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Abstract 
Gymnodimine (GYM), a fast-acting marine toxin, is destructive to aquacul-
ture and human health through contaminated shellfish. The current detection 
methods in GYM have definite drawbacks in operation, such as the demand 
for delicate instruments and the consumption of time. Therefore, silver col-
loid was utilized as a surface-enhanced Raman scattering (SERS) desirable 
substrate for sensitive and rapid detection of GYM in lake and shellfish sam-
ples. The theoretical spectrum of GYM is calculated by density functional 
theory (DFT), and the substrate performance is evaluated by a rhodamine 6 G 
probe. Under the optimal SERS experimental condition calculated by the re-
sponse surface methodology, the low limit of detection of 0.105 μM with R2 of 
0.9873 and a broad linearity range of 0.1 - 10 μM was achieved for GYM de-
tection. In addition, the substrate was satisfyingly applied to detect gymno-
dimine in the lake and shellfish matrix samples with LOD as low as 0.148 μM 
and 0.170 μM, respectively. These results demonstrated a promising SERS 
platform for detecting marine toxins in seafood for food safety and pharma-
ceutical research. 
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1. Introduction 

Marine toxins in seafood usually accumulate in edible shellfish and fish, causing 
poisoning symptoms and even life-threatening after human consumption, pos-
ing a risk to consumers’ health [1]. Shellfish toxins are typically produced by 
phycotoxins. Since shellfish have a unique way of filter feeding that accumulates 
pollutants in water, phytoplankton, and even in the ocean, shellfish have become 
the most common toxin carrier in seafood [2]. Karen algae produced Gymno-
dimine (GYM), first discovered in New Zealand [3]. This toxin has a specific 
spiroimide toxic functional group, which is less toxic than other fat-soluble tox-
ins. However, the degradation rate of GYM is prolonged, and thus it has poten-
tial long-term harm to eaters [4] [5]. The safety standard of toxin GYM content 
is currently unclear [6]. Therefore, developing a reliable and sensitive method 
for GYM detection for food safety is crucial. 

At present, the primary detection methods for GYM are mouse bioassay 
(MBA), liquid chromatography-tandem mass spectrometry (LC-MS/MS), and 
receptor-binding assay (RBA). MBA is a traditional method for detecting GYM 
in seafood [3] [7], but this method has low sensitivity, poor specificity, and ethi-
cal issues. LC-MS/MS is the most crucial chemical method with high speed, 
good repeatability, and strong specificity [8]. LC-MS/MS combined with solid 
phase extraction can detect four lipophilic marine toxins, including GYM, in bi-
valve shellfish [9]. However, this method requires large precision instruments and 
sample pretreatment before tedious testing, which limits its application in the ac-
tual scene [10] [11]. RBA is to inhibit the specific binding of α-bungarotoxin to 
nicotinic acetylcholine receptors by GYM. Subsequently, fluorescence and colo-
rimetry are used to detect the specific binding of α-bungarotoxin to nicotinic 
acetylcholine receptor. However, the specificity of this method is poor [12] [13] 
[14]. Hence, it is important to develop a simple, rapid, cost-effective and specific 
“fingerprints” method for gymnodimine analysis. 

Surface-enhanced Raman spectroscopy (SERS) observed in 1974 can be ap-
plied to work out the critical issues for its advantages, such as signal amplifica-
tion and high sensitivity [15] [16]. Raman signals can be enhanced by adsorbing 
samples on the rough surfaces of metal nanostructures, such as gold, silver, cop-
per, and the like [17] [18] [19]. The mechanism of signal enhancement can be 
divided into two categories: electromagnetic enhancement and chemical en-
hancement, in which electromagnetic enhancement is the main factor affecting 
the SERS signal [20] [21]. SERS has been applied to analyze and detect some 
shellfish toxins to obtain high-precision, rapid, and in situ detection. Olson et al. 
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[22] detected the SERS spectra of domoic acid (DA) and saxitoxin(STX) by silver 
nanoparticle (AgNP) colloids and determined their molecular vibration modes, 
which proved the feasibility of the SERS technique in the analysis of shellfish 
poisoning. Subsequently, Huai et al. [23] used laser tweezers Raman spectrosco-
py (LTRS) combined with SERS technology to obtain a detection limit as low as 
2 nM in only 2 seconds of integration time. In addition to direct detection, func-
tional group modification on the metal surface can improve the adsorption be-
tween metal and analyte, enhancing the Raman signal. Müller et al. [24] carried 
out amination modification on the surface of AgNPs to improve the binding 
ability and realized the determination of DA in seawater samples with a detec-
tion limit as low as 0.416 mM. Cao et al. [25] aminated gold nanoparticles 
(AuNP) and enhanced the capture ability of STX through electrostatic interac-
tion and hydrogen bonds between cysteines. Thus, the dynamic SERS strategy 
increases the number of hot spots in the substrate, and the detection level of STX 
reaches 100 nM. 

Considering the advantages of SERS technology and the difficulties of natural 
product synthesis [25] [26] [27], a novel Ag colloid-based SERS method was es-
tablished for detecting GYM in lake and shellfish matrix samples. In this study, 
the vibration modes of the GYM are simulated by density functional theory 
(DFT); the Ag colloids’ enhancement factor was calculated using rhodamine 
R6G as a probe molecule; the Raman intensity was adjusted and optimized by 
response surface methodology. Finally, the sensitivity and uniformity of the 
SERS substrate were evaluated. The optimized substrate was subsequently se-
lected for GYM detection at low concentrations in actual samples (lake and 
shellfish matrix). 

2. Materials and Methods 
2.1. Chemicals and Instruments 

Silver nitrate (AgNO3) was purchased from Sinopharm Chemical Reagent. Tri-
sodium citrate (TSC) was obtained from Shanghai Lingfeng Chemical Reagent. 
Rhodamine 6G (R6G) was purchased from Aladdin Chemical Reagent. Gymno-
dimine (GYM) was acquired from National Research Council Canada. All pur-
chased reagents were all analytic grade and directly used without purification. 
Deionized water was utilized throughout this research. 

UV–vis spectra of Ag colloids were obtained by T6 spectrophotometer (Gen-
eral Instrument Co. Ltd., Beijing, China). Shellfish meat homogenate was pre-
pared by Wiggens D130 homogenizer (Germany). Scanning electron microscopy 
(SEM) (Scios 2 HiVac, FEI) and transmission electron microscopy (TEM) (F20, 
FEI) are used to characterize the morphology of the SERS substrate. A laser 
confocal Raman spectrometer (LabRAM HR Evolution, Horiba) coupled with an 
objective lens (numerical aperture (NA) of 0.75) was employed to obtain SERS 
spectra, where a 532 nm laser light source and 600 g/mm grating were chosen 
for measurements. 
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2.2. Density Functional Theory (DFT) Calculation 

All DFT calculations were performed in Gaussian 09 software package. Vibra-
tional mode assignments of the calculated peaks were made by observations of 
molecular animations in the Gaussview program. In this study, B3LYP method 
and ef2svp basis set were used to optimize the molecular geometrical structure 
and simulate the theoretical Raman spectroscopy of gymnodimine. Given sol-
vent effects, all calculations were performed in a methanol environment. 

2.3. Preparation of Silver Nanoparticle Colloid 

Silver nanoparticle colloids were synthesized by heating silver nitrate solution 
with trisodium citrate at high temperatures [28]. First, 45 mg silver nitrate was 
dispersed in 250 mL of deionized water, and heated to boiling in a three-neck 
flask. Then, 5 mL of 1% trisodium citrate (TSC) solution was immediately add-
ed. The mixture was heated for another 1 h to form a silver-gray solution and 
cooled to room temperature. After being washed and centrifugated 5 times, re-
spectively, the product was redispersed in deionized water and stored in the dark 
at −4˚C. 

2.4. SERS Characterization 

Rhodamine R6G was introduced as a Raman probe and prepared at concentra-
tions ranging from 10−3 M to 10−11 M in deionized water. The stock solution of 
GYM with 100 μM is diluted with methanol stepwise to prepare analyte concen-
trations from 10 μM to 0.1 μM. For SERS measurements, 10 μL of AgNP colloids 
were dropped on the silicon wafer, which was then overlaid with 20 μL of gym-
nodimine solutions of different concentrations and dried in air. SERS signals 
were performed on a LabRAM HR Evolution system with a 532 nm laser wave-
length, 50 mW of nominal power, and a 50× objective. Signals of 20 regions on 
the substrate were randomly collected on a silicon wafer to investigate the un-
iformity of the substrate. The spectra were recorded in the range of 540 - 2000 
cm−1, with an acquisition time of 10 s and the accumulation of 2 times. The peak 
position calibration of Raman spectroscopy was operated on the silicon wafer at 
520.7 cm−1 before detection. 

2.5. The Box-Behnken Design (BBD) 

The effect of the individual factors on the GYM detection process was deter-
mined by the volume of TSC, the concentration of AgNPs, and the ratio of 
GYM/AgNPs. Response surface methodology (RSM) was used to evaluate the 
collective influence of the above three variables and establish a model to optim-
ize the response. 

Based on the results of previous single-factor experiments, a three-variable 
Box-Behnken design (BBD) experiment was designed, considering the volume of 
TSC (Factor A), the concentration of AgNPs (Factor B), and the bulk ratio of 
GYM/AgNPs (Factor C). The Design-Expert software 8.0.5b (Stat-Ease, Inc., 
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Minneapolis, USA) was used for experiment design and statistical analysis. Ta-
ble 1 shows the level of factors in the BDD model. According to BBD design, the 
results of variables on the SERS signal were composed of 17 experiments, which 
included three repeated measurements of crucial points to eliminate system er-
rors. Data from BBD were fitted to the quadratic polynomial model as equation 
(1): 

2
0 ii i ij i jY X X Xβ β β= + +∑ ∑                   (1) 

where Y is the response factor, Xi and Xj are independent variables, and βi, β0, βii, 
and βij are the coefficients of linear, constant, quadratic, and cross-product, re-
spectively. 

The statistical significance of the BBD model was assessed, and parameters 
that significantly affected responses were determined by using analysis of va-
riance (ANOVA) and Fisher’s statistical test (F-test) at the 95% confidence level 
(p-value < 0.05). The three-dimensional response surface was presented to ex-
plain the influence between variables on the SERS signal of gymnodimine. 

2.6. Preparation for the Real Sample Detection 

The mussels were purchased from local seafood markets, weighing about 500 g 
and evenly sized. The water samples were taken from a local lake. 200 mL of lake 
water was filtered with quantitative filter paper and 0.22 μm microporous mem-
brane to remove impurities, then stored at room temperature for future use. 
Then, 100 mL of methanol/water (1:1, V/V) was added to the homogenate of 
shellfish. The solution was ultrasonically treated for 20 min for further extrac-
tion and centrifugation. The supernatants were removed from impurities simi-
larly and stored at −4˚C for further use. 

The 100 μM of GYM solution was mixed with the above two samples, respec-
tively, to prepare the GYM spiked samples with a concentration range of 0.1 - 10 
μM. In the same way, the spectra were recorded by the optimized conditions and 
SERS analysis procedure. 

3. Results and Discussion 
3.1. DFT Calculations, SERS Spectra, and Regular Mode  

Assignments 

Figure 1(a) and Figure 1(b) show the molecular structural formula and optimized  
 

Table 1. Independent variables and experimental design levels in the Box-Behnken de-
sign. 

Independent variables 
Coded 

symbols 

Levels 

−1 0 1 

The volume of TSC (mL) X1 7 9 11 

The concentration of Ag NPs (mg/mL) X2 4 5 6 

GYM/Ag NPs bulk ratio X3 1 2 3 
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Figure 1. Molecular structure and Raman spectroscopy of gymnodimine. (a) The molecular structural for-mula of gymnodimine. 
(b) The optimized spatial structural formula of gymnodimine. (c) Peak distribution of gymnodimine theoretical calculation (I) 
and SERS spectrum (II). 
 

geometries of gymnodimine. As expected, gymnodimine possesses a characteris-
tic cyclic imine structure as a toxic group and oxygen bridge. The calculated 
DFT spectrum and experimental SERS spectrum of gymnodimine in the 540 - 
2000 cm−1 range are shown in Figure 1(c), and the peak intensities of the spectra 
were expressed as normalization approaches, respectively. A good fit of charac-
teristic peak bands between the theoretical calculation and the SERS spectra is 
obtained, mainly appearing at 620, 820, 1047, 1298, 1416, 1452, and 1735 cm−1. It 
also indicates the consistency of the predicted RB3LYP/ef2svp method for this 
molecule. 

A detailed assignment of the prominent peaks and vibrational mode of gym-
nodimine are summarized in Table S1. Due to C-C stretching vibration and 
-OH in-plane bending vibration, an intense band appeared at 1061 cm−1, whe-
reas being given at 1047 cm−1 in the DFT calculation. The Raman peaks at 1301 
and 1443 cm−1 are assigned to out-of-plane and in-plane bending vibration of 
-CH2, respectively. The bands at 612 cm−1 are related to C-C stretching vibration 
and -CH2 in-plane bending vibration. The stretching vibration of C-O and the 
in-plane bending vibration of C-C are mainly contributing to the SERS band at 
820 cm−1, while the out-of-plane bending vibration of C-H and -CH2 is asso-
ciated with the bands at 1407 cm−1. However, a DFT theoretical spectrum infers 
that the band of 1735 cm−1 is attributed to the stretching vibration of C=N, 
which is not observed in the experimental spectrum. 

3.2. Selectivity and SERS Activity of the Substrate 

Gold, silver, and copper are the most commonly used active substrates [29] in 
SERS technology. SERS enhancement of the three substrates was studied first. 
Since the response of the metal surface plasma to the excitation light source wa-
velength is different, a specific range of laser wavelengths can effectively excite 
the surface plasmon resonance of the substrate material [30]. Therefore, the 532 
nm laser is chosen for signal enhancement. The Raman spectral results are 
shown in Figure S1. Compared with AuNPs and CuNPs, it is evident that the 
SERS spectrum of AgNPs is most consistent with the DFT theoretical calcula-
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tion. Moreover, AgNPs substrate enhances the SERS intensity of the characteris-
tic peaks of gymnodimine. However, AuNPs show shoulder peaks in 1330 - 1530 
cm−1, which obscured the relevant characteristic peaks. Meanwhile, for CuNPs, 
the single Raman peak at 1443 cm−1 can be enhanced with significant back-
ground noise. 

Figure S2 shows the SEM and TEM images of silver colloids. The sliver collo-
ids exhibit uniform quasi-spherical particles with a 60 - 70 nm diameter. The 
UV-Vis absorption spectra of AgNP colloids are shown in Figure 4, and it indi-
cates a clear absorption peak at 422 nm, confirming the formation of AgNPs. 
The value of full width at half-peak (FWHM) depends on the dispersion of the 
nanomaterial. The larger the FWHM, the stronger the dispersion of the material 
is [31]. Figure S3 also shows a small shoulder around 350 nm, caused by the 
multilevel transition of the surface plasmon due to the increased size of AgNPs 
[32]. 

We have explored the SERS performance of Ag colloids by using rhodamine 
R6G as a probe molecule. Figure S4(a) shows the Raman spectrum and com-
parative SERS spectra of rhodamine R6G at a concentration of 10−6 - 10−11 M on 
silver colloids, and it can be found significant enhancement effect of spectral 
signal. The characteristic peaks of R6G at 612, 722, 1183, 1361, 1510, and 1650 
cm−1 are demonstrated, respectively, similar to the literature data [33]. The SERS 
spectra show that R6G solution can be detected at concentrations as low as 10−11 
M. The equation for calculating the Raman enhancement factor (EF) of the sub-
strate material according to the method of McFarland et al. as Equation (2) [30]: 

SERS Surf

RS Vol

I N
EF

I N
=                        (2) 

where IRS and ISERS are the normal Raman signal intensity of the rhodamine R6G 
solution and the SERS signal intensity at the lowest detectable concentration on 
the silver colloidal substrate. NSurf and NVol are the average number of molecules 
detected on R6G solutions with or without SERS substrate materials. The EF 
calculation results of the silver colloidal base at each characteristic peak of R6G 
are shown in Figure S4(b). The EF values of R6G at 1510 and 1650 cm−1 are 
measured to be 1.23 × 108 and 1.17 × 108, respectively, which are greater than the 
value of others. 

3.3. Level of the Single Factor 

The electromagnetic enhancement mechanism is closely related to experimental 
factors on the SERS signal intensity [34] [35] [36]. Thus, three factors, including 
the amount of trisodium citrate, the concentration of AgNPs, or the bulk ratio of 
AgNPs/GYM, are changed to achieve a superior signal response. The amount of 
reducing agent can lead to different sizes, although the mechanism of Raman 
signal enhancement is not unified [37]. As shown in Figure 2, TSC amount af-
fects the SERS signal response on GYM, and the best enhancement effect is 
achieved at 9 ml TSC set. Considering the TSC influence, 7, 9, and 11 mL of TSC 
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were used as three levels in the BBD model. In addition, the AgNPs concentra-
tion effect was investigated in Figure 3. The SERS response for gymnodimine 
improved when the concentration increased from 2 to 5 mg/mL, due to the ex-
tended hot spot areas [38]. However, the SERS signal declined when the concen-
tration exceeded 5 mg/mL, probably explained by lower adsorption of the ana-
lyte or the obstruction of excitation light irradiation according to the AgNps ag-
gregation at higher concentrations [39]. Thus, the concentration of AgNPs with 
ranges from 4 to 6 mg/mL can be considered as three levels in the BBD model. 

Figure 4 shows SERS spectra and signal intensity of gymnodimine based on 
AgNPs/GYM bulk ratio. The characteristic peaks of GYM began to appear when 
the ratio was 1:4, but the low efficiency of the laser through GYM molecules  

 

 
Figure 2. (a) SERS spectra of gymnodimine and (b) Comparison of signal intensity at characteristic peaks of gymnodi-
mine based on AgNPs synthesized with different volumes of TSC. 

 

 
Figure 3. (a) Four characteristic peaks of gymnodimine and (b) Comparison of signal intensity at character-istic peaks of 
gymnodimine based on different concentrations of AgNPs. 
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induced surface plasmon resonance in AgNPs caused by the low ratio, which 
resulted in a minor enhancement of GYM. With the increase of the AgNPs/GYM 
bulk ratio, the number and the signal intensity of characteristic peaks also in-
creased gradually. However, the SERS signal becomes ambiguous as the ratio in-
creases, which probably generated characteristic peaks about methanol solvent, 
residual reducing agent, or AgNPs substrate. Thus, only the suitable ratio could 
better reflect the SERS spectrum of low-concentration gymnodimine [40], and 
the AgNPs/GYM bulk ratio was regarded as a meaningful variate in the BBD 
model. 

3.4. Optimization of SERS Test 

Based on BBD from RSM, 17 experiments were designed and done to optimize 
the Raman tests further. The coding levels of the solitary factors used in the ex-
perimental design and results are shown in Table S2. Design-expert 8.05b soft-
ware was used to perform quadratic regression analysis on the data, and the qu-
adratic polynomial regression equation was shown as Equation (3): 

1 1 2 3 1 2 1 3
2 2 2

2 3 1 2 3     

673.40 16.50 41.12 63.13 5.75 5.25

16.50 220.45 190.70 2 42.20

Y X X X X X X X

X X X X X

= − + − + −

− − − −
    (3) 

where Y1 was the Raman intensity of GYM at 1443 cm−1, and X1, X2, and X3 were 
the volume of TSC, the concentration of AgNPs, and the GYM/Ag NPs bulk ra-
tio, respectively. 

The results of ANOVA revealed that the experimental data were suitable for 
the quadratic models (Table 2). The p-value was employed to evaluate the signi-
ficance of each coefficient and indicate the interaction pattern between variables. 
For GYM, X2, X3, 

2
1X , 2

2X  and 2
3X  were significantly (p < 0.05), while X1, 

X1X2, X1X3 and X2X3 were not (p > 0.05). The one-way ANOVA and Duncan’s 
multiple range tests indicated that the models were highly significant (p < 0.0001) 
with high F values (82.21). The coefficient (R2) value of the regression analysis for 
GYM was 0.9906, which revealed that the model was significant for accurate re-
sponse prediction, and the adjusted coefficient (Adj R2 = 0.9716) was also a posi-
tive value to certify the significance of the model. Therefore, it inferred that the 
proposed model was appropriate for analyzing the response tendencies. 

Regarding the effects of linear and interactive factors, three-dimensional re-
sponse surface plots (Figure 5) were established. While keeping other variables 
at optimal levels, the response (Intensity) was plotted on the Z-axis for either of 
the two independent variables. For GYM, the experimental data determined the 
following optimum operating parameters: volume of TSC of 10.32 mL, concen-
tration of Ag NPs of 5.34 mg/mL, and GYM/Ag NPs ratio of 1.17. Triple parallel 
experiments were conducted to show that the intensity of the GYM was 687 
(relative standard deviation of 3.41%), which was consistent with the predicted 
value. These results confirmed that the response model sufficiently reflected the 
expected optimization. 
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3.5. Sensitivity and Uniformity of SERS Substrate 

Gymnodimine is a cyclic imine marine toxin, which is of increasing concern be-
cause of its low content and long-term toxicity in living organisms. Since gym-
nodimine is trace and challengable to extract [41], it is vital to establish an accu-
rate and rapid method for determining GYM. SERS has been proven to be a 
prospective tool to realize this goal. To study the sensitivity of SERS substrate 
material, a volume of 10 μL of gymnodimine methanol solution was mixed with  

 

 
Figure 4. (a) SERS spectra of gymnodimine and (b) Comparison of signal intensity at characteristic peaks of gymnodi-
mine based on different bulk ratios of AgNPs and gymnodimine. 

 
Table 2. Variance analysis for the developed regression model of GYM. 

Source Sum of square df Mean squares F-Value p-Value (p > F) 

Model 

A 

B 

C 

AB 

AC 

BC 

A^2 

B^2 

C^2 

Residual 

Lack of Fit 

Pure Error 

Cor Total 

7.24 × 105 

2178 

13,530.13 

31,878.13 

132.25 

110.25 

1089 

2.05 × 105 

1.53 × 105 

2.47 × 105 

6847.95 

5830.75 

1017.20 

7.31 × 105 

9 

1 

1 

1 

1 

1 

1 

1 

1 

1 

7 

3 

4 

16 

80,428.78 

2178 

13,530.13 

31,878.13 

132.25 

110.25 

1089 

2.05 × 105 

1.53 × 105 

2.47 × 105 

978.28 

1943.58 

254.30 

82.21 

2.23 

13.83 

32.59 

0.14 

0.11 

1.11 

209.17 

156.52 

252.48 

 

7.64 

<0.0001* 

0.1793NS 

0.0075* 

0.0007* 

0.7240NS 

0.7469NS 

0.3264NS 

<0.0001* 

<0.0001* 

<0.0001* 

 

0.0393* 

 

 

*Significant, NSnot significant. 
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Figure 5. Response surface representations for the detection of the characteristic peak intensity of gym-nodimine under different 
conditions:(a) The amount of reducing agent and the concentration of Ag NPs; (b) The amount of reducing agent and the volume 
ratio of the toxins to Ag NPs; (c) The con-centration of Ag NPs and the volume ratio of the GYM to Ag NPs. 
 

AgNPs colloidal solution on the Si wafer for Raman measurement. SERS spectra 
of different concentrations (10, 8, 6, 4, 2, 1, and 0.1 μM) are collected for detec-
tion quantitatively. 

Figure 6(a) illustrates the SERS signal of prominent peaks with different con-
centrations of gymnodimine. As the concentration decreases, the intensity of 
two characteristic peaks located at 1301 cm−1 and 1443 cm−1 decreases simulta-
neously, suggesting a positive cooperation between GYM concentration and 
peak intensity (Figure 6(a) and Figure 6(b)). Thus, the spectral intensity can be 
used to quantify GYM in a methanol solution. Table S3 shows the linear rela-
tionship and goodness of fit (R2) in different matrices regarding the intensity of 
different characteristic peaks versus GYM concentration. Notably, the most ex-
cellent fitting equation based on peak intensity at 1443 cm−1 in Figure 6(b) is y = 
86.224x + 46.771 (where y is SERS intensity, x is GYM concentration) with R2 of 
0.9873. Compared with the blank signal, characteristic peaks of GYM based on 
AgNPs colloidal can still be observed clearly in a level of as low as 0.1 μM, re-
vealing an efficient sensitivity of SERS substrate. In addition, the limit of detec-
tion (LOD) value of GYM in methanol solution was calculated as 0.085 μM and 
0.105 μM at 1301 and 1443 cm−1 according to the equation of LOD = 3 δ/k [42] 
[43]. In the formula, δ stands for the standard deviation of spectral intensity of 
AgNPs colloidal substrates at 1301 and 1443 cm−1, and k represents the slope of 
the traced calibration curve. The above results prove that the detection of shell-
fish toxin GYM is feasible on prepared AgNPs colloidal substrate. 

It is renowned that the reproducibility of SERS signals is also of great impor-
tance that ought to be concerned to demonstrate the prepared nanomaterial as 
an outstanding SERS substrate [44]. To investigate the reproducibility of GYM 
based on AgNPs active-substrate, a set of twenty SERS spectra of GYM mole-
cules from different areas on a silicon wafer is acquired under the same experi-
mental conditions as shown in Figure 6(c). The characteristic peak bands col-
lected at different random areas have slight variations in the intensity of Raman  
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Figure 6. Sensitivity and reproducibility of AgNPs substrate in the determination of gymnodimine. (a) SERS spectra of 
gymnodimine concentration from 0.1 μM to 10 μM; (b) The Linear relation between Raman characteristic peak intensity 
and GYM concentration; (c) The SERS spectra of gymnodimine and (d) Peak intensity of 1301 cm−1 and 1443 cm−1 at 20 
sampling sites on the AgNPs substrate. 

 
spectra and no significant change in position, indicating that AgNPs colloidal as 
the SERS substrate displays well reproducibility. The corresponding intensity 
and relative standard deviation (RSD) of correlative characteristic peaks at 1301 
and 1443 cm−1 are verified in Figure 6(d). Generally, RSD values controlled to 
be less than 20% are regarded as encouraging results [45]. The calculated RSD 
values of 10.7% and 8.3%, respectively reveal the excellent performance and fea-
sibility in real sample detection as a suitable substrate. 

3.6. SERS Detection of Gymnodimine in a Real Lake and Shellfish 
Samples 

To further illustrate the practicability of the AgNPs colloidal substrate, the GYM 
spiked to the lake and shellfish matrix were detected, respectively. As shown in 
Figure S5, the SERS signal of GYM in real samples was recorded to compare 
with that of methanol solutions and AgNPs colloidal. As labeled, six typical Ra-
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man peaks are enhanced in terms of standard GYM solution at 612, 834, 1061, 
1301, 1407, and 1443 cm−1. However, characteristic peaks of real samples at 612, 
1061, and 1407 cm−1 overlapped with that of methanol solutions. Similarly, the 
Raman peak at 834 cm−1 corresponds to that of the proposed substrate. There-
fore, characteristic peaks of standard GYM solution at 1301 and 1443 cm−1 were 
extracted for the quantitative analysis of GYM residues in real samples, which 
were shifted to 1310 and 1447 cm−1 in the lake sample, while 1295 and 1445 cm−1 
in the shellfish matrix, as specific “fingerprint-like” peaks. It is worth noting that 
the position of characteristic peaks was changed, probably attributed to the 
competitive adsorption of unknowns in complex samples with the target mole-
cules and the obscuration of the original signal by clutter peaks. Figure 7(a) 
recorded the SERS spectra of the GYM with different concentrations in treated 
lake samples. With the increase of GYM concentration from 0.1 to 10 μM, the 
related characteristic peaks intensity enhanced. The linear relationship of SERS  

 

 
Figure 7. The detection of GYM in lake samples and shellfish matrix samples by SERS. The SERS spectra of GYM in (a) lake 
and (b) shellfish samples with different concentrations (0.5 - 10 μM); calibration curves at 1310 and 1447 cm-1 with the 
concentration of GYM in (c) lake and (d) shellfish samples. 
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intensity at 1310 and 1447 cm−1 with the concentration of GYM is illustrated in 
Figure 7(c). The superior calibration curve at 1447 cm−1 was y= 117.555x + 
74.237 with R2 of 0.9913, while the LOD value was measured to be 0.148 μM. 

In the same way, the detection of GYM with different concentrations in the 
treated shellfish matrix, as shown in Figure 7(b), exhibited a reduction in relevant 
peak intensity with the decrease of GYM concentration. Figure 7(d) shows the 
linear formula of shellfish matrix samples based on the 1295 and 1445 cm−1 
bands. The preferable formula at 1445 cm−1 was y= 72.658x + 86.679, R2 was 
0.9897, and the LOD value was calculated to be 0.170 μM. The recovery experi-
ment in Table S4 demonstrates that Ag colloid based SERS is suitable for gym-
nodimine detection in the lake and shellfish matrix samples. 

4. Conclusion 

This study established a sensitive and rapid method for detecting gymnodimine 
toxin residues. The vibrational spectrum, theoretical wavenumber, and molecu-
lar structure of the GYM were experimentally characterized based on DFT cal-
culation. The highest SERS response was observed by optimizing the volume of 
TSC, the concentration of AgNPs, and the bulk ratio of GYM/AgNPs by re-
sponse surface methodology. Ag colloid has an excellent Raman signal response, 
which supports the desirable sensitivity and uniformity of the SERS substrate. 
This substrate showed strong SERS performance on the quantitative detection of 
GYM with LOD of 0.085 μM and 0.105 μM at 1301 and 1443 cm−1, repectively, 
and with a wide linear range from 0.1 μM to 10 μM. More importantly, the Ag 
colloid substrate facilitated rapid and accurate detection of GYM residues in the 
lake and shellfish matrix with the LOD of 0.148 μM and 0.170 μM, which re-
vealed the excellent potential in detecting other shellfish toxins in food analysis 
and pharmaceutical reasearch. 
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Supporting Tables and Figures 
Table S1. The assignment of main peaks and vibrational mode of gymnodimine. 

DFT (cm−1) SERS (cm−1) Band assignment 

620 612 υ (C-C), β (CH2) 

820 834 υ (C-O), β (C-C) 

1047 1061 υ (C-C), β (-OH) 

1298 1301 γ (CH2) 

1416 1407 
γ (CH),γ (CH2) 

γ (CH2) 

1452 1443 β (CH2) 

1735 - υ (C=N) 

β = in-plane bending vibration; γ = out-of-plane bending vibration; υ = stretching vibration. 
 

Table S2. Experimental conditions and response values for the detection method of GYM 

NO. 
A 

The volume of 
TSC (mL) 

B 
The concentration 

of Ag NPs (mg/mL) 

C 
DA/Ag NPs 

ratio 

Intensity of GYM 
(counts) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

7 
7 
7 
7 
9 
9 
9 
9 
9 
9 
9 
9 
9 
11 
11 
11 
11 

5 
4 
5 
6 
4 
5 
5 
4 
5 
6 
6 
5 
5 
6 
5 
5 
4 

1 
2 
3 
2 
3 
2 
2 
1 
2 
3 
1 
2 
2 
2 
3 
1 
2 

307 
313 
145 
247 
239 
681 
661 
352 
680 
162 
209 
653 
692 
223 
104 
287 
266 

 
Table S3. Regression equation and R2 based on characteristic peaks for the quantification 
of GYM. 

 Peak/cm−1 Regression equation R2 

Methanol solution 1301 y = 29.776x + 30.937 0.9737 

 1443 y = 86.224x + 46.771 0.9873 

Lake samples 1310 y = 76.474x – 21.899 0.9705 

 1447 y = 117.555x + 74.237 0.9913 

Shellfish samples 1305 y = 56.771x + 69.342 0.9769 

 1445 y = 72.658x + 86.679 0.9897 
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Table S4. Recovery experiments result of GYM in real samples. 

Spiked 
concentration 

(μM) 

Lake sample Shellfish sample 

Detected 
concentration (μM) 

Recovery 
(%) 

Detected 
concentration (μM) 

Recovery 
(%) 

10 9.56 ± 0.51 96 11.62 ± 0.42 116 

8 8.30 ± 0.43 104 9.00 ± 0.46 112 

6 6.18 ± 0.35 103 6.55 ± 0.27 109 

4 4.32 ± 0.38 108 4.49 ± 0.28 112 

2 1.86 ± 0.27 93 2.35 ± 0.21 117 

1 1.15 ± 0.12 115 0.95 ± 0.10 95 

0.5 0.46 ± 0.06 91 0.45 ± 0.07 90 

 

 
Figure S1. Raman spectra of gymnodimine based on different SERS substrate materials. 

 

 
Figure S2. Scanning electron microscopy (a) and transmission electron microscopy (b) images of Silver Nanopar-
ticles (AgNPs). 
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Figure S3. UV-vis absorption spectra of AgNPs. 

 

 
Figure S4. (a) Raman spectra of Rhodamine R6G. (a) Raman spectra of rhodamine R6G solution at 10−3 M; 
SERS spectra of Rhodamine R6G at different concentrations: (b) 10−11 M, (c) 10−9 M, (d) 10−7 M, (e) 10−6 M. 
(b) Enhancement factor (EF) of rhodamine R6G at different characteristic peaks. 

 

 
Figure S5. SERS spectra of (a) GYM in lake sample; (b) GYM in shellfish matrix; (c) methanol solution; (d) 
AgNPs colloidal substrate. 
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