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Abstract: The lethal bacterium of bacillus anthracis has been recognized as a kind of formidable
biological warfare agent, and the biomarker of 2, 6-pyridine dicarboxylic acid (DPA) is a crucial
component of the protective layer of anthrax spore. The development of an efficient and sensitive
detection method for DPA is necessary to prevent the potential biological threats. In this
experiment, the porous carbon cloth (CC) and different sizes of gold nanoparticles (AuNPs)
are composited together to construct a flexible SERS substrate of AuNPs@Au/CC. The high
surface-enhanced Raman scattering (SERS) performance of AuNPs@Au/CC substrate is assessed
by the probe molecule of Rhodamine 6 G (R6 G). During the detection of DPA, the SERS
substrate of AuNPs@Au/CC exhibits a linear detection range from 10−7 M to 10−13 M with a
limit of detection (LOD) of 1.58× 10−13 M. The flexible CC substrate decorated with different
sizes of AuNPs can facilitate the contact of DPA molecules and enhance the Raman signal.
It provides potential application for the rapid and sensitive DPA detection for preventing the
biological threats.
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1. Introduction

Anthrax is a serious and acute infectious disease usually caused by inhalation of pathogenic
spores of Bacillus anthracis. This anthrax spore is a Gram-positive bacterium that can survive in
harsh environments for many years and has a strong environmental resilience. Bacillus anthracis
can invade human body through skin wounds, respiratory tract or digestive tract, causing different
types of anthrax disease [1,2]. When these spores are atomized, they can become airborne and
become a potential biological weapon, posing a serious threat to public health [3]. If more
than 104 spores are inhaled and are not treated effectively within 24 to 28 hours, the mortality
rate is extremely high [4]. For example, the bacteria has caused multiple deaths during the
anthrax attacks in the United States in 2001, highlighting its biological threat to national security
as a means of bioterrorism [5]. Because of its high pathogenicity, lethality and infectivity,
Bacillus anthracis has been considered as a kind of potentially deadly biological warfare agent
and attracted globally attention [6–8].
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Traditional methods of diagnosing Bacillus anthracis rely on a process of microbial culture,
which typically takes 12 to 48 hours and significantly limits the rapid detection of Bacillus
anthracis. 2, 6-pyridine dicarboxylic acid (DPA) is the crucial component of the protective layer
of anthrax spore, which not presents in other non-spore-producing bacteria and molds. The
DPA content in spores accounts for 5% to 15% of the dry weight, which has been considered
as the key biomarker of Bacillus anthracis [9,10]. DPA plays a vital role in the formation,
stability, and tolerance of the spores of Bacillus anthracis. It endows the spores with extremely
strong environmental tolerance, enabling them to withstand external physical and chemical
factors and thus survive in adverse environments. The spores will wait for suitable conditions to
germinate again and trigger infection. Therefore, DPA is not only an important component of the
spores of Bacillus anthracis, but also one of the key factors of its uniqueness and pathogenicity.
Considering the substantial threat that anthrax spores pose to both humans and animals globally,
precise detection of DPA is paramount for ensuring biosecurity. Currently, varieties of analytical
techniques has been documented for detecting DPA, including immunoassay [11,12], gas
chromatography-mass spectrometry (GC-MS) [13,14], polymerase chain reaction (PCR) [15,16],
colorimetric titration [17], fluorescence-based methods [18,19], and other approaches. The
immunoassay exhibits moderate speed and reasonable sensitivity when detecting Bacillus
anthracis, however, it has limitations as it cannot identify pathogens without antibodies and
incurs significant costs [11]. GC-MS possesses exceptional sensitivity and selectivity when it
comes to detecting and identifying bacteria. However, it entails significant sample pretreatment
and necessitates a certain level of technical expertise and experience [13]. The PCR method
possesses the capability to distinguish Bacillus anthracis from other bacillus species, albeit with
a comparatively slow analysis speed [16]. The colorimetric sensors can indeed be employed
for visual detection purposes, but, accurately quantifying the DPA concentration using these
sensors remains challenging [17]. The fluorescence sensor has the capability of sensitivity
and rapid detection for DPA, but, its preparation process is relatively intricate [20]. Despite
demonstrating their efficacy in detecting DPA, these techniques still grapple with significant
challenges, including analysis speed, cost and operational complexity [11,16,17]. Hence, it
require urgent attention and immediate necessity for the creation of an ultra-sensitive, rapid,
reusable, portable and economically viable biochemical sensor platform.

In recent years, the technology of surface-enhanced Raman scattering (SERS) has been utilized
for the detection of the biomarker DPA associated with Bacillus anthracis. The sensitivity and
specificity during DPA detection have been significantly improved. For example, Jiang et al.
has developed an economical and readily available SERS substrate derived from natural organic
matrix with impregnated silver nanoparticles (AgNPs) [21]. This SERS substrate enables precise
quantitative detection of DPA within a linear range spanning from 40 nM to 1000 nM, achieving
the limit of detection (LOD) of 8.62 nM [21]. Naqvi et al. has fabricated an ultra-sensitive
and reusable SERS sensor through layered gold nanoparticles (AuNPs), which can achieve an
impressive LOD of 0.83 pg/L for DPA detection [22]. Moreover, flexible SERS substrates are
becoming increasingly favored due to the real-time detection capability for probe molecular
without supplementary extraction procedures [23]. Carbon cloth (CC) boasts the advantages
of exceptional conductivity, physical flexibility and durability, making it a highly affordable
flexible SERS substrate. For example, Yao et al. has prepared a highly sensitive CC-based
SERS substrate modified with gold nanoparticles, achieving a very low LOD for several kinds of
molecular [24]. Therefore, SERS technology has been widely applied in the field of biomedical
detection, offering significant advantages in enhancing sensitivity, specificity, and convenience
[25,26].

The porous structure of flexible CC facilitates rapid analyte adsorption, thereby enhancing
the speed and efficiency of detection [23,24,27,28]. Therefore, this CC-based SERS substrate
remains a promising candidate for the detection of DPA. In this study, the porous CC structure is
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firstly decorated with large-sized AuNPs through fast vacuum annealing, subsequently followed
by the assembly of small-sized AuNPs to construct a flexible SERS substrate designated as
AuNPs@Au/CC. The high SERS performance of AuNPs@Au/CC substrate is assessed by the
probe molecule of Rhodamine 6 G (R6 G). During the detection of the bacterial spore biomarker
of DPA, the SERS substrate of AuNPs@Au/CC exhibits a linear detection range from 10−7 M to
10−13 M with a LOD of 1.58× 10−13 M. The porous CC substrate decorated with different sizes
of AuNPs can facilitate the contact of DPA molecules and enhance the Raman signal. It provides
potential application for the rapid and sensitive DPA detection for preventing the biological
threats. This flexible SERS substrate boasts the application in a diverse range of environments.

2. Experiment details

2.1. Chemicals and materials

Chloroauric acid (HAuCl4·3H2O, 99.9%), Trisodium citrate dihydrate, Hydroxylamine hydrochlo-
ride, Polyvinylpyrrolidone, Cyclohexane, Ethyl alcohol, R6 G, 2, 6-pyridine dicarboxylic acid
(DPA) were purchased from Xilong Chemical Co., Ltd. (Guangdong China). All the chemicals
were analytical grade and used without further treatment.

2.2. Fabrication and assemble of AuNPs

AuNPs were fabricated by the seed growth method [29]. The HAuCl4 solution (100 mL, 0.01%
w/v) was added into a three-neck flask and placed in a heated magnetic agitator connected to a
condensing tube. After heating to 100 ℃, the sodium citrate dihydrate solution (2 mL, 10−2

g/mL) was added and stirred magnetically for 15 min until the solution changed from light yellow
to garnet red. The solution cooled naturally to room temperature under reflux condensation. The
prepared sol (25 mL) was added to a new three-neck flask, to which 1.0 mL of trisodium citrate
dihydrate solution (10−2 g/mL), 1.0 mL of PVP solution (1% w/v), and 20 mL of hydroxylamine
hydrochloride solution (25 mM) were added and stirred at 300 rpm. At the same time, the
HAuCl4 solution (20 mL, 0.1% w/v) was dripped into a new three-neck flash through a funnel
and then magnetically stirred for 20 min. The solution of AuNPs was prepared upon observing a
color change from garnet red to deep red and was subsequently stored in a refrigerator at 4 ℃ for
future use.

The prepared AuNPs solution was taken and centrifuged at 6000 rpm for 10 minutes.
Subsequently, the supernatant was discarded, and the nano-gold dispersion was obtained by
mixing the residue with 3.0 mL of ultra-pure water. Afterward, 1.0 mL of cyclohexane was slowly
introduced, allowing for a complete reaction. And then, 1.0 mL of ethanol was rapidly added.
As the cyclohexane evaporated, a AuNPs thin film was finally formed on the liquid surface.

2.3. Fabrication of AuNPs@Au/CC substrate

As shown in Fig. 1(a), a thin film of AuNPs was firstly assembled on the surface of carbon
cloth to form an AuNPs/CC structure, with the size of the AuNPs being about 33 nanometers.
Subsequently, the prepared AuNPs/CC substrate is placed into a high-temperature vacuum
annealing furnace for heating and annealing treatment. During this process, nitrogen gas is
introduced as a protective gas to prevent the material from oxidizing at high temperatures. The
annealing temperature is set at 900 ℃, and the annealing time is 20 minutes. During this
period, the AuNPs undergo recrystallization, where small-sized AuNPs particles dissolve and
recrystallize into large-sized AuNPs, thus forming an Au/CC structure. As shown by the statistical
analysis of 100 recrystallized AuNPs in the inset of Fig. 1(c), the diameter of the large-sized
AuNPs in a range of 400-600 nm. Finally, a film of small-sized AuNPs is reassembled on the
surface of the Au/CC structure to form an AuNPs@Au/CC structure, which is used as the SERS
detection substrate.
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Fig. 1. (a) The flowchart shows the detailed fabrication process of the flexible SERS
substrate of AuNPs@Au/CC. (b)-(d) respectively display the structural morphologies of the
clean CC, Au/CC and AuNPs@Au/CC observed by SEM.

During the preparation of the SERS substrate, 900 ℃ is the temperature at which AuNPs melt
and recrystallize under vacuum conditions. If the temperature is not high enough, the small-sized
AuNPs will not melt completely, which affects the subsequent crystallization. If the temperature
is too high or the annealing time is too long, gold atoms will evaporate from the surface of the
carbon cloth, and large-sized AuNPs will not form.

2.4. Preparation of DPA standard solutions

The DPA powder (0.00167 g) was dissolved in 1.0 mL of ultra-pure water to prepare the aqueous
solution with a concentration of 10−2 M. The DPA solutions with lower concentrations (10−3 M,
10−4 M, 10−5 M, 10−6 M, 10−7 M, 10−8 M, 10−9 M,10−10 M, 10−11 M, 10−12 M, 10−13 M and
10−14 M) were prepared by double dilution in turn.

2.5. Material characterization and SERS measurements

The morphology of AuNPs@Au/CC structure was characterized by scanning electron microscopy
(SEM, ZEISS Sigma 300). Raman scattering was performed on the confocal Raman instrument
(inVia Qontor). During SERS measurement, a laser with a wavelength of 633 nm was used as
the excitation source together with a 50× objective lens at room temperature. The detection
range was 100-2,000 cm−1, and the acquisition time was 10 s for each Raman spectrum. Prior to
detection, the baseline was calibrated to exclude fluorescent. The substrates of AuNPs@Au/CC
were soaked in the analyte solutions with various concentrations. After soaking for a period of
time, the substrates were removed and dried for SERS measurement.

3. Results and discussion

The SERS substrate is fabricated using assembly techniques and high-temperature vacuum
annealing. Figure 1(a) illustrates the detailed fabrication process of the flexible AuNPs@Au/CC
SERS substrate. Figure 1 b-d show the structural morphologies of the clean CC, Au/CC, and
AuNPs@Au/CC, respectively, as observed by SEM. Figure 1(b) displays the typical carbon fiber
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features on the clean CC substrate. Figure 1(c) shows that small-sized AuNPs assembled on CC
recrystallize into large-sized AuNPs during high-temperature vacuum annealing, forming the
Au/CC structure. This structure is tightly bonded to the carbon cloth and resists detachment. The
inset in Fig. 1(c) reveals that the diameters of 100 large-sized AuNPs range from approximately
400-600 nm. Figure 1(d) shows the final AuNPs@Au/CC structure, with an additional AuNPs thin
film assembled onto the Au/CC surface. SEM characterization indicates that large-sized AuNPs
are sparsely distributed, while small-sized AuNPs are uniformly distributed on the large-sized
AuNPs and the carbon cloth surface. During the second assembly, small-sized AuNPs aggregate
on the large-sized AuNPs, forming a three-dimensional core-satellite structure. The small-sized
AuNPs assembled for the second time also adhere well to the Au/CC surface. Therefore, the
SERS substrate based on the AuNPs@Au/CC structure is relatively stable and does not easily
detach during testing. Similar to the reported core-satellite structures, this arrangement creates
high-density hot spots across the surface, enhancing the local electromagnetic field strength and
improving SERS signal sensitivity [30–32].

SERS technology leverages the foundational principles of traditional Raman scattering to
substantially amplify the Raman signal. This amplification is attributed to the intensified
electromagnetic field generated between a metallic surface (Au, Ag, Cu) and the sample being
analyzed [33]. This enhancement empowers SERS to boast a diverse range of applications,
capable of precisely identifying even trace amounts of biological and hazardous chemicals [22].
Furthermore, its significance extends to medical diagnosis [34–36] and food safety detection
[37,38], underscoring its vital importance in these fields. Figure 2(a) presents the large-scale SEM
image of AuNPs@Au/CC, enabling a clear visualization of the entire substrate’s morphology.
Figure 2(b)–2(d) show the detailed structure in different regions. The surface of the recrystallized
large-sized AuNPs can be adorned with assembled small-sized AuNPs, irrespective of whether
they are positioned at the center (Fig. 2(b)) or near the edge (Fig. 2(c)) of the carbon fiber. As
shown in Fig. 2(d), the assembled small-sized AuNPs are also uniformly dispersed on the areas
devoid of large-sized AuNPs. It is suggested that the AuNPs not only adhere to the large-sized
AuNPs but also establish a consistent coating layer across the carbon cloth surface. So that, the
SERS substrate exhibits high sensitivity and specificity in the detection of targets molecules.

Fig. 2. Characteristics of AuNPs@Au/CC : (a) presents the large-scale SEM image of
AuNPs@Au/CC. (b)-(d) show the detailed structure in different regions.

R6 G has been selected as the probe molecule for evaluating the sensitivity of the fabricated
AuNPs@Au/CC SERS substrate, with the concentration ranging from 10−6 M to 10−13 M.
During the detection process, there is a substantial variation in the SERS signal intensity of R6
G across different regions. Figure 3(a) displays SERS spectra from regions with large AuNPs
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(AuNPs@Au/CC), while Fig. 3(b) shows spectra from regions without large AuNPs (AuNPs/CC).
In Fig. 3(a) and 3(b), it is difficult to discern the order-of-magnitude difference in Raman signal
intensity between the two difference detection regions. To quantitatively assess the enhancement
effect, Fig. 3(c) compares Raman peak intensities at 615 cm−1 and 775 cm−1 for 10−11 M R6 G
in both regions. In the large-sized AuNPs region (region 1), the intensities are 4361 and 2998,
respectively. In the region without large-sized AuNPs (region 2), the intensities are 743 and 290,
respectively. This difference confirms the contribution of large-sized AuNPs to SERS signal
amplification. This is because its core-satellite structure enhances the local electromagnetic
field strength, thereby improving the sensitivity of the SERS signal [30–32]. During testing, the
large-sized AuNPs region is easily identifiable under an optical microscope and shows much
better SERS performance than the small-sized AuNPs directly loaded on the carbon cloth surface.

Fig. 3. SERS properties of R6 G in different regions based on AuNPs@Au/CC: (a) displays
the SERS signal intensity of R6 G, as measured on the surface of AuNPs@Au/CC. (b) depicts
the SERS signal intensity of R6 G in an area devoid of large gold particles. (c) depicts the
compared results of the SERS signal intensity of of R6 G between the two regions (region
1 represents the large-sized AuNPs area; region 2 represents the area without large-sized
AuNPs) at the concentration of 10−11 M.

After being evaluated with the R6 G molecule, the AuNPs@Au/CC substrate can be utilized
for the SERS detection of DPA. Figure 4(a) displays the Raman characteristics of DPA molecule,
exhibiting the prominent peaks at 652 cm−1, 764 cm−1, 1003 cm−1, 1161 cm−1, 1290 cm−1,
1457 cm−1, 1583 cm−1, and 1649 cm−1. The spectral peaks obtained in this study are consistent
with the data reported in the literature [39]. Among these peaks, the Raman peaks of DPA
located at 652 cm−1, 1003 cm−1, and 1161 cm−1 correspond respectively to the CC ring bending
mode, the CC stretching symmetric ring breathing modes, and the CH-bending modes [22].
In particular, the peak located at 1003 cm−1 serves as a typical Raman characteristic peak for
the detection of DPA. Figure 4(b) shows the Raman spectra of DPA (10−8 M) observed by
AuNPs@Au/CC, AuNPs/CC and AuNPs/Si substrates, respectively. Figure 4(c) compares the
Raman peak intensities at 1003 cm−1 for the three substrates shown in Fig. 4(b). A distinct DPA
peak appears at 1003 cm−1 on the AuNPs@Au/CC substrate, with intensity exceeding that of
AuNPs/CC. In contrast, no detectable peak is observed on the AuNPs/Si substrate. These results
confirm the enhanced SERS detection capability of the flexible AuNPs@Au/CC substrate for
DPA.

Moreover, the SERS effect of AuNPs@Au/CC substrate can be analyzed by the analytical
enhancement factor (AEF), which is calculated by the formula of ISERS ×CRS/IRS ×CSERS based
on the Raman peak intensity at 1003 cm−1 [40]. In the formula, ISERS represents the Raman
peak intensity of DPA on AuNPs@Au/CC substrate, CSERS is the concentration of DPA (10−8

M) on AuNPs@Au/CC substrate, IRS represents the Raman peak intensity of DPA on the bare
carbon cloth, CRS is the concentration of DPA (10−3 M) on the bare carbon cloth. According to
the calculation, the AEF value of AuNPs@Au/CC SERS substrate is 4.4× 106, which further
confirms the good Raman enhancement capability
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Fig. 4. (a) displays the Raman characteristics of DPA molecule, exhibiting the prominent
peaks at 652 cm−1, 764 cm−1, 1003 cm−1, 1161 cm−1, 1290 cm−1, 1457 cm−1, 1583 cm−1,
and 1649 cm−1. (b) presents the Raman spectra of DPA (10−8 M) acquired from both
AuNPs@Au/CC, AuNPs/CC and AuNPs/Si substrates, respectively. (c) shows the Raman
peak intensities corresponding to the three different substrates depicted in (b).

Figure 5(a) depicts the SERS spectra, which are acquired from the eight different concentrations
of DPA. The Raman peak intensity at 1003 cm−1 is prominent, which is chose for the quantitative
analysis. The Raman peaks of DPA remain distinctive detectable even at the low concentration of
10−13 M. The trend demonstrates a decreasing trend as the DPA concentration ranges from 10−7

M to 10−14 M. Figure 5(b) displays the direct proportionality between the Raman intensity at
1003 cm−1 and the concentration of DPA solution, as evidenced by the spectra in Fig. 5(a). The
linear equation is calculated as y= 9311+ 705x, R2 = 0.992, indicating a good linear correlation
between Raman intensity and DPA concentration. The equation 3Sd/k is employed to calculate
the LOD of the AuNPs@Au/CC SERS substrate [23]. In the equation, Sd represents the standard
deviation of 5 times the signal intensity measured from the blank substrate, and k represents the
slope of the linear plot depicted in Fig. 5(b). Consequently, the LOD of the AuNPs@Au/CC
SERS substrate is calculated as 1.58× 10−13 M. The result confirms the high sensitivity of the
AuNPs@Au/CC SERS substrate, underscoring the feasibility of its application in quantitative
analysis.

The reproducibility and stability of the Raman signal are equally crucial factors in assessing the
effectiveness of SERS substrate. In this experiment, 10 different regions are randomly selected
for the measurement to confirm the reproducibility of the AuNPs@Au/CC SERS substrate.
Figure 5(c) shows the three-dimensional diagram of the SERS spectra of DPA, which are captured
at at the concentration of 10−8 M in these 10 regions. Figure 5(d) shows the corresponding
Raman peak intensity and its relative standard deviation (RSD) value. The results show that the
RSD value of the DPA Raman peak at 1003 cm−1 is 10.2%, proving the good reproducibility of
the AuNPs@Au/CC SERS substrate.

Figure 6 shows the statistical data of DPA detection performance containing SERS and other
techniques [41,42]. As compared, the AuNPs@Au/CC SERS substrate developed in this study
shows the lowest LOD of 1.58× 10−13 M and a linear detection range from 10−7 M to 10−13 M.
It is demonstrated that the AuNPs@Au/CC sensor exhibits high sensitivity within its effective
linear range compared to other reported sensing platforms. In this study, we fabricated the
AuNPs@Au/CC core-satellite structure. This structure can enhance the signal, thereby improving
the detection sensitivity [30–32]. Meanwhile, the target region can be quickly located under an
optical microscope, which further improves the detection efficiency. However, the current method
has certain limitations, the uneven size distribution of the large-sized AuNPs may influence the
reproducibility of the substrate.

In order to evaluated the long-term stability in conventional analysis, the SERS activity of
AuNPs@Au/CC after storage in air for a period of time is further tested. The Au/CC structure is
formed through high-temperature annealing and recrystallization, creating a very stable structure
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Fig. 5. DPA SERS detection for AuNPs@Au/CC: (a) depicts the SERS spectra, which
are acquired from the eight different concentrations of DPA. (b) Logarithm of DPA con-
centration and Raman intensity at 1003 cm−1 (error bar represents standard deviation of
three measurements). (c) shows the three-dimensional diagram of the SERS spectra of DPA,
which are captured at at the concentration of 10−8 M in these 10 regions; (d) shows the
corresponding Raman peak intensity and its relative standard deviation (RSD) value.

Fig. 6. shows the comparison of DPA detection performance between AuNPs@Au/CC
and other surface-enhanced Raman scattering (SERS) substrates, as well as other detection
techniques.
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as the large-sized AuNPs bond tightly with the carbon cloth substrate. The small-sized AuNPs
assembled for the second time also adhere well to the Au/CC surface. Therefore, the SERS
substrate based on the AuNPs@Au/CC structure is relatively stable and does not undergo
significant changes due to temperature, humidity, or storage time during testing. Figure 7(a)
shows the SERS spectra of DPA (10−8 M) on the same substrate over different storage periods,
with Fig. 7(b) quantifying the corresponding Raman peak intensities at 1003 cm−1. The Raman
characteristic peak intensity for the storage time of 1 day and 5 days remains consistent under
room temperature and atmospheric conditions, indicating good short-term stability. When the
storage time is extended to 10 days, a slight decrease in the characteristic peak intensity occurs.
This suggests that the SERS activity of the substrate will gradually diminish over time. During
storage, oxidation of the substrate surface or adsorption of other foreign substances may occur,
leading to a reduction in its activity. Thus, for SERS substrates that require long-term storage,
appropriate protective measures should be considered, such as vacuum packaging or the addition
of a protective layer, to extend their service life and maintain stable SERS performance [43]. As
shown in Fig. 7(c), the reproducibility of four substrates prepared in different batches has been
assessed. The Raman peak intensities at 1003 cm−1 shows little changes at the DPA concentration
of 10−8 M, and the calculated batch-to-batch reproducibility by RSD is 15.9%. These results
indicate that the SERS substrate has potential for applications in real-time detection.

Fig. 7. AuNPs@Au/CC stability of SERS substrates: (a) shows the SERS spectra of DPA
at 1003 cm−1 for the substrate under different storage times. (b) represents the Raman peak
intensities at 1003 cm−1 from Fig. 7(a) under different storage times (n= 3). (c) shows
the batch-to-batch reproducibility of Raman peak intensities at 1003 cm−1 for substrates
prepared in different batches, tested at a concentration of 10−8 M (n= 3).

Compared with traditional fluorescence detection techniques, SERS technology has more
significant advantages in DPA detection. SERS technology eliminates the need for complex
fluorescence labeling steps and avoids the use of fluorescent probes and their potential background
interference issues, thus offering greater advantages in terms of operational simplicity and
detection cost. Since SERS signals are based on the fingerprint spectra of molecular vibrations,
the Raman characteristic peaks are less susceptible to fluorescence quenching effects, ensuring
the stability and reliability of the detection signals. Carbon-based SERS substrates reported in
prior studies often suffer from trade-offs between sensitivity, cost, and fabrication complexity.
For example, AgNPs@TiO2/CFC substrates synthesized via UV reduction exhibit a detection
limit of 10−9 M, but require stringent control over solution parameters and irradiation conditions
[44]. Similarly, magnetron-sputtered MWNTs/AgNPs substrates achieve 10−10 M sensitivity, yet
depend on costly vacuum systems and multi-step processes [45]. In contrast, the AuNPs@Au/CC
substrate utilizes a high-temperature vacuum annealing strategy to induce AuNP recrystallization.
During this process, small-sized AuNPs dissolve and reprecipitate as large-sized AuNPs, forming
a robust Au/CC structure. Subsequently, a secondary layer of AuNPs film is assembled on the
Au/CC surface, ultimately form an AuNPs@Au/CC structure. During the detection of DPA, the
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SERS substrate of AuNPs@Au/CC exhibits a LOD of 1.58× 10−13 M at the detection range from
10−7 M to 10−13 M.

This study demonstrates that the gold film decoration method offers significant advantages
over conventional AuNPs modification techniques in terms of simplicity and scalability. While
traditional approaches like solution immersion require meticulous optimization of nanoparticle
concentration and immersion duration [31], and plasma sputtering depends on specialized
high-vacuum equipment [46]. Liquid-gas interfacial self-assembly strategy enables rapid and
uniform AuNPs deposition through a more streamlined process. The protocol concentrates
AuNPs at the cyclohexane/ethanol interface followed by direct transfer to carbon cloth substrates,
eliminating the need for complex instrumentation and additional chemical treatments. This
synergistic approach capitalizes on the inherent benefits of flexible, low-cost carbon cloth while
leveraging the enhanced efficiency of interfacial self-assembly, ultimately establishing the gold
film decoration technique as a highly promising solution for practical SERS applications.

4. Conclusion

In conclusion, the flexible SERS substrate of AuNPs@Au/CC is fabricated to realize the high
sensitive detection of the bacterial spore biomarker of DPA. The porous CC surface is firstly
decorated with large-sized AuNPs through fast vacuum annealing, subsequently followed by
the assembly of small-sized AuNPs to construct a flexible SERS substrate of AuNPs@Au/CC.
The porous CC substrate decorated with different sizes of AuNPs can facilitate the contact of
molecules and enhance the Raman signal. The high SERS performance of AuNPs@Au/CC
is assessed by the probe molecule of R6 G. During the detection of DPA, the SERS substrate
of AuNPs@Au/CC exhibits a linear detection range from 10−7 M to 10−13 M with a LOD of
1.58× 10−13 M. The high performance of the flexible SERS substrate provides a new possibility
for the rapid and sensitive DPA detection. It holds significance in preventing the biological
threats, boasting the potential application in a diverse range of environments.
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