of R6G gradually
weakened. When the concentration of R6G was reduced to
10−13 M, Raman peaks at 614, 1364, 1508, and 1648 cm−1 could
still be observed. The limit of detection (LOD) was further
calculated based on the calibration curve, with detailed methods
and results provided in the Supporting Information (Detection
Limits of AuNRs@AAO Substrates). The AAO substrate
assembled with AuNRs exhibits strong Raman activity.43 The
localized electromagnetic field enhancement at the gaps
between adjacent nanorods can effectively increase the Raman
scattering signal intensity of R6G molecules, thereby signifi-
cantly improving the detection sensitivity of the substrate. In
Figure 8c, the spectral data of the characteristic peak of R6G
molecules at 612 cm−1 at different concentrations are selected,
and the concentration and Raman peak intensity are logarithmi-
cally transformed and linearly fitted. It can be seen that there is a
good linear relationship between the logarithms of the
concentration and intensity of R6G, with the coefficient of
determination R2 = 0.986, which is close to 1, further proving
that the AuNRs@AAO substrate can be used as a SERS
detection substrate.
Besides sensitivity, the uniformity of the substrate is also an

important factor for evaluating the substrate. We randomly
selected 10 locations on the substrate where R6G molecules
were adsorbed at a concentration of 10−6 M for Raman signal
testing, as illustrated in Figure 8d. The RSD of the Raman peak
at 612 cm−1 was 4.3%, and the Raman peak of R6G did not shift.
The Raman spectral intensity collected from the 10 randomly
sampled points is detailed in Figure S4a, indicating that the
AuNRs@AAO substrate has good uniformity.
To investigate the potential applications of the prepared

substrate, we examined the Raman spectra of different
concentrations of CV molecules (10−6−10−12 M) on it. This
testing was conducted using a 532 nm laser excitation, with the
power of 2.5 mW and an integration time of 5 s. As illustrated in
Figure 9a, the substrate demonstrates excellent sensitivity, and
several characteristic peaks are clearly visible. Figure 9b
demonstrates the enlarged Raman spectra for CV concen-
trations of 10−11 and 10−12 M in Figure 9a. Figure 9c displays the
results of a linear fit of the logarithm of Raman signal against the
molecular concentration located at the CV typical characteristic
peak 1619 cm−1, yielding a coefficient of determination of R2 =
0.977. Additionally, Figure S4b features a waterfall plot of the
intensity of the Raman signal from 10 randomly selected points
on the substrate. Figure 9d shows the histogram of 10 randomly
selected points at 1619 cm−1, with a relative standard deviation
RSD = 3.18%, indicating that the substrate exhibits good
homogeneity.
APM is a noncarbohydrate artificial sweetener. The Joint

Expert Committee on Food Additives, established by the Food
and Agriculture Organization of the United Nations and the
World Health Organization, has established a recommended
daily intake of APM at 40 mg/kg. For an adult weighing 70 kg,
the maximum permissible daily intake is 2800 mg.44−47 SERS
detection was conducted by immersing the substrate in
aspartame solutions at concentrations of 0.5, 0.25, 0.125,
0.0625, 0.0313, 0.0156, and 0.0078 g/L. The SERS measure-
ments were performed using a laser with a wavelength of 785
nm, an excitation time of 10 s, and excitation power of 4 mW.
The Raman spectra are depicted in Figure 10, which reveals the
characteristic Raman peaks of APM molecules at 746, 852, 934,
1003, and 1449 cm−1. The detection limit was 7.8 mg/L, which

Figure 7. Comparison of Raman spectra for bare AAO, pure AuNRs
array, and AuNRs@AAO substrate adsorbed with 10−6 M R6G under
identical experimental conditions.
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is far below the established standards for additive limits. It
suggests that the substrate exhibits a high level of detection
sensitivity.
The fabrication of highly SERS-active substrates is funda-

mental to SERS research, and one of the requirements is their
chemical and temporal stability. Taking the substrate adsorbed
with 10−6 M R6G molecules as an example, the Raman spectral
signal changes of R6G molecules adsorbed on the substrate
surface after 30 days of placement were analyzed, as shown in
Figure 11a. It was observed that the Raman signal intensity of
R6G molecules would decrease to a certain extent over time.
Specifically, Figure 11b presents the intensity of the character-
istic peaks of R6G at 612, 774, 1363, 1508 and 1649 cm−1.
Notably, after 30 days of exposure to air, the Raman signals of
R6G molecules remain detectable. Compared with the freshly
prepared SERS substrate, the loss of Raman signal intensity at
612 cm−1 was less than 40%, and the intensity of Raman signal at
other peaks decreased by approximately 50%.
In analytical chemistry applications, the analytical enhance-

ment factor (AEF) is frequently employed to assess the
enhancement capability of a substrate. AEF is a specific form
of the enhancement factor (EF) and is particularly useful for
quantifying the analytical signal enhancement. The following
formula is commonly used to calculate the AEF:48−50

= I I
C C

AEF
/
/

SERS Ref

SERS Ref (1)

where CSERS and CRef are the concentrations of R6G on the
AuNRs@AAO substrate (10−13 M) and reference substrate
(10−3 M), respectively. ISERS and IRef are the Raman signal
intensity of R6G adsorbed on the substrate surface and the
reference substrate. The Raman peak of the R6G molecule at
612 cm−1 was selected for calculation. Based on the spectral data,
EF can be calculated to be 1.02 × 109. Similarly, the AEF values
of CV and APM were 3.59 × 109 and 1.5 × 104. The
concentration of adsorbed CV in the blank sample is 10−3 M,
and the mass concentration of APM is 5 g/L. The SERS spectra
of the blank samples are provided in the Figures S3b,c.
The finite element method (FEM) was employed to simulate

the distribution of the local electromagnetic field of the substrate
in the x−y plane. The excitation light wavelength was set to 532
nm, and the incident light was directed perpendicularly to the
substrate surface along the −z axis. Based on the SEM images of
the substrate, the AAO pore diameter was established at 90 nm,
the pore depth was 90 nm, the length of the AuNRs was 80 nm,
and the rod diameter was 16 nm in the simulation. The AuNRs
were either randomly distributed within the pores in a
“shoulder-to-shoulder” arrangement or scattered at the top. In
the electric field distribution diagram, the electric field intensity
can be precisely determined through the color exhibited therein.
Precisely, as portrayed in Figure 12, a color of greater depth (or a
red hue of higher intensity) precisely reflects a more significant
enhancement of the local electric field. As illustrated in Figure
12a, when the rods are closely aligned horizontally within the
pores, the electromagnetic “hot spots” are primarily located at

Figure 8. (a) Raman spectra of R6Gmolecules at different concentrations tested on the AuNRs@AAO substrate, with a detection limit of 10−13M. (b)
The enlarged Raman spectra for R6G concentration of 10−12 and 10−13 M in Figure (a). (c) The linear fitting graph between the logarithm of Raman
intensity of the characteristic peaks and different concentrations of R6G molecules at 612 cm−1. (d) Raman intensity histogram of 10 random points
located at 612 cm−1 at a R6G concentration of 10−6 M.
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the ends of the rods. Figure 12b shows that when the particles
are inclined within the pores and arranged in a dispersedmanner
at the top, the “hot spots” are mainly concentrated at the upper
portions of the rods. Figure 12c presents a scenario in which
more particles occupy the pores, with the majority of AuNRs
positioned vertically along the pore walls, while a minority of
AuNRs are scattered at various angles within the pores. In this
case, the electromagnetic “hot spots” remain concentrated at the
tops of the rods. However, a resonance coupling effect occurs in

the narrow gaps between the rods, significantly enhancing the
intensity of the Raman scattering signal.

3. CONCLUSIONS
In this paper, we successfully assembled AuNRs into AAO pores
using a three-phase system to prepare a relatively ordered
supersensitive SERS detection substrate. We investigated the
influence of AAO pore size and AuNRs LSPR position on the
substrate’s performance. The results indicated that the optimal
conditions for substrate assembly are an oxidation voltage of 45
V and a pore expansion time of 45 min, with AuNRs LSPR peak
of about 800 nm. R6G, CV, and APMmolecules can be detected
experimentally at concentrations as low as 10−13, 10−12 M and
7.8 mg/L, respectively. And the EF values were calculated to be
1.02 × 109, 3.59 × 109, and 1.5 × 104, suggesting that the
developed substrate exhibits commendable reproducibility and
uniformity. Additionally, the ordered arrangement and inter-
stitial structure of AuNRs provide opportunities for applications
in fields such as photothermal therapy. Therefore, this substrate
has a promising application in the fields of environmental
detection, food detection and photothermal therapy.

4. EXPERIMENTAL SECTION
The AAO template was made using a two-step anodization
process. In the first step, the cleaned aluminum substrate was
immersed in an electrolyte solution and a certain voltage was
applied for anodization to form an initial oxide layer. In the
second step, the anodization process was continued at the same

Figure 9. (a) SERS spectra of CV molecules at different concentrations on the AuNRs@AAO substrate. (b) The enlarged Raman spectra of CV
concentrations of 10−11 and 10−12 M in Figure (a). (c) The fitting graph illustrating the relationship between the logarithm of Raman signal intensity of
the characteristic peak and different concentrations of CV molecules at 1619 cm−1. (d) A histogram of 10 randomly selected points on the surface at
1619 cm−1, with a CV concentration of 10−6 M.

Figure 10. Comparative analysis of the concentration gradient signals
of APM molecules tested on AuNRs@AAO substrate.
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voltage. The pore size of the AAO template was systematically
controlled by adjusting the oxidation voltage. Finally, the
template was immersed in an acidic solution for a period of time
to achieve pore size enlargement.
AuNRs were synthesized by the seed-mediated growth

method. Initially, gold seeds with a small diameter were
prepared in a solution containing HAuCl4 and a reducing
agent. Then, a growth solution composed of HAuCl4, AgNO3,
and a reducing agent was prepared. The aspect ratio of the
AuNRs was controlled by adjusting the amount of AgNO3 and
the pH value of the solution. Subsequently, the prepared seed
solution was added to the growth solution, and the reaction time
was strictly controlled. Finally, a colloidal solution of AuNRs was
obtained by centrifugation and purification.
To fabricate the AuNRs@AAO composite substrate, a three-

phase self-assembly technique was employed to assemble
AuNRs into the pores of the AAO template. Detailed
information regarding reagents, experimental conditions, and
procedural steps is provided in the Supporting Information.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.5c00417.

Preparation procedure of the AAO template and the
detection limits of AuNRs@AAO substrates are described
here; vertical section of the naturally fractured AAO film
and measures the average hole depth to be about 88 nm

(Figure S1); absorption spectrum analysis of Au NRs
solutions (Figure S2a,b, and d); SEM image of 880 nm
AuNRs assembled on silicon wafer through three-phase
assembly method (Figure S2c); Raman spectroscopic
characterization images of various analytes adsorbed on
blank AAO substrates (Figure S3); SERS signal of R6G
and CV molecules deposited on the fabricated substrate
(Figure S4) (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Jun Dong− School of Electronic Engineering, Xi’an University of
Posts and Telecommunications, Xi’an 710121, China;
orcid.org/0000-0001-7226-613X; Email: dongjun@

xupt.edu.cn
Wei Gao − School of Electronic Engineering, Xi’an University of
Posts and Telecommunications, Xi’an 710121, China;
Email: gaowei@xupt.edu.cn

Authors
Ziqing Fang − School of Electronic Engineering, Xi’an
University of Posts and Telecommunications, Xi’an 710121,
China

Yimeng Fan− School of Electronic Engineering, Xi’an University
of Posts and Telecommunications, Xi’an 710121, China

Chenlu Li − School of Electronic Engineering, Xi’an University
of Posts and Telecommunications, Xi’an 710121, China

Figure 11. (a) Stability detection and comparative analysis of the substrate. (b) Comparison of the Raman signal intensity at the characteristic peaks at
612, 774, 1363, 1508 and 1649 cm−1.

Figure 12. (a−c) COMSOL simulation of different distribution states of different numbers of AuNRs in the hole: local electric field distribution of the
substrate in the x−y plane.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.5c00417
ACS Omega 2025, 10, 18764−18774

18772

https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00417/suppl_file/ao5c00417_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00417/suppl_file/ao5c00417_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7226-613X
https://orcid.org/0000-0001-7226-613X
mailto:dongjun@xupt.edu.cn
mailto:dongjun@xupt.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:gaowei@xupt.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziqing+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yimeng+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenlu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingyan+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00417?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Qingyan Han − School of Electronic Engineering, Xi’an
University of Posts and Telecommunications, Xi’an 710121,
China

Chengyun Zhang − School of Electronic Engineering, Xi’an
University of Posts and Telecommunications, Xi’an 710121,
China

Lipeng Zhu − School of Electronic Engineering, Xi’an University
of Posts and Telecommunications, Xi’an 710121, China

Xuewen Yan − School of Electronic Engineering, Xi’an
University of Posts and Telecommunications, Xi’an 710121,
China

Jianxia Qi − School of Science, Xi’an University of Posts and
Telecommunications, Xi’an 710121, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.5c00417

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by The National Natural
Science Foundation of China (12274341), the Shaanxi province
Natural Science Foundation of China (2022JZ-05), and
Innovation Funds of Graduate Programs of Xi’an University of
Posts & Telecommunications (CXJJZL2023014).

■ REFERENCES
(1) Fleischmann, M.; Hendra, P. J.; McQuillan, A. J. Raman spectra of
pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974, 26 (2),
163−166.
(2) Albrecht, M. G.; Creighton, J. A. Anomalously intense Raman
spectra of pyridine at a silver electrode. J. Am. Chem. Soc. 1977, 99 (15),
5215−5217.
(3) Kruszewski, S. Dependence of SERS signal on surface roughness.
Surf. Interface Anal. 1994, 21 (12), 830−838.
(4) Doering, W. E.; Piotti, M. E.; Natan, M. J.; Freeman, R. G. SERS as
a foundation for nanoscale, optically detected biological labels. Adv.
Mater. 2007, 19 (20), 3100−3108.
(5) Dong, J.; Zhou, W. T.; Yang, C. Y.; Wu, H. R.; Han, Q. Y.; Zhang,
C. Y.; Gao, W.; Yan, X. W.; Sun, M. T. Preparation of a Three-
Dimensional Composite Structure Based on a Periodic Au@Ag Core−
Shell Nanocube with Ultrasensitive Surface-Enhanced Raman Scatter-
ing for Rapid Detection. ACS Appl. Mater. Interfaces 2023, 15 (23),
28840−28848.
(6) Samanta, A.; Maiti, K. K.; Soh, K.-S.; Liao, X.; Vendrell, M.;
Dinish, U. S.; Yun, S.-W.; Bhuvaneswari, R.; Kim, H.; Rautela, S.; et al.
Ultrasensitive near-infrared Raman reporters for SERS-based in vivo
cancer detection. Angew. Chem. 2011, 50 (27), 6089−6092.
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