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Introduction: Melatonin and 5-hydroxytryptophan (5-HTP), known for benefits in regulating sleep and combating depression, respectively, are incorporated into dietary supplements. Rapid and accurate identification of dietary supplement types and their contents remains a significant challenge in ensuring food safety.

Methods: In this study, qualitative and quantitative analysis of melatonin and 5-HTP was performed using Raman spectroscopy, powder X-ray diffraction (PXRD), and terahertz time-domain spectroscopy (THz-TDS). Purity and crystal structures of the samples were investigated using Raman spectroscopy and PXRD, establishing the foundation for terahertz (THz) simulations.

Results and discussion: The Raman spectroscopy results demonstrate that the characteristic Raman peaks of melatonin and 5-HTP in the range from 170 cm−1 to 1700 cm−1 were observed at 1356 cm−1 and 1,304 cm−1, respectively. Results of THz revealed that melatonin and 5-HTP each have five THz characteristic peaks, which distinguish these substances. The peak of melatonin at 1.23 THz shows a good linear fit with the mass fraction, while 5-HTP has a similar relationship at 1.14 THz. Then, L-tryptophan, a common contaminant in the production of melatonin and 5-HTP, was successfully identified within the mixture. Finally, it is demonstrated that THz technology can effectively detect melatonin and 5-HTP in commercial dietary supplements. This study establishes a rapid, efficient, and non-destructive approach for the regulation and quantitative analysis of dietary supplements.
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1 Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine hormone produced in the pineal gland and is widely found in various organisms. It plays multiple roles, including regulating sleep, slowing aging, and showing potential in treating cancer, coronary heart disease, and Alzheimer’s disease (1, 2). Meanwhile, 5-HTP is a crucial precursor for serotonin (3) and melatonin synthesis, demonstrating promise in treating depression (4) and Parkinson’s disease (5). However, its production decreases with age, which has sparked interest in dietary supplements to alleviate age-related degenerative diseases.

In the United States, the Food and Drug Administration (FDA) classifies melatonin and 5-HTP as dietary supplements rather than drugs, leading to significant variability in market doses. Overconsumption of melatonin can lead to side effects such as hypothermia and infertility, while excessive intake of 5-HTP may induce serotonin syndrome (6, 7). Studies have identified contaminants like L-tryptophan in dietary supplements, and excessive intake can potentially lead to eosinophilic myalgia syndrome (EMS) (8–10). EMS is a rare and potentially fatal neurological disorder characterized by severe myalgia and significant peripheral eosinophilia. Initial epidemiological studies, along with a national surveillance program initiated by the Centers for Disease Control and Prevention (CDC) in the United States, have found a strong association between the onset of EMS and the use of L-tryptophan dietary supplements (11). As a result, the use of L-tryptophan (the precursor of 5-HTP) as a dietary supplement has been suspended. Given the potential issues associated with these supplements, we advocate for increased scrutiny and strengthened pharmaceutical regulation of dietary supplements.

Current drug detection methods include liquid chromatography with diode array detection (LC-DAD) (12), RP-C18 HPLC combined with fluorescence detection (13), high-performance liquid chromatography with ultraviolet detection (14), voltammetry (15), and capillary electrophoresis with laser-induced native fluorescence detection (CE/LINF) (16). These methods have been effective in detecting melatonin and 5-HTP. However, traditional liquid phase and mass spectrometry equipment are expensive, have slow detection speeds, and can be destructive to samples. Therefore, there is a pressing need to develop fast and nondestructive detection methods (17). Most food substrates are complex and diverse, making it challenging to find a single technology that meets all the requirements for food detection simultaneously. THz radiation, also known as far-infrared radiation, is a high-frequency electromagnetic wave with a frequency range of 0.1 to 10 THz and a wavelength between 3,000 and 30 μm (18, 19). They are characterized by low energy, strong penetration, rapid detection, and non-invasive properties. Their unique THz fingerprint spectrum allows for the quantitative detection of chemical substances in food (20). This method has been successfully applied to analyze various samples, including pesticides in food matrices like wheat and rice flour (21), L-arginine and α-lactose in dietary supplements (22), and bovine serum albumin in thin film/solution (23). Therefore, THz spectroscopy is widely used as a non-destructive and cost-effective method in various fields, including food and agriculture (24, 25). Currently, the application of THz spectroscopy technology in food detection primarily focuses on samples in controlled matrices, with few studies verifying its accuracy in detecting actual food commodities available in the market.

This study examined the Raman spectra of melatonin and 5-HTP to assess their purity. Subsequently, the crystal structures of these compounds were analyzed using PXRD, which provided the foundation for simulating their THz spectra. The focus then shifted to studying the THz spectra of both substances, employing density functional theory (DFT) calculations based on their crystal structures to simulate their spectral characteristics. The comparison between theoretical simulations and experimental results showed a high level of consistency. In THz experiments, we initially detected melatonin and 5-HTP at various mass fractions, demonstrating the THz-TDS system’s capability to differentiate between these samples. Linear fitting was then performed on each absorption peak at different mass fractions, revealing strong fits at 1.23 THz for melatonin and 1.14 THz for 5-HTP, with correlation coefficients (R2) of 0.99620 and 0.95995, respectively. Then, L-tryptophan was separately mixed with melatonin and 5-HTP, and detection was conducted using the THz-TDS system. The experimental results highlighted the effectiveness of THz technology in identifying melatonin and 5-HTP contamination. Finally, two commercially available dietary supplements were purchased and analyzed to prove the practicability of the THz experiment. Results revealed that their THz absorption spectra displayed characteristic peaks consistent with those identified in the pure samples. This study establishes the groundwork for quantitatively analyzing components in dietary supplements using THz technology and provides a reliable method for overseeing and testing dietary supplement products in the market.



2 Materials and methods


2.1 Sample preparation

Melatonin (purity 98%, M813985, Shanghai, China) used in this study was purchased from McKinley Corporation, while 5-HTP (purity 99%, H136196, Shanghai, China) were acquired from Aladdin. Polyethylene (PE) powder (34–50 μm particle size, 434,272, America) purchased from Sigma-Aldrich. The molecular structures of melatonin and 5-HTP are depicted in Figure 1. PE was selected as the substrate for pure melatonin samples due to its low absorption characteristics in the THz band. All samples were used directly without further purification.

[image: Figure 1]

FIGURE 1
 Molecular structures of melatonin (A) and 5-HTP (B).


At room temperature, pure melatonin powder and 5-HTP were mixed separately with PE powder to prepare film samples of varying mass fractions. The total mass of each mixture was 150.0 g, with melatonin amounts of 37.5, 75.0, 112.5, and 150.0 g, corresponding to mass fractions of 25, 50, 75, and 100%, respectively.

L-tryptophan (purity 99%, T103480, Aladdin, Shanghai, China) mixtures were prepared by combining pure melatonin powder and 5-HTP with L-tryptophan in a 1:1 ratio, resulting in each mixture having a total mass of 150.0 mg.

Melatonin and 5-HTP dietary supplements were purchased from Tmall supermarket, with 150 mg of each sample being ground and compressed into tablets.



2.2 Raman, PXRD, and THz spectra testing systems

Raman spectroscopy is a widely used method for qualitative and quantitative analysis of substances, valued for its simplicity, non-destructiveness, and rapidity (26, 27).The experiment utilized a laser confocal Raman spectrometer produced by Renishaw Corporation (London, UK) with excitation by a 785 nm laser and measurement of data in the range of 150–3,500 cm−1.

PXRD is highly effective for studying crystal structures and rapid non-destructive detection (28, 29). The Smart Lab X-ray diffractometer from Rigaku Corporation (Tokyo, Japan) was employed in this study. Samples were placed on glass plates and data were collected within the range of [image: image].

A self-built THz-TDS system (Figure 2) was used for this research. The system comprises a femtosecond laser, THz radiation device, detection device, and time delay control system. In this setup, a femtosecond laser with a central wavelength of 800 nm, pulse width of 100 fs, repetition rate of 82 MHz and the output laser power is 3.4 W. The scanning step size is 10 μm, with a length of 3 cm. The frequency-domain resolution is 37 GHz, and the temporal resolution is 66 fs. The laser is split into pump and probe pulses after passing through a half-wave plate (HWP) and polarization beam splitter (PBS). The pump pulse excites an InAs crystal to generate THz pulses, which carry sample information through the sample placed between two off-axis parabolic mirrors to a ZnTe crystal. When THz waves irradiate the ZnTe crystal, its refractive index undergoes an-isotropic changes, altering the polarization state of the probe pulse. The signal is then collected via differential detection and amplified by a lock-in amplifier. Finally, data are processed and analyzed using a computer.

[image: Figure 2]

FIGURE 2
 Schematic diagram of the THz-TDS system optical path.




2.3 Experimental data processing

The THz-TDS spectra is converted to the frequency domain using Fourier transform. The optical parameters of the sample, including the complex transmission function H(ω), refractive index n(ω), and absorption coefficient α(ω), are calculated using Equations 1–3. (30, 31):
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where [image: image] and [image: image] are the Fourier transform amplitudes of the sample ad reference signals, respectively. A(ω) is the ratio of the amplitudes of the sample signal to the reference signal, Φ(ω) is the phase difference, ω is the angular frequency, c is the speed of light in vacuum, d is the thickness of the sample.



2.4 Theoretical calculation

In this study, the solid-state DFT calculations of melatonin and 5-HTP were con-ducted using the Cambridge Sequential Total Energy Package (CASTEP) within the Material Studio (MS) platform. Geometric optimization of crystal structures and vibrational spectra were calculated using the Perdew-Burke-Ernzerhof (PBE) ex-change-correlation potential and other parameters within the generalized gradient ap-proximation (GGA). The crystal cell structure of melatonin is constructed based on data from the Cambridge Crystallographic Data Center (CCDC), as shown in Figure 3.

[image: Figure 3]

FIGURE 3
 Cell structures of melatonin (A) and 5-HTP (B).





3 Results and discussion


3.1 Raman spectroscopic analysis of melatonin and 5-HTP

Raman spectroscopy is a technique that provides information about the chemical composition and structure of a sample by measuring the frequency shift of scattered light. Due to the sample does not require special treatment, it can maintain its original state, thereby minimizing the errors introduced during the sample preparation process in the experiment. Additionally, Raman spectroscopy is highly sensitive, capable of detecting even trace amounts of compounds in samples, which enables more accurate identification of chemical changes in samples. Figure 4 shows the Raman spectra of melatonin and 5-HTP between 170 and 1700 cm−1. It can be observed that melatonin and 5-HTP exhibit distinct characteristic peaks within this spectral range. Specifically, melatonin exhibits absorption peaks at 177, 235, 400, 510, 757, 834, 928, 1,356, 1,433, and 1,554 cm−1. The primary absorption peaks closely align with the simulated Raman spectra of melatonin, as illustrated in Figure 4A. On the other hand, 5-HTP exhibits absorption peaks at 171, 433, 460, 498, 522, 594, 644, 763, 805, 927, 1,137, 1,223, 1,310, 1,424, 1,553 and 1,592 cm−1, which also closely correspond to the simulated Raman spectrum of 5-HTP as shown in Figure 4B.

[image: Figure 4]

FIGURE 4
 Comparison of Raman spectra between experimental results and simulated calculations. (A) Melatonin. (B) 5-HTP.


The position of Raman spectrum peak provides the information of specific chemical bonds or molecular vibrational modes in the sample, and the peak intensity reflects the content or concentration of these chemical bonds or molecular vibrational modes in the sample. MS simulation can only simulate the composition of chemical bonds and molecules in the sample, but cannot show the specific concentration of each chemical bond and molecule, which leads to different peak intensities. In this study, to prove the reliability of the sample, we only need to ensure that the peak positions of the simulation and experiment are basically the same, and do not need too much peak intensity. Therefore, it is reasonable to use this unit in the subsequent THz simulation. The difference in peak intensity is due to the difference in the content or con-centration of chemical bonds or molecular vibration modes in the crystal units used in the simulation compared with the experimental samples. For the slight difference in peak position, the reason may be that the simulation is carried out under ideal conditions, and the experiment cannot reach the ideal conditions, resulting in error (32, 33). At the same time, due to the existence of error, the two peaks may overlap when they are relatively close. Therefore, Raman spectroscopy indicates that the samples used in this study exhibit high purity and that no chemical changes occurred during the preparation process. This finding lays a solid foundation for further research on the THz spectral characteristics of the samples.

Raman spectroscopy has an obvious drawback in quantitative research. It often has a relatively high margin of error. There are several reasons for this. Firstly, the intensity of the Raman signal can be affected by various factors, such as the orientation of molecules in the sample, impurities that may cause interfering signals, and the optical properties of the sample container or the surrounding medium. These factors can lead to changes in the measured signal intensity, making it challenging to accurately quantify the analyte based solely on Raman spectroscopy. In addition, in Raman spectral analysis, when it comes to peak intensity measurement, there are various methods for baseline determination and a high degree of subjectivity. Different choices of fitting functions can also lead to differences in peak intensity values, which makes peak intensity measurement lack a unified and accurate standard. Therefore, when precise quantification of substances is required, relying solely on Raman spectroscopy may not produce the most accurate results, and additional calibration methods or complementary techniques may be needed to improve accuracy and reduce the margin of error.



3.2 PXRD analysis of melatonin and 5-HTP

To ensure the reliability of the melatonin and 5-HTP samples for THz simulation calculations and better analyze measurement data, we conducted PXRD to validate their basic structures. Figure 5A shows the PXRD patterns of melatonin obtained from both experimental and simulated data, with diffraction peaks matching well at 10.87°, 11.60°, 14.63°, 15.02°, 16.48°, 19.13°, 24.31°, 25.09°, and 26.17°. Figure 5B presents the PXRD patterns of 5-HTP obtained from experimental and simulated data, with diffraction peaks matching well at 10.59°, 14.05°, 21.37°, 22.15°, and 24.83°. This not only confirms the reliability of the structural simulations for melatonin and 5-HTP but also establishes a foundation for subsequent THz spectra studies of these substances.

[image: Figure 5]

FIGURE 5
 Comparison of PXRD spectra between experimental results and simulated calculations. (A) Melatonin. (B) 5-HTP.




3.3 THz characteristic analysis of melatonin and 5-HTP

By comparing the THz time-domain and frequency-domain spectra of the samples, it is evident that the THz amplitude decreases with increasing sample mass fractions. To better differentiate these two samples, a detailed analysis of the THz absorption spectra for melatonin and 5-HTP was performed. The experimental and simulated THz ab-sorption spectra of melatonin and 5-HTP are shown in Figures 6, 7, respectively. Figure 6A illustrates the absorption spectra of melatonin at different mass fractions in THz experiments. The spectra reveal five distinct absorption peaks within the range of 0.1 to 2.2 THz, specifically at 0.93, 1.23, 1.61, 1.82, and 2.10 THz. This aligns closely with the peak positions of 0.93, 1.21, and 2.18 THz reported by Shen et al. using an air plasma THz-TDS system in the same frequency range (34). As for the newly observed peaks at 1.61 and 1.82 THz, we believe that this may be due to their large THz spectral range and low resolution in the low-frequency range, which hinders the clear characterization of characteristic peaks in the low-frequency region. Figure 6B presents the simulated THz absorption spectrum of melatonin. The peak at 2.10 THz corresponds perfectly with the experimental peak. However, due to the proximity of characteristic peaks, peaks such as those at 0.93 THz and 1.23 THz are combined into a single peak at 0.96 THz, and peaks at 1.61 THz and 1.82 THz are combined into a single peak at 1.80 THz in the simulation.

[image: Figure 6]

FIGURE 6
 Comparison of absorption spectra of melatonin in different mass fractions. (A) THz experimental spectra. (B) THz simulated absorption spectra.


[image: Figure 7]

FIGURE 7
 Comparison of absorption spectra of 5-HTP in different mass fractions. (A) THz experimental spectra. (B) THz simulated absorption spectra.


Figure 7A displays the THz absorption spectra of 5-HTP at different mass fractions, revealing 5 absorption peaks within the range of 0.1–2.2 THz at 1.14, 1.24, 1.61, 1.93, and 2.13 THz. Compared to Figure 7B, which shows the simulated THz absorption spectra of 5-HTP, the peak at 1.61 THz shifts to 1.56 THz. Additionally, the peaks at 1.14 THz and 1.24 THz are combined into a single peak at 1.17 THz, and the peaks at 1.93 THz and 2.13 THz are combined into a single peak at 2.08 THz. The simulation results are almost consistent with the experimental findings. Thus, we think that THz spectra can effectively distinguish between melatonin and 5-HTP.

The differences between experimental and simulated results can be attributed to several factors. Primarily, simulations frequently rely on ideal crystal structures that are difficult to precisely replicate in practical experimental measurements. Secondly, the absorption peaks of THz radiation are significantly affected by intermolecular interactions, particularly hydrogen bonding. These interactions might not be fully accounted for in simulation calculations, which can result in minor deviations in the observed absorption peaks. Furthermore, discrepancies between experimental and simulated spectra may also arise due to environmental differences.

In order to more accurately investigate the relationship between the positions of THz characteristic peaks and the mass fractions of samples, and to more accurately determine the positions of these peaks, the positions of characteristic peaks at different mass fractions of the samples were studied, as shown in Figure 8. The x-axis represents sample mass fractions, while the y-axis indicates the positions of these characteristic peaks. Symbols such as square, circle, upward triangle, downward triangle, sideways triangle, and diamond denote the actual positions of THz characteristic peaks for both samples. Subsequently, we employed the least squares method to fit these characteristic peaks, resulting in corresponding fitting curves. The root means square errors (RMSE) for melatonin, as illustrated in Figure 8A, were 0.0013, 0.0128, 0.0014, 0.0042, 0.0008, and 0.0045, respectively. For 5-HTP, depicted in Figure 8B, the RMSE values were 0.0025, 0.0064, 0.0037, 0.0324, and 0.0177. Thus, it can be concluded that changes in mass fractions have minimal impact on the positions of characteristic peaks in the samples.

[image: Figure 8]

FIGURE 8
 Positions of characteristic peaks at different mass fractions of samples. (A) Melatonin. (B) 5-HTP.


To further qualitatively analyze melatonin and 5-HTP using THz spectra, the relationship between THz absorption coefficients and sample mass fractions was investigated. We performed linear fittings of melatonin and 5-HTP mass fractions with their THz ab-sorption coefficient intensities. The results of the melatonin fitting are shown in Table 1. The correlation coefficients at 0.93 THz, 1.23 THz, 1.61 THz, 1.82 THz, and 2.10 THz were 0.97601, 0.99620, 0.79779, 0.90777, and 0.90224, respectively. The relationship be-tween the mass fractions of melatonin and the peak at 1.23 THz exhibited the strongest correlation, as depicted in Figure 9A, where the x-axis and y-axis represent sample mass fractions and THz absorption coefficient intensity, respectively. This suggests that melatonin sample mass fractions can be predicted by measuring the peak at 1.23 THz. Table 2 shows the linear fitting results for 5-HTP. The correlation coefficients at 1.14 THz, 1.24 THz, 1.61 THz, 1.93 THz, and 2.13 THz were 0.95995, 0.95494, 0.90379, 0.95610, and 0.88475, respectively. The relationship between mass fractions and the peak at 1.14 THz showed the best fit, as shown in Figure 9B. It indicates that 5-HTP mass fractions can be predicted by measuring the peak at 1.14 THz.



TABLE 1 Linear fitting results of melatonin peak values with mass fractions.
[image: Table1]
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FIGURE 9
 Relationship between different mass fractions of samples and absorption coefficients. (A) Melatonin at 1.23 THz. (B) 5-HTP at 1.14 THz.




TABLE 2 Linear fitting results of 5-HTP peak values with mass fractions.
[image: Table2]

These results demonstrate that THz spectra is a sensitive and quantifiable detection method, offering new possibilities for the development of dietary supplement testing.



3.4 THz characterization of L-tryptophan mixed with melatonin and 5-HTP, respectively

After analyzing two samples using THz spectroscopy, research extended to L-tryptophan, a common byproduct generated during the production of melatonin and 5-HTP, and successfully identified it within the mixture. This additional analysis aims to reinforce food safety measures and broaden the potential applications of THz spectroscopy in pollutant detection. Figure 10 displays the THz absorption spectrum of L-tryptophan, showing characteristic peaks at 0.90, 1.17, 1.46, and 1.87 THz, consistent with reference (34, 35). Figure 11A illustrates the THz absorption spectrum of a mixture of L-tryptophan and melatonin, revealing eight absorption peaks at 0.93, 1.17, 1.23, 1.45, 1.62, 1.82, 1.88, and 2.10 THz, closely matching the absorption peaks of melatonin and L-tryptophan. Comparing the absorption spectra of melatonin, L-tryptophan, and their mixture in Figure 11B shows clear identification of L-tryptophan at 1.46 THz and identification of melatonin at 0.93 and 1.23 THz. Figure 12A is THz absorption spectrum of a mixture of L-tryptophan and 5-HTP, showing eight absorption peaks at 0.93, 1.14, 1.25, 1.43, 1.60, 1.84, 1.96, and 2.12 THz within the range of 0.1–2.2 THz, which align closely with the absorption peaks of 5-HTP and L-tryptophan. Figure 12B is comparison of the absorption spectra of 5-HTP, L-tryptophan, and their mixture. It can be observed that the mixture’s absorption spectrum identifies 5-HTP around 1.25 THz. Additionally, due to overlapping absorption peaks of 5-HTP and L-tryptophan between 1.8 THz and 2.2 THz, identification of L-tryptophan in the mixture primarily focuses on the lower frequency range, specifically around 1.46 THz. These results demonstrate that THz spectra can effectively distinguish common contaminants like L-tryptophan in mixtures, offering a new approach for identifying contaminants in dietary supplements.

[image: Figure 10]

FIGURE 10
 THz absorption spectra of L-tryptophan.


[image: Figure 11]

FIGURE 11
 THz absorption spectra. (A) Mixture of L-tryptophan and melatonin. (B) Comparison of melatonin, L-tryptophan, and their mixture.


[image: Figure 12]

FIGURE 12
 THz absorption spectra. (A) Mixture of L-tryptophan and 5-HTP. (B) Comparison of THz absorption spectra among 5-HTP, L-tryptophan, and their mixture.




3.5 THz characterization of melatonin and 5-HTP dietary supplements

To evaluate the applicability of THz spectroscopy in commercial dietary supplements, two types of commercial dietary supplements were purchased from Tmall supermarket. These samples were ground, compressed, and directly subjected to THz detection. Figure 13A displays the THz absorption spectrum of the purchased melatonin dietary supplement. Compared to Figure 6A, the spectrum of the supplement shows characteristic peaks at positions similar to those of pure melatonin, specifically at 0.93, 1.22, 1.61, 1.74, and 2.14 THz. Figure 13B shows the THz absorption spectrum of the purchased 5-HTP dietary supplement. When compared with Figure 7A, this spectrum also exhibits characteristic peaks at positions similar to those of pure 5-HTP, at 1.13, 1.24, 1.58, 1.90, and 2.13 THz. These findings demonstrate that THz spectroscopy can effectively detect melatonin and 5-HTP in dietary supplements based on their characteristic peaks. This method offers a more convenient and efficient approach for market regulation of dietary supplements.

[image: Figure 13]

FIGURE 13
 Dietary supplement THz absorption spectra. (A) Melatonin. (B) 5-HTP.





4 Conclusion

In this study, a step-by-step qualitative and quantitative analysis of melatonin and its precursor, 5-HTP, was conducted using Raman spectroscopy, PXRD, and THz spectroscopy technology. Raman spectroscopy was employed to verify the purity of the samples, ensuring that no chemical changes occurred during sample preparation. PXRD was utilized to confirm the crystal structure of the samples, thereby validating the accuracy of the DFT simulation calculations. Subsequently, THz-TDS experiments revealed characteristic peaks of melatonin and 5-HTP within the 0.1 to 2.2 THz range. The positions of these characteristic peaks showed no significant dependence on sample mass fractions, while their intensities exhibited a linear relationship with these fractions. Notably, the fittings at 1.23 THz and 1.14 THz yielded the best results, with correlation coefficients (R2) of 0.99620 and 0.95995, respectively. This establishes a solid foundation for the quantitative detection of dietary supplements using THz technology. Then, the detection of contaminants, especially L-tryptophan which might be present during the production of melatonin and 5-HTP dietary supplements, was investigated. Experimental results demonstrated that THz spectroscopy effectively distinguishes L-tryptophan in mixtures. Finally, commercially available dietary supplements were tested and it was found that the THz-TDS system could effectively detect melatonin and 5-HTP in these products. This demonstrates that THz spectroscopy can reliably identify key components in dietary supplements, providing a dependable method for monitoring and testing market products. These findings THz spectroscopy technology as a sensitive and quantifiable detection method, offering new possibilities for the development of dietary supplement testing.
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