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A B S T R A C T

Complex environments often have irreversible effects on Surface-enhanced Raman scattering (SERS) substrates, 
so it is very important to design protection devices reasonably. In this paper, a simple and effective SERS sub
strate protection scheme was proposed. The SERS substrate was assembled on the ROV (Remote-operation 
Vehicle) “Faxian” and deployed in a cold seep biocenose area. The protection device was crucial for the suc
cessful application of the SERS substrate, which effectively adsorbed biological organic molecules such as amino 
acids and β-carotene. However, the effective detection time for low-concentration biomolecules was short (< 8 
min with protection, nearly 0 without), primarily due to high inorganic salt concentrations at the vents. This 
study highlights the limitation of conventional SERS substrates as single-use sensors in deep-sea in-situ detection. 
Future designs of in-situ SERS probes should focus on substrate replacement and protection to enable multi-point 
detection in extreme.

1. Introduction

Extremophiles in deep-sea chemergic ecosystems have rich genetic 
and metabolic diversity, deeply participate in the geochemical cycle of 
key elements, promote the evolution of chemergic ecosystems, and 
produce metabolites with unique structure and function (Tortorella, 
et al., 2018). The detection of organic molecules related to deep-sea 
microbial metabolism has important research significance and value 
for mining functional genes related to anti-high/low temperature, heavy 
metal detoxification, and interpreting key factors regulating biological 
adaptability (Busch, et al., 2022; LaBrie, et al., 2022; Zhou, et al., 2023). 
However, in the extreme deep-sea environment, in-situ sampling is very 
difficult, and the exchange of seawater will inevitably change during the 
sampling process, and it is difficult to obtain accurate information of 

relevant molecules. In order to solve this problem, deep-sea in-situ 
exploration technology began to flourish (Greenfield, et al., 2008; 
Peltzer, et al., 2016; Wei, et al., 2020). However, the concentration of 
bio-related organic molecules in deep sea is low, and the LOD (Limit of 
Detection) of commonly used technologies, such as deep-sea in situ 
Raman detection technology, is high, making it difficult to achieve in- 
situ detection of deep-sea organic molecules (Barletta, et al., 2015; 
Du, et al., 2018).

Surface-enhanced Raman scattering (SERS) technology is a kind of 
ultra-high sensitivity detection technology, and its characteristics such 
as fast and non-destructive detection make it more and more applied in 
the detection of water environment (Liu, et al., 2020; Liu, et al., 2023; 
Williams, et al., 1996). However, in the actual sample testing process in 
complex environments (such as sewage, lakes and oceans, rich in 
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biomacromolecules, organic matter, minerals and metal ions), pre
treatment processes such as filtration, microwave digestion and dilution 
are often required (H. Huang, et al., 2018; Y. Huang, et al., 2023). 
Similarly, the environment in deep-sea cold-seep biomes is complex and 
contains large amounts of methane, hydrogen sulfide, carbonate rocks, 
and other substances (X. Wang, et al., 2017; W. Zhang, et al., 2023; Y. 
Zhang, et al., 2023). The relative content of bio-related organic mole
cules is extremely low, and their detection can is easily susceptible to 
interference from the surrounding environmental substances (Joye, 
et al., 2004; Somoza, et al., 2021). Limited by the existing technology, 
the in-situ detection of deep-sea extreme environment can only carry out 
simple filtration, and it is difficult to carry out complex pretreatment. At 
the same time, deep-sea in-situ exploration is expensive, and the suc
cessful acquisition of effective information is the focus of the work. 
Therefore, studying the adsorption behavior of SERS substrates in the 
deep-sea environment and proposing a simple and effective solution can 
effectively guide the operation mode of SERS technology in the deep sea, 
improve the success rate of SERS detection and reduce the cost of deep- 
sea detection.

In this paper, an effective SERS substrate protection scheme is pro
posed, which is helpful for in-situ SERS detection in deep sea cold seep. 
The Ag-based solid SERS substrate was assembled on a “Faxian” 
remotely operated submersible (ROV) and was descended to the dense 
biome area of the cold seep vent of the Formosa Ridge in the South China 
Sea for verification. 4-mercaptopyridine (4-Mpy) served as both a signal 
molecule and an indicator, coupling SERS substrates with deep-sea 
Raman probe status indicators during deep-sea diving. SERS substrates 
with and without protective solution were brought into the deep sea for 
real-time SERS sampling and adsorption test. The comparison results 
revealed that the SERS substrate had excellent adsorption performance 
on biomolecules. At the same time, the importance of deep-sea detection 
process for SERS substrate pre-protection was pointed out. This work 
can effectively guide deep-sea in-situ SERS detection, reduce the fre
quency of data acquisition, and improve the stability and reliability of 
the experiment.

2. Experimental

2.1. Materials

4- mercaptopyridine (98.0 % or higher) and anhydrous ethanol 
(≥98.0 %) were purchased from Sigma-Aldrich. Ultrapure water (18.2 
MΩ cm, produced by the Milli-Q system) was used in this study. The cold 
seep fidelity fluid was independently collected from the cold seep vent at 
Formosa Ridge in the South China Sea.

The SERS substrate was prepared in the previous work (S. Wang, 
et al., 2022). In brief, a layer of a silver nanofilm was plated on a quartz 
sheet, and the SERS substrate was obtained by a one-step calcination 
method. The heating rate for the annealing process was 10 ◦C/s. The 
substrate was heated up to 420 ◦C and held for 10 min in air before 
cooling to 20 ◦C.

2.2. Laboratory simulation section

Stability test of SERS substrate in aqueous solution. 4-Mpy was 
used as a signal molecule, 10-6 M 4-Mpy aqueous solution was config
ured, and then the SERS base was placed at the bottom of the solution 
and left for a period of time. Then the SERS substrate and solution were 
placed together for detection under confocal Raman microscope with a 
laser intensity of 5 mW, wavelength 532 nm, accumulated 15 times 
during the measurement process, and the integration time was set to 3 s. 
Keep the laser illuminated for 120 min, and collect the spectrum every 
15 min.

Stability test of SERS substrate in cold seep fidelity fluid. Using 
4-Mpy as a signal molecule, the SERS substrate was absorbed in 10-6 M 
4-Mpy solution for 2 h, delicately dried, and the unadsorbed 4-Mpy 

molecules were rinsed off with ultrapure water, then placed into 20 
mL of cold seep fidelity fluid, and immediately transferred to confocal 
microscopy for detection. The detection conditions were consistent with 
the above, and the interval was 2 min (Normal temperature and 
pressure).

2.3. SERS substrate fixtures

How to bring SERS substrate into the deep sea and keep it in the laser 
focal length range is a key technical problem. Influenced by offshore 
working conditions, we prepared a simple SERS substrate fixing device 
using simple nuts, filter iron mesh and clamps (Fig. 1a, b). The SERS 
substrate pre-modifies the signal molecule 4-Mpy as an indicator of 
focusing regulation. First, the SERS substrate is fixed at the bottom of the 
iron net and linked with the nut. The nut is then adjusted to the 
appropriate position (the optimal distance is determined by 4-Mpy 
signal molecules modified on the SERS substrate). Finally, the clamp is 
used to ensure that it does not move.

2.4. Deep sea in situ test section and conservation strategy

During first deep dive, the SERS substrate was fixed to a common 
Raman probe laser by covering it with a screen without a protection 
device. Upon reaching the deep-sea cold-seep biological zone (the depth 
is about 1120 m and the temperature is about 4 ℃), the SERS substrate 
was inserted into the biological community for direct detection (Fig. 2d). 
During the second deep dive, a balloon filled with buffer solution was 
wrapped around the outside of the SERS substrate as a protective device 
(Fig. 2a). When the deep-sea area to be tested was reached, the ROV 
operator was used to disassemble the protection device, and then the 
SERS substrate was used for on-site detection (Fig. 2b-2d). After stand
ing for 5 min, the continuous spectrum was collected at intervals of 30 s 
with an exposure time of 4 s. Each spectrum was collected eight times; 
that is, a new Raman spectrum was collected approximately once every 
minute. Raman detection device is a deep-sea in situ Raman insert probe 
(RiP) system (S. Wang, et al., 2023) independently developed by the 
team.

The RiP system contained a custom-designed NRXNE-532-RA-SP 
spectrometer and a frequency-doubled Nd:YAG laser (532 nm) with an 
output power of 150 mW, both manufactured by Kaiser Optical Systems, 
Inc. (USA). An ADU-440A-BV-136 charge-coupled device (CCD) camera 
(Andor Technology, UK) with 2048 × 512 pixels (corresponding to the 
spectral resolution of approximately 1 cm− 1), and a 27.6 × 6.9 mm 
image area was installed in the RiP system. The spectral range 
(100–4325 cm− 1) was split into two regions (100–2100 and 2100–4325 
cm− 1) on the surface of the CCD; therefore, the spectral resolution of the 
RiP system was approximately 1 cm− 1. Before each deployment, the 
wavenumber and intensity calibrations of the RiP system were processed 
using neon and halogen lamps.

Fig. 1. (a) SERS substrate fixing device physical diagram; (b) three views of 
SERS substrate fixtures consisting of nuts, filter iron mesh and clamp.
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3. Results and discussion

3.1. Laboratory simulation

Fig. 3 is a schematic diagram of the process of SERS substrate 
adsorption and detection in the deep sea. Because the deep sea contains 
a large number of metal salts, cations and particles and other substances 
(X. Wang, et al., 2017) (white ball in the picture), there are also many 
biomolecules in the deep-sea cold seep biome (red ball in the picture). 
When the SERS substrate was placed in the deep-sea biome, organic 
molecules containing amino and sulfhydryl groups in the biomolecule 
were quickly adsorbed to the SERS substrate surface due to the action of 
Ag-N bond or Ag-S bond (Huard, et al., 2019; Ou, et al., 2023; Xu, et al., 
2022; L. Zhang, et al., 2018), thus corresponding Raman signals were 
detected. However, with the increase of time, interferences such as 

metal salts begin to enrich, and eventually shield biomolecular signals. 
This hypothesis was tested in subsequent experiments.

Due to the limitations of the equipment, the laser of the deep-sea 
plug-in Raman device is always turned on after the power is turned on 
in the deep sea. Therefore, it is particularly important to investigate the 
influence of long-term laser irradiation on SERS substrate. Hence, the 
stability of SERS substrate was tested by placing SERS substrate in an 
aqueous solution of 4-Mpy. Under the laser irradiation of up to 120 min, 
the characteristic peaks of 4-Mpy at 1010 cm− 1 (ring breathing) and 
1097 cm− 1 (C-S) could still be detected (Fig. 4a) (Hu, et al., 2002; 
Guohui Yang, et al., 2022). Comparing the change of the peak value of 
irradiation time, it can be found that the characteristic peak value of 4- 
Mpy has a slow decline process in the first 40 min, and then tends to be 
stable (Fig. 4b), which may be caused by the instability of confocal 
microscopy during long-time detection. This indicates that SERS 

Fig. 2. Field work photos of SERS in-situ detection in deep sea. (a) Deep-sea Raman probes with protective devices and buffers; (b) and (c) disassembly of the 
protective device by ROV; (d) In situ detection process, the probe with SERS substrate was directly inserted into the biome (the detection method without protection 
device was consistent with this d).

Fig. 3. Schematic diagram of SERS substrate adsorption process in complex environment (deep sea extreme environment as an example).

S. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Science 308 (2025) 121422

4

substrate also has good stability in the deep-sea environment and can 
maintain good Raman enhancement effect under the long-term irradi
ation of Raman laser.

There are many complex and uncontrollable factors in the deep-sea 
environment, so laboratory simulation experiments are necessary. 
Here, we used the cold seep fidelity fluid as the deep-sea water envi
ronment to carry out the simulation experiment of SERS substrate in-situ 
detection. Using 4-Mpy as a signal molecule, direct detection was per
formed in an unprocessed, at an interval of 2 min. The results show that 
the characteristic peak at 1097 cm− 1 (C-S) decreases rapidly within 7 
min and is shielded by complex noise signals (Fig. 4c, 4d). However, the 
vibration peak at 1010 cm− 1 was disturbed by impurities, and it was 
difficult to distinguish at 3 min, which also proved that Ag and C-S bond 
were more easily combined, that is, Ag-S bond. In short, SERS substrate 
had excellent adsorption capacity, which greatly shortened its effective 
detection time in complex environments. Therefore, it is necessary to 
design a reasonable protection device in the actual complex environ
ment, which also provides guidance for our follow-up deep-sea in-situ 
experiments.

3.2. Deep sea in-situ testing of materials

Due to the attitude adjustment required when the ROV enters the 
water, Raman spectra cannot be collected during the 0–––200 m dive. 

When the ROV attitude adjustment was completed and the Raman 
spectra were formally collected, we could observe (Fig. S1a) that the 
SERS substrate without added protection device only initially detected 
the characteristic peak of signal molecule 4-Mpy at 1052 cm− 1, and then 
the characteristic peak disappeared (was masked), leaving only the 
characteristic peak of sulfate in seawater (the peak value at 1097 cm -1 

decreased sharply due to competitive adsorption between C-S bond and 
high concentration sulfate in seawater. However, the peak value of 
1052 cm− 1 is prominent and stable. Therefore, here we choose the peak 
at 1052 cm -1 as the characteristic peak of 4-Mpy (S. Wang, et al., 2023)). 
However, in SERS substrate with a protective device added (Fig. S1b), it 
was observed that the characteristic peak of sulfate (980 cm− 1) gradu
ally increased, which meant that a part of seawater was immersed, but 
the process was slow. At the same time, we could observe the presence of 
the characteristic peak of 4-Mpy at 1052 cm− 1, which meant that our 
protection strategy could effectively guarantee the enhanced capability 
of SERS substrate.

When the deep-sea cold-seep biological zone was reached, an un
protected SERS substrate was inserted into the biological community to 
begin the continuous spectrum collection, and nine continuous spectra 
were obtained within 8 min (Fig. 5a). No signal was obtained apart from 
the sapphire of the Raman laser, the Raman peak of SO4

2- (980 cm− 1) in 
seawater, and the metal–O bond (Fig. 5a enlarges the image) 
(Kloprogge, et al., 2002; X. Zhang, et al., 2017). This may be because 

Fig. 4. (a) Effect of long-time laser focusing on SERS substrate in aqueous solution; (b) Variation of characteristic peaks (1010 cm− 1 and 1097 cm− 1) with light time; 
(c) Properties of SERS substrates modified 10-6 M 4-Mpy in deep sea cold seep fidelity fluids; (d) Variation of characteristic peaks (1097 cm− 1) with test time.
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sufficient inorganic substances were absorbed onto the SERS substrate 
surface during diving, completely shielding the surface signal. After the 
protected SERS substrate arrived at the test site, nine continuous spectra 
were obtained within 8 min (Fig. 5b). The illustration in Fig. 5b clearly 
shows that many signal peaks appear at 600–1800 cm− 1 in the first 
Raman spectrogram, indicating that biomolecules were successfully 
absorbed on the SERS substrate surface. Simultaneously, the biomole
cule peak increased significantly in the second Raman spectrum. How
ever, from the third minute, the Raman signal dropped sharply, and the 
characteristic peaks of SO4

2- (980 cm− 1) and sapphire dominated the 
Raman spectrum from the fourth to the eighth minute. This indicates 
that the SERS substrate quickly adsorbed biomolecules in the solution. 
After 4 min, the high concentration of inorganic salt in the deep-sea 
environment began to interfere and gradually adsorbed on and 
covered the SERS substrate surface, resulting in the disappearance of the 
Raman signal of the biomolecules. Because the SERS substrate stood for 
5 min for adsorption before detection, the actual time was already 9 min. 
That is, the effective detection time is within 8 min, consistent with lab 
simulations. This means that the detection efficiency of SERS substrate 
was improved and the reaction and adsorption time was reduced in the 
subsequent detection.

We further investigated the adsorbed substances on the surface of 
without protection and with protection SERS substrates to validate the 
importance of our protection strategy for in-situ biomolecular detection 
of SERS substrates in deep ocean. First, we took two different SERS 

substrates (without protection and with protection) back to the labora
tory and conducted Raman testing again after completely drying. We 
randomly selected five points on the without protection SERS substrate 
for detection (Fig. 6a). Predictably, only a few irregular background 
peaks appear, meaning that there are no or very few organic molecules 
remaining on the substrate surface below the detection limit. However, 
we observed the occurrence of several stable characteristic peaks on the 
with protection SERS substrate (Fig. 6b), including 1007 cm− 1, 1169 
cm− 1, 1514 cm− 1 and bulge peak at 2800–––3000 cm− 1. Among them, 
the characteristic peaks at 1007 cm− 1 (ρ(C-CH3)), 1169 cm− 1 (C–C 
polyene chain) and 1514 cm− 1 (C=C polyene backbone) can be attrib
uted to β-carotene (S. Wang, et al., 2023). This result also provides 
effective evidence for the existence of a large number of deep-sea mi
croorganisms at deep-sea cold seep vents, because β-carotene comes 
mainly from deep-sea microorganism (Chen, et al., 2020; Niero, et al., 
2021).

At the same time, scanning electron microscope (SEM), element 
distribution mapping, Fourier Transform infrared (FT-IR) spectroscopy 
and X-ray photoelectron spectroscopy (XPS) characterization (Fig. S2
and Fig. S3) were also conducted on SERS substrates with two different 
processing methods. In addition, we further performed an XPS fitting 
analysis on the protected substrate (Fig. 7). Among them, the C1s nu
clear level spectrum is fitted by five components, corresponding to five 
carbon atoms with different chemical properties in the molecule 
(Fig. 7a). 284.8 eV corresponds to the C–C bond, 285.0 eV corresponds 

Fig. 5. Raman real-time detection spectra in the deep-sea of the SERS substrate (a) without protection and (b) with protection.

Fig. 6. Raman spectrum of deep-sea SERS substrate after drying in the laboratory (five points were randomly selected for each SERS substrate for detection): (a) 
without protection and (b) with protection.
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to the C- (C, H) bond, and 286.2 0 eV and 289.10 eV indicate =C-NH and 
O=C-OH, respectively (Artemenko, et al., 2021). These can be attributed 
to the source of amino acids or some other organic molecules, which can 
be further demonstrated by the fitting data of N1s and O1s in Fig. 7b and 
7c, including 399.90 eV (C-N), 400.50 eV (C-NH-C), 531.90 eV (O**=C- 
OH) and 532.80 eV (O=C-O**H) (Artemenko, et al., 2021; Guangbin 
Yang, et al., 2013). In addition, we also found the presence of 289.30 eV 
(CO3), possibly due to the adsorption of calcium carbonate on the sur
face, and the presence of 347.20 eV (Ca 2p3/2) and 350.90 eV (Ca 2p1/2) 
in Fig. 7c further supports our inference(Ma, et al., 2021; Ni & Ratner, 
2008). By comparing the total XPS spectra of SERS substrates with 
protected devices and without protected devices, it was obvious that the 
content of organic molecules retained in SERS substrates with protected 
devices was much higher than that without protected devices (detailed 
analysis can be found in Fig. S3). All the evidence showed that the with 
protection SERS substrate had good SERS detection effect and effective 
adsorption performance on biomolecules in the deep sea. Based on this, 
we can conclude that this protection strategy can effectively ensure the 
in-situ detection of bio-related molecules by SERS substrate in deep sea, 
and effectively guide the development of in-situ SERS detection equip
ment in deep sea in the future.

4. Conclusion

In summary, this study proposed an effective SERS substrate pro
tection strategy for deep-sea in-situ detection. The properties and 
adsorption behavior of SERS substrates in deep sea cold seep composite 
system were investigated by in-situ deep-sea experiments. Laboratory 
simulation results showed that SERS substrate remained stable under 
long-term laser irradiation in aqueous solution. Deep-sea in-situ 

experiments showed that the adsorption capacity of SERS substrates on 
biological organic molecules was very fast, and the high concentration 
of inorganic salts in the deep sea was also quickly adsorbed, covering the 
Raman signal of low concentration biomolecules. Importantly, in deep- 
sea cold seep systems, the effective time for in situ detection of dilute 
biomolecules is only 8 min. This work shows that reasonable design of 
protective strategies for SERS substrates and improvement of detection 
efficiency is particularly important in complex extreme environments 
(for example, the design of probe devices that can inject protective fluid 
and flushing fluid in real time, easily replaceable probe with three- 
dimensional structure or flexible probe crawler), providing important 
guidance for the detection of low concentration molecules in extreme 
environments.
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